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ABSTRACT
Conotruncal anomalies comprise a diverse group of congenital heart defects involving the
outflow tracts of the heart and the great vessels, including tetralogy of Fallot, transposition of the
great arteries, truncus arteriosus, interrupted aortic arch, and other anomalies. Cardiovascular
magnetic resonance (CMR) imaging plays an increasingly important role in the evaluation of patients with these lesions. Advances in CMR allow comprehensive assessment of cardiovascular
anatomy, ventricular function, flow, and myocardial perfusion and viability. This article reviews
the clinical aspects and the application of CMR before and after surgery in key conotruncal
anomalies.

INTRODUCTION
Conotruncal anomalies refer to a group of congenital heart
defects involving the outflow tracts of the heart and the great vessels. Examples include tetralogy of Fallot, transposition of the
great arteries, double-outlet ventricle, truncus arteriosus, type B
interrupted aortic arch, conal septal defect (also known as subpulmonary ventricular septal defect [VSD]), aorto-pulmonary
window, and anatomically corrected malposition of the great
arteries. Developmental abnormalities of the embryonic conus
arteriosus (infundibulum) and the truncus arteriosus may result in abnormal ventriculo-arterial alignments and connections,
outlet septation defects, or outlet hypoplasia, stenosis, or atresia. The outflow tract of the embryonic univentricular heart begins with a common outlet that undergoes a complex, highly
choreographed sequence of events that results in complete separation of the left and right ventricular outflow tracts, which
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lead into the aorta and main pulmonary artery. Numerous genes
tightly control this process and migration of mesenchymal cells
from the embryonic neural crest is critical to the development of
these areas. Genetic errors and faulty migration of neural crest
cells are likely responsible for many of the defects discussed
below.
Cardiovascular magnetic resonance imaging (CMR) plays an
important role in the evaluation of patients with these lesions.
CMR overcomes many of the limitations of echocardiography
(e.g., restricted acoustic windows), computed tomography (e.g.,
exposure to ionizing radiation, lack of functional information),
and cardiac catheterization (e.g., ionizing radiation exposure,
morbidity, and high cost). This review discusses the clinical
aspects of several conotruncal anomalies and their evaluation
by CMR.

TETRALOGY OF FALLOT
Tetralogy of Fallot (TOF) is the most common type of cyanotic CHD with an incidence of 356 per million live births (1). Although TOF involves several anatomic components, the anomaly
is thought to result from a single developmental anomaly—
underdevelopment of the subpulmonary infundibulum (conus)
(2, 3). The anatomy is characterized by infundibular and valvar
pulmonary stenosis associated with anterior, superior, and leftward deviation of the infundibular (conal) septum, hypoplasia
of the pulmonary valve annulus and thickened leaflets. The degree of right ventricular outflow tract (RVOT) obstruction varies
from mild to complete obstruction (i.e., TOF with pulmonary
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atresia). The size of the mediastinal pulmonary arteries varies
considerably. Although in some patients they can be dilated (e.g.,
TOF with absent pulmonary valve syndrome), more commonly
their diameter ranges from normal to hypoplastic. In some patients, the pulmonary arteries are discontinuous or absent. In
patients with pulmonary atresia or diminutive or absent branch
pulmonary arteries, pulmonary blood flow may come from a
patent ductus arteriosus, from collateral vessels arising from the
aorta or its branches, or from both sources. The VSD in TOF
is usually located between the malaligned conal septum superiorly and the muscular septum inferiorly (termed conoventricular
septal defect [4]). The VSD is usually large, but it can rarely be
restrictive (5). The aortic valve is rotated clockwise (as viewed
from the apex) and is positioned above the ventricular septal
crest, committing to both the LV and to the RV. In 5–6% of patients with TOF, a major coronary artery crosses the RVOT (6).
Most commonly, the left anterior descending coronary artery
originates from the right coronary artery and traverses the infundibular free wall before reaching the anterior interventricular groove. Preoperative identification of a major coronary artery
crossing the RVOT is important to avoid inadvertent damage to
the coronary artery during surgery.
The etiology of TOF is unknown, but recent data suggests
that genetic abnormalities may play an important role, especially
chromosome 22q11 deletion and other genetic defects (7–14).
Additional cardiovascular and non-cardiac anomalies can be associated with TOF (15). Although the clinical presentation and
course of patients with TOF vary, most develop cyanosis during the first year of life. Some patients with mild or no RVOT
obstruction are not cyanotic at birth (“pink TOF”) and may exhibit signs and symptoms of pulmonary overcirculation similar
to patients with a large VSD. As these patients grow, the subpulmonary infundibulum becomes progressively obstructive and
cyanosis ensues (16).
Surgical repair of TOF is usually performed during the first
year of life, often during the first six months (17). A typical repair includes patch closure of the VSD and relief of
the RVOT obstruction using a combination of resection of obstructive muscle bundles and an overlay patch. When the pulmonary valve annulus is moderately or severely hypoplastic,
the RVOT patch extends across the pulmonary valve into the
main pulmonary artery, resulting in pulmonary regurgitation.
In patients with TOF and pulmonary atresia, or when a major
coronary artery crosses the RVOT, a conduit — either a homograft or a prosthetic tube — is placed between the RVOT
and the pulmonary arteries. The results of surgical repair of
TOF have improved dramatically since the introduction of openheart surgery. Early mortality is currently less than 2%, and the
20-year survival nears 90% (18–20). The majority of these patients, however, have residual hemodynamic abnormalities, primarily due to RV volume load from chronic pulmonary regurgitation. Other sequelae include RV hypertension from RVOT
or pulmonary arterial obstruction(s), RV dysfunction, tricuspid regurgitation, LV volume load from a residual shunt such
as a patch margin VSD, and aortic dilatation. Conduction and
rhythm abnormalities are another major source of late mor646

bidity and mortality in this growing patient population (21–
27).

MRI evaluations
TOF is the most frequent diagnosis among patients referred
for CMR evaluation at Children’s Hospital Boston. Unlike infants in whom echocardiography generally provides all the necessary diagnostic information for surgical repair (6, 28), MRI
assumes an increasing role in adolescents and adults with TOF
in whom the acoustic windows are frequently limited (29). CMR
is useful in both pre- and post-operative assessment of TOF but
the focus of the examination is different.

Pre-operative MRI
In most patients with unrepaired TOF, the central question for
the CMR examination is to delineate all sources of pulmonary
blood flow—pulmonary arteries, aorto-pulmonary collaterals,
and the ductus arteriosus. Several studies have shown that spin
echo and 2D gradient echo cine MRI techniques provide excellent imaging of the central pulmonary arteries and major aortopulmonary collaterals (30–33). However, these MRI techniques
require relatively long scan times for complete anatomical coverage, and small vessels (<2 mm) may not be detected. Furthermore, these 2-dimensional techniques are not optimal for
imaging long and tortuous blood vessels, some of which arise
from the brachiocephalic arteries or from the abdominal aorta.
Gd-enhanced 3D MRA is ideally suited to image these vessels
(Figs. 1 and 2). Compared with conventional X-ray angiography, MRA has been shown to be highly accurate in depicting
all sources of pulmonary blood supply in patients with complex
pulmonary stenosis or atresia, including infants with multiple
small aorto-pulmonary collaterals (34).
An ECG-triggered gradient echo cine MRI, preferably
steady-state free precession (SSFP), is used to assess ventricular dimensions and function, the right ventricular outflow tract
valve function. When the origins and proximal course of the
left and right coronary arteries are not known from other imaging studies, they should be imaged either by a gradient echo
sequence designed for coronary imaging or by a fast spin echo
sequence. Particular attention is paid to the exclusion of a major
coronary artery crossing the right ventricular outflow tract.

Post-operative MRI
CMR has been used extensively for assessment of postoperative TOF patients of all ages, but its greatest clinical utility
is in adolescents and adults (29, 35). Quantitative assessment of
RV and LV dimensions and function is a key element of CMR
evaluation in patients with repaired TOF. The degree of RV dysfunction is an important determinant of clinical status late after
TOF and is also closely associated with LV dysfunction, likely
through ventricular-ventricular interaction (Fig. 3) (36). Many
studies have shown that the degree of pulmonary regurgitation
measured by velocity-encoded cine (VEC) MRI is closely associated with the degree of RV dilation (37–40). Another factor that
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Figure 1. Sources of pulmonary blood supply in a newborn with TOF and pulmonary atresia evaluated by Gd-enhanced 3D magnetic resonance
angiography (MRA). A. 3D reconstruction showing hypoplastic central pulmonary arteries (LPA = left pulmonary artery, RPA = right pulmonary
artery); B. The aorta was removed to expose the distal right pulmonary artery (RPA). Note an aorto-pulmonary collateral (APC) vessel from
the descending aorta (DAo) connecting to the distal RPA; C. Subvolume maximum intensity projection (MIP) image in the axial plane showing
hypoplastic RPA; D. Subvolume maximum intensity projection (MIP) image in the axial plane showing hypoplastic LPA; E. Subvolume maximum
intensity projection (MIP) image in the axial plane showing a large aorto-pulmonary collateral vessel (APC) arising from the descending aorta
(DAo) and splitting into two large branches, one to the left lung and one to the right lung.
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Figure 4. ECG-gated gradient echo cine MR showing an aneurysm
of the right ventricular outflow tract (arrow) after TOF repair. LV =
left ventricle; MPA = main pulmonary artery; RV = right ventricle.
Figure 2. 3D reconstruction of Gd-enhanced MRA in a 1.3 kg newborn with heterotaxy syndrome, dextrocardia, TOF and pulmonary
atresia. Pulmonary blood supply is exclusively through a patent
ductus arteriosus (PDA), which supplies good-sized confluent left
pulmonary artery (LPA) and right pulmonary artery (RPA).

post-gadolinium myocardial delayed enhancement (MDE) for
assessment of myocardial fibrosis (Fig. 5) (42). The clinical significance of positive MDE in patients with repaired TOF awaits
further study.

affects RV function is the presence and extent of an aneurysm in
the RVOT (Fig. 4) (41). Taken together with clinical assessment
and electrophysiological data, information derived from CMR
on pulmonary regurgitation fraction, RV and LV dimensions
and function, presence and extent of a RVOT aneurysm, and
presence of branch pulmonary artery stenosis is used to direct
clinical care in patients with repaired TOF. Another technique
that is increasingly being used in patients with repaired CHD is

Figure 3. Correlation between RV and LV ejection fractions in 100
patients evaluated by CMR at a median of 21 years after TOF repair
(36).
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Figure 5. Myocardial delayed enhancement imaging in postoperative TOF. Images were acquired in the short-axis plane
approximately 12 minutes after intravenous administration of
gadopentetate dimeglumine (0.2 mmol/kg). Note the enhanced signal in the area of the right ventricular outflow tract patch (arrows).
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The goals of the CMR examination, therefore, include quantitative assessment of left and right ventricular volumes, mass,
stroke volumes, and ejection fraction, imaging the anatomy of
the right ventricular outflow tract, pulmonary arteries, aorta,
and aorto-pulmonary collaterals, and quantification of pulmonary regurgitation, tricuspid regurgitation, cardiac output,
and pulmonary-to-systemic flow ratio. These objectives can be
achieved by the following protocol:
•
•
•

•
•
•

•

3-plane localizing images;
ECG-gated cine SSFP sequences in the 2-chamber and 4chamber planes;
ECG-gated cine SSFP sequence in the short-axis plane across
the ventricles from base-to-apex (12 slabs with adjustment of
the slice thickness and the inter-slice space to completely
cover both ventricles) for quantitative assessment of ventricular dimensions and function;
ECG-gated cine SSFP sequence parallel to the right ventricular outflow tract and pulmonary arteries;
Gadolinium-enhanced 3-dimensional MRA
ECG-gated velocity-encoded cine (VEC) MRI sequences perpendicular to the main pulmonary artery (± branch pulmonary arteries), ascending aorta, and AV valves;
Post-gadolinium delayed myocardial enhancement may be
used to evaluate the presence of scar tissue.

SSFP cine sequences are acquired with breath-holding whenever
possible. Fast (turbo) spin echo with double inversion recovery
sequence may be used to minimize artifacts from metallic implants, when present. Under optimal conditions, the above study
protocol requires 60 minutes to complete. The use of sensitivity
encoding or other parallel processing imaging techniques can
further shorten the examination time.

TRANSPOSITION OF THE
GREAT ARTERIES
Transposition of the great arteries (TGA) is defined as discordant connections between the ventricles and the great arteries;
the aorta arises from the RV, and the pulmonary artery arises from
the LV. There are several anatomical types of TGA, depending
on the viscero-atrial situs (solitus or inversus) and the type of
ventricular loop (D or L) (43). The most common type of TGA
is in viscero-atrial situs solitus (S), ventricular D-loop (D), and
dextro malposition of the aortic valve relative to the pulmonary
valve (D). This anatomical arrangement can be summarized as
{S,D,D} TGA. Note that the term “D-TGA” is non-specific as
the “D” might relate to the ventricular loop or to the spatial position of the aortic and pulmonary valves. This ambiguity can be
avoided by using the term D-loop TGA. The incidence of D-loop
TGA is estimated at 303 per million live births (1). The principal physiological abnormality in D-loop TGA is that systemic
venous blood returns to the aorta and oxygenated pulmonary
venous blood returns to the lungs, resulting in profound hypoxemia. Consequently, survival is dependent on communication(s)
that allow mixing of blood between the systemic and pulmonary
circulations. The most common sites of shunting are through the

ductus arteriosus, ASD, and/or VSD. Associated anomalies include VSD in ∼45% of patients, coarctation or interrupted aortic
arch in ∼12%, pulmonary stenosis in ∼5%, RV hypoplasia in
∼4%, juxtaposition of the atrial appendages in ∼2%, and other
anomalies in 1% of patients or less, each (44).
Surgical management of D-loop TGA in the 1960s and 1970s
consisted mostly of an atrial switch procedure—the Senning or
Mustard operations. In both procedures, the systemic and pulmonary venous blood returns are redirected within the atria so
that the pulmonary venous blood reaches the tricuspid valve, RV,
and aorta, whereas the systemic venous blood reaches the mitral
valve, LV, and pulmonary arteries. The main technical difference between these procedures is that in the Mustard operation
the surgeon uses pericardium to redirect the blood flow, and in
the Senning operation the surgeon uses native atrial tissue (45).
The main drawbacks of the atrial switch operations include RV
(systemic ventricle) dysfunction, sinus node dysfunction, atrial
arrhythmias, obstruction of the systemic and/or pulmonary venous pathways, and baffle leaks (46–48). Beginning in the late
1970s and rapidly gaining popularity in the 1980s, the arterial
switch operation (ASO) largely replaced the atrial switch procedures (49, 50). The advantages of the ASO over the atrial switch
procedures include reestablishment of the LV as the systemic
ventricle and avoidance of extensive suture lines in the atria. Recent data on late outcome of the ASO continues to show excellent
overall survival with low morbidity (51–56). The Rastelli operation is another surgical option for patients with an associated
subvalvar and valvar pulmonary stenosis and a VSD. It consists
of patch closure of the VSD to the aortic valve and placement
of a conduit between the RV and the pulmonary arteries.
The second most common type of TGA is in viscero-atrial
situs solitus (S), L-ventricular loop (L), and levo-malposition
of the aortic valve relative to the pulmonary valve (L). This
anatomical arrangement can be summarized as {S,L,L} TGA
or L-loop TGA (57–60). It is also known as “physiologically
corrected” TGA because the systemic venous return reaches the
pulmonary circulation through the right-sided LV and the pulmonary venous return reaches the aorta through the left-sided
RV. Associated anomalies include tricuspid valve abnormalities
(e.g., Ebstein anomaly), RV hypoplasia, VSD, subvalvar and
valvar pulmonary stenosis, as well as conduction abnormalities,
including complete heart block. Outcome is determined primarily by the associated lesions and RV (the systemic ventricle)
function (57–60).

MRI evaluations
CMR is seldom requested for pre-operative assessment of infants with D-loop TGA because echocardiography usually provides all necessary diagnostic information (44). In postoperative
TGA, CMR assumes an increasing role due to its ability to noninvasively evaluate most clinically relevant issues (61–69).

Post-operative atrial switch
The goals of CMR evaluation of postoperative atrial switch
include: (1) quantitative evaluation of the size and function of the
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systemic RV (62); (2) imaging of the systemic and pulmonary
venous pathways for obstruction and/or baffle leak(s); (3) assessment of tricuspid valve regurgitation; (4) evaluation of the left
and right ventricular outflow tracts for obstruction; and (5) detection of aorto-pulmonary collateral vessels and other associated
anomalies. In patients with RV dysfunction, post-gadolinium delayed myocardial enhancement can be used to detect myocardial
fibrosis. The response of the systemic RV to pharmacological
stress (dobutamine) or to exercise can be tested by CMR, but the
clinical utility of this information awaits further study (67, 69).
These objectives can be achieved by the following protocol:
• 3-plane localizing images;
• ECG-gated cine SSFP sequence in the 4-chamber or axial
planes with multiple contiguous slices from the level of the diaphragm to the level of the transverse arch (provides dynamic
imaging of the venous pathways, qualitative assessment of
ventricular function, AV valve regurgitation, and imaging of
the great arteries) (Fig. 6A);
• Based on the previous sequence, ECG-gated cine SSFP sequence in multiple oblique coronal planes parallel to the SVC

and IVC pathways to image them in their long-axis (Fig. 6B);
ECG-gated cine SSFP sequence in the short-axis plane across
the ventricles from base-to-apex (12 slabs) for quantitative
assessment of ventricular dimensions and function (Fig. 6C);
• ECG-gated VEC MRI sequences perpendicular to the AV
valves, main pulmonary artery, and the ascending aorta. Additional VEC MRI sequences may be obtained to evaluate
specific areas suspected for obstruction (70);
• Gd-enhanced 3-dimensional MRA.
SSFP cine sequences are acquired with breath-holding whenever possible. Fast (turbo) spin echo with double inversion
recovery sequence may be used to minimize artifacts from
metallic implants and post-gadolinium delayed myocardial
enhancement may be used to evaluate the presence of scar tissue
(42).
•

Postoperative arterial switch
The long-term concerns in patients after the ASO relate primarily to the technical challenges of the operation—transfer

Figure 6. Evaluation of Mustard pathways by ECG-gated steady state free precession (SSFP) cine MR. A. Multiple contiguous slices in the
4-chamber plane from the level of the diaphragm to the level of the branch pulmonary arteries. The image dataset provides dynamic imaging of
the venous pathways, qualitative assessment of ventricular function, AV valve regurgitation, and imaging of the great arteries; B. Based on the
previous sequence, ECG-gated SSFP cine MR in multiple oblique coronal planes showing the superior and inferior systemic venous pathways;
C. ECG-gated SSFP cine MR in the short-axis plane for assessment of biventricular volumes, mass, and function.
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from base-to-apex for quantitative assessment of ventricular
dimensions and function;
• ECG-gated VEC MRI sequences perpendicular to the main
and branch pulmonary arteries and the ascending aorta. Additional VEC MRI sequences may be obtained to evaluate
specific areas suspected for obstruction (70); and
• Gd-enhanced 3-dimensional MRA.
SSFP cine sequences are acquired with breath-holding whenever
possible. Fast (turbo) spin echo with double inversion recovery
sequence may be used to minimize artifacts from metallic implants. Imaging of the coronary arteries is increasingly being incorporated into the study protocol to evaluate for stenosis. Pharmacological stress testing—either adenosine or dobutamine—
for evaluation of myocardial ischemia and MDE for detection of
myocardial fibrosis is increasingly being incorporated into the
clinical imaging protocol in patients with repaired TGA.

DOUBLE-OUTLET RIGHT VENTRICLE

Figure 7. 3D reconstruction of Gd-enhanced MRA in postoperative arterial switch operation.

of the coronary arteries from the native aortic root to the neoaortic root (native pulmonary root) and the transfer of the pulmonary arteries anterior to the neo-ascending aorta (Fig. 7).
Consequently, the goals of CMR evaluation of postoperative arterial switch include: (1) evaluation of global and regional LV
and RV size and function; (2) evaluation of the left and right
ventricular outflow tracts for obstruction; (3) qualitative estimation of RV systolic pressure based on the configuration of the
interventricular septum; (4) imaging of the great vessels with
emphasis on evaluation of the pulmonary arteries for stenosis
and the aortic root for dilatation; and (5) detection of aortopulmonary collaterals and other associated anomalies. The role
of myocardial perfusion and viability imaging in this population
deserves further study. The above objectives can be achieved by
the following protocol:
•

3-plane localizing images;
ECG-gated cine SSFP sequence in the axial plane with multiple contiguous slices from the mid-ventricular level to the
level of the transverse arch (provides axial dynamic imaging
of the outflow tracts and the great arteries, qualitative assessment of ventricular function, and AV valve regurgitation);
• ECG-gated cine SSFP sequence in the coronal and/or oblique
sagittal planes parallel to the left and right ventricular outflow
tracts;
• ECG-gated cine SSFP sequences in the 2- and 4-chamber
planes followed by a short-axis stack across the ventricles
•

Double-outlet right ventricle (DORV) is defined as a specific
type of ventriculo-arterial alignment in which both great vessels
arise from the RV or from the infundibulum. The incidence of
DORV is estimated at 127 per million live births (1). It is important to recognize the wide spectrum of anatomic and physiologic
variations that share this type of ventriculo-arterial alignment.
In fact, the clinical course and management of patients with
DORV are dictated in large part by the size and location of
the ventricular septal defect in relation to the semilunar valves,
the anatomy of the infundibulum and the semilunar valves,
the position of the infundibular septum, the size of the LV and
RV sinuses, and the anatomy of the AV valves. The LV can be
normal sized, hypoplastic, or absent. The RV is usually good
sized but in rare circumstances it can be hypoplastic or even
absent (double-outlet infundibulum). Both semilunar valves
can be patent but stenosis or atresia is relatively common. The
presence of a straddling mitral or tricuspid valve is particularly
important with regard to surgical planning. Examples of some
of the common anatomic-physiologic variations encountered in
patients with DORV include:
•

VSD physiology: DORV with subaortic VSD and no pulmonary stenosis,
• Tetralogy of Fallot physiology: DORV with sub-aortic VSD
and pulmonary stenosis,
• Transposition of the great arteries physiology: DORV with
subpulmonary VSD, with or without systemic (aortic) outflow
obstruction (Taussig-Bing type DORV),
• Single-ventricle physiology: DORV with mitral atresia, unbalanced AV canal, or severe hypoplasia of one of the
ventricular sinuses (often in association with heterotaxy
syndrome).
The ultimate goal of surgical management of DORV is to align
the LV with the systemic outflow and the RV with the pulmonary outflow. In DORV with a subaortic VSD, the LV can be
aligned with the aorta by placing a patch on the right ventricular
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aspect of the defect, leaving the aortic valve on the left ventricular side. Resection of RVOT obstruction, with or without an
outflow patch, may be necessary in patients with subvalvar or
valvar pulmonary stenosis, analogous to TOF repair. In DORV
with a subpulmonary VSD (Taussig-Bing variety), the VSD is
closed with a patch that directs the blood from the LV to the
pulmonary valve accompanied by an arterial switch procedure.
More complex forms of DORV with heterotaxy syndrome, se-

vere hypoplasia or absence of one of the ventricular sinuses,
major straddling of an AV valve, or mitral atresia are palliated
as a single ventricle with an eventual Fontan procedure.
Late complications in patients with repaired DORV are
relatively common and vary with their underlying anatomy,
physiology, and surgical repair. Subaortic stenosis can develop
after the LV is baffled to the aorta (71). The complications after
repair of DORV with pulmonary outflow tract obstruction are

Figure 8. MRI evaluation of heterotaxy syndrome, common AV canal, and double-outlet right ventricle with pulmonary stenosis. A. Subvolume
MIP image of Gd-enhanced 3D MRA showing origin of the aorta (Ao) and main pulmonary artery (MPA) from the right ventricle (RV). Note the
subvalvar pulmonary stenosis (arrow); B. Multislice ECG-gated SSFP cine MR in the axial plane. The left upper slice shows the RV-dominant
common AV canal. The right upper slice shows the subaortic and subpulmonary conus. The right lower slice shows the great arteries with the
larger aorta (Ao) to the right and anterior relative to the smaller main pulmonary artery (MPA); C. Diastolic frame of an ECG-gated SSFP cine
MR in an oblique coronal plane showing the narrowed subpulmonary conus (arrow); D. Systolic frame in the same location as C showing two
jets (arrows)—the inferior jet is due to subvalvar stenosis and the superior jet due to pulmonary valve stenosis.
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similar to those seen after TOF repair, including chronic pulmonary regurgitation, dilation and dysfunction of the RV, and
arrhythmia. Aortic arch obstruction can be found in patients after
coarctation or interrupted aortic arch repair. Those who undergo
an arterial switch operation may have the same problems described above for this procedure.

Pre-operative MRI
Because echocardiography is usually sufficient for diagnosis
and surgical planning in most newborns or infants with DORV,

CMR is seldom requested for preoperative evaluation in this age
group. Exceptions include patients with complex anomalies of
the aortic arch, pulmonary arteries, aorto-pulmonary collaterals,
and systemic or pulmonary venous anomalies that are not completely delineated by echocardiography. Several investigators
demonstrated the use of CMR for the assessment of the relationship between the great vessels and the VSD as well as the position of the great vessels in relation to the conal septum (72–76).
The imaging strategy is tailored to address the specific clinical
question(s). In general, gadolinium-enhanced 3D MRA is particularly helpful for evaluation of great vessel anatomy (Fig. 8).

Figure 9. MRI evaluation of truncus arteriosus with absent right pulmonary artery (truncus arteriosus type 3 of Van Praagh). A. Multislice ECGgated SSFP cine MR in the axial plane. The left upper slice shows the conoventricular septal defect (arrow). The right upper slice shows the
large truncal root (Tr). The right lower slice shows the origin of the left pulmonary artery (LPA) from the truncus (Tr); B. Multislice ECG-gated
SSFP cine MR in the short-axis plane. The left upper slice shows truncal valve regurgitation (arrow). The right upper slice shows the origin of
the LPA above the truncal root. The left lower slice shows the conoventricular septal defect (arrow). The right lower slice shows the ventricles in
short-axis; C. 3D reconstruction of Gd-enhanced MRA showing the origin of the left pulmonary artery from the truncal root.
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Intracardiac anatomy is assessed by SSFP cine MRI and by fast
(turbo) spin echo with double inversion recovery. More recently,
Sorensen et al. described the use of free breathing ECG triggered,
navigator-gated, isotropic 3D SSFP sequence that holds promise
for assessment of both intra- and extra-cardiac anatomy (77). Although the quality of the images obtained in children under 7
years was inferior to those in older patients, further refinements
may prove this technique helpful for assessment of complex
intracardiac anatomy (77).

DORV, the postoperative issues are similar to those encountered
after the arterial switch operation for TGA (see previous section). The importance of modifying the examination protocol
to address anatomic and functional abnormalities specific to the
individual patient cannot be overstated. This requires on-line
evaluation of the imaging data since previously unsuspected abnormalities may only be detected during the scan.

TRUNCUS ARTERIOSUS
Post-operative MRI
The role of CMR after DORV repair increases as patients
grow and their acoustic windows become progressively more
limited. The examination strategy is tailored based on the underlying anatomy, the operation(s) performed and the specific clinical and other diagnostic findings. Although no single generic
imaging protocol covers all possible scenarios after DORV repair, certain patterns are recognized. Patients with a “TOF-like”
DORV repair have similar long-term sequelae as those after TOF
repair, and the CMR examination protocol is comparable (see
previous section). Similarly, in those with Taussig-Bing type

Truncus arteriosus is an uncommon conotruncal anomaly
with a reported incidence of 94 per million live births (1). It
is defined by the presence of a single artery arising from the
heart with a single semilunar valve, giving rise to the coronary
arteries, aorta, and at least one branch pulmonary artery. Van
Praagh and Van Praagh (78) modified the original classification
of Collett and Edwards (79):
•

Type I: The branch pulmonary arteries arise from a short main
pulmonary artery;
• Type II: The branch pulmonary arteries arise directly from
the arterial trunc through separate orifices;

Figure 10. 3D reconstruction of Gd-enhanced MRA in a newborn with truncus arteriosus and type B interrupted aortic arch (truncus type 4 of
Van Praagh). A. Anterior view showing the ascending aorta (Ao), which gives rise to the right innominate and to the left common carotid arteries.
The main pulmonary artery (MPA) continues as a large patent ductus arteriosus (PDA); B. Posterior view showing the interruption between the
left common carotid artery (LCCA) and the left subclavian artery (LSCA), which arises from the proximal descending aorta.
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•

Type III: Only one branch pulmonary artery arises from the
ascending segment of the trunc. Collateral vessels usually
supply the contralateral lung;
• Type IV: Truncus arteriosus with aortic arch hypoplasia,
coarctation, or interruption (usually type B distal to the left
common carotid artery). In this anatomic variation there is
usually a well-formed main pulmonary artery and a small
ascending aorta.
In the majority of cases there is a subtruncal VSD over which
the truncal valve sits, similar to TOF. Rarely, the ventricular septum is intact. The conal septum is usually absent and the truncal
valve is in direct fibrous continuity with the mitral valve. In rare
circumstances, the truncal valve may be supported by a complete
infundibulum and relate exclusively to the RV. The truncal valve
is most commonly tricommissural, followed by bicommissural
morphology, and least common is a quadricommissural valve.
The valve can be thickened and redundant with stenosis, regurgitation, or both. Associated cardiovascular and non-cardiac
anomalies are frequent. Examples of associated cardiovascular
anomalies include multiple VSDs, partial and complete atrioventricular canal defects, mitral atresia, mitral stenosis, aortic atresia, hypoplastic left ventricle, double-inlet left ventricle,
tricuspid atresia, straddling tricuspid valve, Ebstein malformation, heterotaxy syndrome, aberrant origin of the right or left
subclavian artery, coarctation of the aorta, secundum atrial septal defect, partially and totally anomalous pulmonary venous
connections, left superior vena cava to coronary sinus, retroaortic innominate vein, and left pulmonary artery sling (80).
Various non-cardiac anomalies have been described with truncus arteriosus. DiGeorge syndrome, velocardiofacial syndrome,
and chromosome 22q11 deletion are frequently associated. A
large series found the 22q11 deletion in 34.5% of patients with
truncus arteriosus (81).
Most patients with truncus arteriosus are diagnosed early in
life and echocardiography is sufficient for diagnosis and surgical planning in almost all. Surgical repair usually follows the
diagnosis. Typically, the VSD is closed with a patch so that the
truncal valve is aligned with the LV (becoming the neo-aortic
valve), and the pulmonary arteries are detached from the arterial trunk and connected to the RV with a valved homograft.
Surgical repair of the truncal valve for stenosis or regurgitation is uncommon during the initial repair. Surgical mortality
is low and has improved with the overall advances in surgical
management of infants. The use of a non-growing homograft in
infancy makes additional operations inevitable as patients grow.
Important residual lesions after truncus arteriosus repair include
progressive stenosis and regurgitation of the RV-to-pulmonary
artery homograft, branch pulmonary artery stenosis, and regurgitation or stenosis of the neo-aortic (truncal) valve. Aortic arch
obstruction can complicate the course of patients with coarctation or interrupted aortic arch repair.

Pre-operative MRI
CMR is rarely requested for pre-operative evaluation in an infant with truncus arteriosus because echocardiography is almost

always adequate (82). Exceptions include complex aortic arch
or pulmonary venous anomalies that require further delineation
and the occasional older patient with an unrepaired truncus arteriosus (Fig. 9).

Post-operative MRI
The role of CMR in patients with repaired truncus arteriosus increases with their age. The anatomic and functional issues
in these patients are similar to those encountered in patients
with repaired TOF, especially in those with TOF and pulmonary
atresia. In addition, neo-aortic valve dysfunction and aortic arch
obstruction are additional issues that may require investigation.
Therefore, the goals of the CMR examination after truncus repair include: (1) quantitative assessment of left and right ventricular volumes, function, and mass; (2) measurements of pulmonary and neo-aortic valve regurgitation; (3) imaging of the
right ventricular outflow tract, the homograft, and the branch
pulmonary arteries; (4) assessment of residual shunts; and (5)
imaging of the aortic arch and isthmus. These objectives can be
achieved with modifications of the protocol described above for
TOF and individualized for the patient’s anatomic and hemodynamic issues.

INTERRUPTED AORTIC ARCH
Interruption of the aortic arch (IAA) is an uncommon congenital cardiovascular malformation characterized by anatomic

Figure 11. Subvolume MIP image of Gd-enhanced 3D MRA showing type A interrupted aortic arch distal to the left subclavian artery.
Note the short segment of luminal discontinuity (arrow) between the
aortic isthmus and the descending aorta (DAo).
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discontinuity between segments of the aortic arch. The prevalence of IAA is 19 per million live births, or 1.3% of infants
with congenital heart disease in the New England Regional
Infant Cardiac Program (83). This condition should be distinguished from aortic arch atresia where there is anatomic continuity between the arch segments through a fibrous strand, but the
aortic lumen is completely obstructed. Because of their identical
hemodynamic consequences, both conditions will be discussed
together.
The classification proposed by Celoria and Patton in 1959
is widely used to date (84). Type A denotes interruption distal
to the left subclavian artery; type B between the left common
carotid and the left subclavian arteries; and type C between the
common carotid arteries. Type B is the most common anatomic
variation accounting for approximately 62% of IAA cases, type
A for 37%, and type C for 1%. Other morphologic variations
associated with IAA have been described. Aberrant origin of
the right subclavian artery from the proximal descending aorta
is found in roughly 50% of patients with type B IAA but only in a
minority of those with type A interruption. Other rare variations

include interruption of a right aortic arch (85) and interruption
of a cervical arch (86).
Survival of patients with IAA depends on a patent ductus arteriosus. Intravenous administration of prostaglandin E begins
immediately once the diagnosis is suspected and is followed
by surgical repair. In most institutions, the preferred surgical
approach is direct anastomosis of the interrupted (or atretic)
aortic segments. When the distance between the interrupted
aortic arch segments is large, homograft augmentation may be
added to the arch reconstruction. The use of a tubular conduit to bridge between the arch segments is usually reserved
for unusually long-segment interruptions or for re-operations.
In patients with an associated VSD, the defect is closed at
the time of the arch repair. In type B IAA with posterior
malalignment of the conal septum and markedly hypoplastic
left ventricular outflow tract, the VSD can be baffled to the
pulmonary valve, the main pulmonary artery is transected and
anastomosed to the ascending aorta, and a conduit (usually a
valved homograft) is placed between the RV and the pulmonary
arteries.

Figure 12. 3D reconstruction of Gd-enhanced MRA in post-operative type B interrupted aortic arch initially repaired with a left-sided conduit
between the distal ascending aorta and the proximal descending aorta (white arrow). When that conduit became obstructive, a second conduit
was placed on the patient’s right side (black arrow).A. Anterior view; B. Posterior view.
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MRI evaluation

obtained based on clinical relevance (e.g., assessment of aortic regurgitation).

Echocardiography is usually adequate for pre-operative diagnosis of interrupted aortic arch and associated anomalies (87).
CMR is used in selected patients in whom the anatomy is not
clearly defined by echocardiography (88, 89). CMR assumes a
larger role in patients with repaired IAA as they grow and their
acoustic windows become restricted.

1.

Pre-operative MRI

3.

The goal of the CMR examination is to delineate the anatomy
of the aortic arch, and the branching pattern of the brachiocephalic arteries (Fig. 10). It is important to fully evaluate the
vascular anatomy to exclude any associated anomalies (e.g., systemic and pulmonary venous anomalies). Gadolinium-enhanced
3D MR angiography is the most robust and time-efficient technique to achieve these goals (Fig. 11) (89). The use of gradient
echo cine and black blood imaging is tailored to the clinical and
imaging issues of individual patients. Evaluation of intracardiac
anatomy is usually not necessary since the information should
be available from echocardiography.

Post-operative MRI
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