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ABSTRACT

Cardiac magnetic resonance imaging (CMR) can provide comprehensive anatomic and phys-
iological information about the cardiovascular system. The review article describes the applica-
tion of CMR to several simple congenital heart lesions: atrial septal defects and other interatrial
communications, ventricular septal defects, patent ductus arteriosus, partially anomalous pul-
monary venous connection, and coarctation of the aorta. The anatomy, clinical features, and
management of these lesions are discussed. CMR techniques to evaluate patients with these
lesions are described and relevant literature is reviewed.

INTRODUCTION

Technical advances over the past two decades have greatly ex-
panded the diagnostic role of cardiac magnetic resonance imag-
ing (CMR) in patients with congenital heart disease. In addi-
tion to high-resolution anatomic information, CMR provides
physiological information about the cardiovascular system such
as ventricular function and blood flow. Along with these im-
proved capabilities, the speed and efficiency of imaging have
also increased thereby allowing a comprehensive examination
to be obtained within a time frame acceptable to both patient
and operator. This review describes the CMR evaluation of sev-
eral “simple” congenital heart lesions: atrial septal defect (ASD)
and other interatrial communications, ventricular septal defect
(VSD), patent ductus arteriosus (PDA), partially anomalous pul-
monary venous connection (PAPVC), and coarctation of the
aorta. More “complex” lesions are discussed in the following
article.

Despite being classified as “simple,” many of the conditions
in this review have important anatomic subtypes and varying
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physiology. Thus, summaries of the anatomic considerations
and clinical management are provided for each lesion. The su-
pervising physician should have a thorough understanding of
these issues, carefully review the patient history, and examine
the available imaging data before conducting the examination
in order to ensure a high-quality, complete CMR evaluation.

Because young children typically have excellent acoustic
windows, echocardiography is usually the primary imaging
modality in this age group and is often sufficient alone. How-
ever, in older patients or those who have undergone surgery, the
echocardiographic evaluation may be incomplete, and CMR is
often indicated. CMR may also be useful for these “simple” le-
sions in selected patients to provide additional quantitative data
or to help resolve clinical scenarios in which the data are incon-
sistent. This utility applies not only to the initial evaluation but
also to serial follow-up and post-operative assessment.

ATRIAL SEPTAL DEFECTS AND OTHER
INTERATRIAL COMMUNICATIONS

Anatomy

Anatomically, five different defects can lead to an interatrial
shunt (Fig. 1). 1) A patent foramen ovale is bordered on the left
by septum primum and by the superior limbic band of the fossa
ovalis (septum secundum) on the right. It is an important and
nearly universally present communication during fetal life. Fol-
lowing the transition to a postnatal circulation, septum primum
opposes the superior limbic band of the fossa ovalis, and the
foramen ovale narrows. A patent foramen ovale is seen in almost
all newborns and with decreasing frequency throughout life (1).
2) A secundum ASD is the most common cause of an atrial
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Figure 1. Anatomic types of atrial communications (see text for de-
tails). ASD 1° denotes primum atrial septal defect; ASD 2° denotes
secundum atrial septal defect.

level shunt after patent foramen ovale. Usually the defect is due
to deficiency of septum primum, the valve of the fossa ovalis,
but rarely, it results from a deficiency of septum secundum (the
muscular limb of the fossa ovalis). The defect may be single or
multiple with several fenestrations of septum primum. 3) A pri-
mum ASD is a variant of incomplete common atrioventricular
canal and is the third most common interatrial communication.
This defect involves the septum of the atrioventricular canal and
is almost always associated with a cleft anterior mitral leaflet.
Any associated defect within the fossa ovale (secundum ASD)
is regarded as a separate abnormality. 4) A sinus venosus septal
defect results from deficiency of the sinus venosus septum which
separates the pulmonary veins from the systemic veins and the
sinus venosus component of the right atrium. Most commonly, a
sinus venosus defect is between the right upper pulmonary vein
and the cardiac end of the superior vena cava. Rarely, the defect
involves the right lower and/or middle pulmonary veins and the
inferior aspect of the right atrium at its junction with the inferior
vena cava. From an anatomic standpoint, a sinus venosus defect
is not an ASD because it does not allow direct communication
between the left and right atria. Instead, the interatrial flow trav-
els between the left atrium, one or more of the pulmonary veins,
the sinus venosus septal defect, the superior (or inferior) vena
cava, and the right atrium. The defect usually allows pulmonary
vein flow to drain to the right atrium through the defect as well.
Patients with sinus venosus defects commonly have additional
accessory right upper pulmonary veins which connect to the

superior vena cava or azygous vein. 5) A coronary sinus sep-
tal defect is a rare type of interatrial communication in which
the septum between the coronary sinus and the left atrium is
either partially or completely unroofed, allowing the right and
left atria to communicate through the defect and the coronary
sinus orifice. Sometimes there is also a persistent left superior
vena cava draining to the coronary sinus. If the coronary sinus is
completely unroofed, the left superior vena cava will appear to
be connected to the left atrium. The association of a coronary si-
nus septal defect and persistent left superior vena cava is termed
Raghib syndrome, and may result in cyanosis (2).

Clinical course and management

Regardless of the specific anatomic type, the amount of
shunting through an interatrial communication is determined
by the defect size and relative compliance of the right and left
ventricles. Over the first few months of life, right ventricular
compliance typically rises leading to an increasing left-to-right
shunt. During adulthood, left ventricular compliance normally
decreases further augmenting the left-to-right flow. Shunt flow
through the right heart and lungs leads to dilation of the right
atrium, right ventricle, pulmonary arteries, and pulmonary veins.
Most young children tolerate this increased pulmonary blood
flow well and are asymptomatic; a few develop dyspnea or
growth failure. Defects in this age group are typically detected
after auscultation of a heart murmur or incidentally when an
echocardiogram is obtained for other indications. Up to 5-10%
of patients with significant left-to-right shunts may develop pul-
monary vascular disease by adulthood leading to pulmonary hy-
pertension. Adults with unrepaired atrial septal defects are also
at risk for exercise intolerance, atrial arrhythmias, and paradox-
ical emboli.

In general, current practice is to refer patients for atrial sep-
tal defect closure if the patient is symptomatic or the defect
results a significant left-to-right shunt. Evidence for the later in-
cludes a defect diameter >5 mm, right ventricular dilation, flat-
tening of the ventricular septum in diastole (caused by elevated
right ventricular diastolic pressure from the volume load), and
a pulmonary-to-systemic flow ratio >1.5-2.0. One must also be
aware that smaller secundum ASDs may close spontaneously or
become smaller in the first few years of life; thereafter, defects
tend to become larger with time. Primum ASDs, sinus venosus
septal defects, and coronary sinus septal defects almost never
become smaller with time. Although a patent foramen ovale
typically produces only a small shunt, closure may be indicated
when there is a history consistent with a paradoxical embolus.

All of these defect types can be closed surgically with a very
low mortality and morbidity in centers with expertise. The timing
of surgery depends on multiple factors including the size of the
defect, associated cardiac abnormalities, symptoms, and local
experience, but there is rarely a reason to delay surgical closure
beyond 3 years of age. Over the past two decades, transcatheter
treatment for secundum ASDs and patent foramen ovales by
occluding them with various devices has become available at
specialized centers. Although device closure is generally favored
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over surgical closure for patent foramen ovale, there is yet no
consensus on the specific circumstances under which device
closure is superior in secundum ASD.

With regard to surgical technique, secundum ASDs are either
closed primarily or with a patch. For primum ASDs, the defect
is closed with a patch and, in some cases, the associated mi-
tral valve cleft is partially sutured. Sinus venosus septal defects
can often be closed by simply placing a patch to reconstruct the
missing portion of the sinus venosus septum thereby eliminating
interatrial and right pulmonary vein to right atrial flow. In some
cases, especially when a right upper pulmonary vein drains rel-
atively high to the superior vena cava, the superior vena cava is
transected superior to the anomalous veins and the distal caval
end anastomosed to the right atrial appendage. The sinus veno-
sus septal defect is then closed in such a way that the proximal
superior vena cava and anomalous veins drain to the left atrium.
For a coronary sinus septal defect, the os of the coronary sinus is
usually patched closed. If a left superior vena cava is present, it
is redirected to the right atrial side either through ligation, when
an adequate left innominate vein is present, or via a baffle to the
right atrium.

Much less commonly, interatrial flow through the various
types of defects is bidirectional or right-to-left. This typically
occurs when right ventricular compliance is low as the re-
sult of right ventricular outflow tract obstruction or pulmonary
hypertension (i.e., increased pulmonary vascular resistance).
Right-to-left shunt flow causes cyanosis and its sequelae includ-
ing exercise intolerance, paradoxical emboli, and polycythemia.
Closure of defects in this clinical setting is often contraindicated
as it would exacerbate pulmonary hypertension and right heart
failure.

MRI evaluation

Transthoracic echocardiography is the primary imaging tech-
nique for the evaluation of ASD and is usually sufficient for
clinical decision making in the pediatric age range. However,
CMR can often be helpful in patients, usually adolescents and
adults, with a known or suspected ASD and inconclusive clini-
cal or transthoracic echocardiographic findings. For example,
CMR provides a noninvasive alternative to transesophageal
echocardiography and to diagnostic catheterization in patients
with evidence of right ventricular volume overload in whom
transthoracic echocardiography cannot demonstrate the source
of the left-to-right shunt. The advent of transcatheter occlusion
of ASDs has also increased the need for accurate anatomic
information to help determine whether a patient is an appro-
priate candidate for this intervention versus surgery. In the pre-
intervention situation, the specific goals of the CMR examina-
tion include delineation of the location, size, and number of
ASDs; evaluation of pulmonary venous return; determination
of suitability for transcatheter closure; estimation of right ven-
tricular pressure; and assessment of the hemodynamic burden
by quantifying the pulmonary-to-systemic flow (Qp/Qs) ratio,
and right ventricular size and systolic function. In patients who
have undergone transcatheter device closure of an ASD, addi-

Figure 2. ECG-gated steady state free precession cine MRl in the
four-chamber plane showing a secundum atrial septal defect (ar-
row). Note the dilated right atrium (RA) and right ventricle. LA- left
atrium.

tional goals include excluding device malposition, interference
with the atrioventricular valves and venous blood flow, thrombus
formation, and a residual shunt. Patients who have undergone
a repair of a sinus venosus defect are at risk for superior vena
cava and right pulmonary vein obstruction. Mitral regurgitation
from a residual cleft is often present after primum ASD repair,
and should be assessed quantitatively with velocity encoded cine
(VEC) MRIL.

The anatomic issues should be addressed by acquiring high-
resolution images of the atrial septum and adjacent structures
including the vena cavae, the pulmonary veins, and the atri-
oventricular valves. Our preference is to image in at least two
planes by acquiring a contiguous stack of locations in the axial
or four-chamber plane and a stack in an oblique sagittal plane
(Fig. 2). The most useful commonly available techniques for
this work are fast (turbo) spin echo and segmented k-space cine
steady state free precession pulse sequences, both performed
with breath-holding and ECG-gating. Unless image quality is
optimal, thin structures such as septum primum may not be
clearly demonstrated, leading to an overestimation of the de-
fect’s size or to a false positive diagnosis. Moreover, it may be
difficult to appreciate the precise anatomy of a secundum ASD
with multiple fenestrations. For these reasons, it is also useful to
image the atrial septum using VEC MRI both in the plane of the
septum to yield an en face view as well as in orthogonal planes
planned from the en face view. A non-ECG-gated gadolinium-
enhanced three-dimensional magnetic resonance angiogram (3D
MRA) sequence is not ideally suited for evaluation of ASDs be-
cause of blurring of intracardiac structures from heart motion.
However, this technique is helpful in the anatomic evaluation
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Figure 3. Sinus venosus defect. A. Three-dimensional reconstruction of a gadolinium-enhanced 3D MRA showing several pulmonary veins from
the right upper lobe draining into the superior vena cava. B. ECG-gated steady state free precession cine MR in the sagittal plane showing the
defect (*) between the right upper pulmonary vein (RUPV) and the superior vena cava (SVC). C. ECG-gated steady state free precession cine
MRI in the axial plane showing the defect between the RUPV and the SVC (*). The arrow points to the left atrial orifice of the RUPV. Left-to-right
shunt results from drainage of the RUPV to the SVC and from left atrial blood entering the right atrium (RA) through the orifice of the RUPV
(arrow) and the unroofed wall between the RUPV and the SVC (*). Ao- ascending aorta; LA-left atrium.

of the pulmonary veins, especially in patients with sinus veno-
sus septal defects which invariably involve the pulmonary veins
(Fig. 3).

In patients with known or suspected ASDs, left and right
ventricular size and systolic function should be quantified by
acquiring a stack of cine steady state free precession images
in a ventricular short axis plane. This image series also allows
one to make a qualitative estimate of right ventricular systolic
pressure based on the configuration of the ventricular septum.
The septal geometry is concave towards the right ventricle when
the right ventricle-to-left ventricle pressure ratio is low and as-
sumes a flat configuration, or even a concave shape towards the
left ventricle, as the right ventricle-to-left ventricle pressure ra-
tio increases. Interpretation of the septal configuration may be
confounded by factors such as dysynchronus contraction of the
right ventricle, intraventricular conduction delay (e.g., right or
left bundle branch block, pre-excitation), and a high left ventric-
ular pressure.

Measurement of the Qp/Qs ratio is clinically useful in pa-
tients with ASDs. Multiple studies have shown that VEC MRI
calculation of the Qp/Qs ratio by measuring flow in the main
pulmonary artery (Qp) and ascending aorta (Qs) agrees closely
with catheterization-based oximetry measurements of Qp/Qs
(3-6). In the absence of significant valve regurgitation or an ad-
ditional shunt, Qp/Qs can also be derived from the right (Qp)
and left (Qs) ventricular stroke volumes calculated from the short
axis cine stack of the ventricles. In clinical practice, it is recom-
mended to measure the Qp/Qs ratio by both of these methods
and check the data for consistency.

In addition to case reports, several studies have assessed the
role of CMR in evaluating ASDs. Early reports utilized con-

ventional spin echo imaging to compare the apparent defect
size with measurements made at surgery and yielded generally
good agreement (7-9). Subsequently, Holmvang et al. evalu-
ated defect size by performing VEC MRI carefully positioned
in the plane of the ASD to visualize the defect en face (10).
These measurements agreed closely with those made at surgery
or with balloon sizing at catheterization in 30 patients, mostly
adults. However, measurements from conventional spin echo
imaging in planes perpendicular to the ASD overestimated the
defect size; the discrepancy was attributed to “signal dropout”
in the thin portion of the septum.

More recently, Beerbaum et al. studied 65 children with clin-
ically suspected ASDs and inconclusive transthoracic echocar-
diogram results (11). Defect size and rim measurements were
assessed using velocity encoded cine MRI oriented in the ASD
plane for en face visualization and in orthogonal planes for the
distance to adjacent structures. Time-of-flight angiography was
also performed to assess systemic and pulmonary venous return.
Based on the CMR examination findings, 30 patients underwent
transcatheter device closure and accompanying transesophageal
echocardiography. Five of these patients were subsequently re-
ferred for surgery because stretched-balloon sizing revealed an
unexpectedly large defect. The other 35 children were referred
directly to surgery because the defect was deemed unsuitable
for device closure or there was associated partial anomalous
pulmonary venous return. The accuracy of this determination
was confirmed in all cases at surgery. Defect size measurements
by CMR agreed well with those by transesophageal echocar-
diography and at surgery. Rim distances to adjacent structures
agreed less well but were usually within 5 mm. The CMR mea-
surement of septal length was larger than that by transesophageal
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echocardiography but agreed with surgical results. Rim distance
to the coronary sinus and minor septal fenestrations <1 mm
were difficult to identify by CMR. All 9 patients with multi-
ple hemodynamically relevant ASDs were correctly diagnosed
by en face phase contrast imaging and all 4 patients with par-
tially anomalous pulmonary venous return were accurately iden-
tified by time-of-flight angiography. The authors conclude that
in children with suspected ASDs and inconclusive transthoracic
echocardiograms, CMR is useful for the determination of ASD
size, rim distances, and venous connections.

In another recent study, Durongpisitkul et al. reported on
66 children and adults with secundum ASDs who underwent
transthoracic echocardiography, transesophageal echocardiog-
raphy, and CMR to evaluate their suitability for Amplatzer de-
vice closure (12). Compared with transesophageal echocardio-
graphy, the major axis ASD diameter was significantly larger
by CMR (30 £ 3.9 mm versus 24.4 &+ 3 mm, p = 0.021) and
correlated better with ASD balloon stretched diameter mea-
sured at catheterization. The authors also noted that the pos-
terior inferior ASD rim was not seen adequately in 10 patients
by transesophageal echocardiography but could be visualized
well in all patients by CMR. Based on these two advantages,
the authors suggest that CMR may be more useful than trans-
esophageal echocardiography to assess suitability for Amplatzer
device closure.

The application of CMR to diagnose patent foramen ovale in
adults suspected of having a paradoxical embolism is now under
evaluation by several CMR laboratories. In the most common
technique, the atria and pulmonary veins are imaged rapidly
(gradient echo with echo planar imaging) during the infusion
of gadolinium contrast while the patient performs a Valsalva
maneuver. The appearance of contrast in the left atrium after
the right atrium but prior to the pulmonary veins indicates a
patent foramen ovale. A pilot study using this approach correctly
categorized all 15 patients with a patent foramen ovale and all 5
without a patent foramen ovale (13). The 3 patients with atrial
septal aneurysms were also appropriately diagnosed; however,
the study did not evaluate the accuracy of CMR to identify left
atrial thrombus, often a pertinent question in patients suspected
of having embolic events.

VENTRICULAR SEPTAL DEFECT

Anatomy

A VSD is a communication between the right and left ven-
tricles through an opening in the ventricular septum. It is one of
the most common forms of congenital heart disease and is found
frequently in association with complex heart disease. This sec-
tion will focus on isolated or multiple VSDs in the absence of
complex congenital heart disease.

Several VSD anatomic classification systems are in use. Fig. 4
shows the anatomic location of VSDs modified from Van Praagh
et al. which includes the following: 1) defects at the junction be-
tween the conal septum and the muscular septum which may be
confined to the membranous portion (referred to as membranous

Muscular

Figure 4. Anatomic types of ventricular septal defects (see text for
details).

or perimembranous defects) or be associated with malalignment
of the conal septum (conoventricular defects), 2) defects in the
muscular septum (called muscular or trabecular defects), 3) de-
fects in the inlet septum (known as atrioventricular canal-type or
inlet defects), and 4) defects in the outlet septum (variably called
outlet, doubly committed subarterial, subpulmonary, conal sep-
tal or supracristal defects) (14).

Clinical course and management

The natural history of a VSD is related to the size and location
of the defect. Defects in the membranous or muscular septum
often become smaller over time and may spontaneously close.
In contrast, malalignment conoventricular defects, outlet septum
defects, and atrioventricular canal-type defects are usually large
and remain so. Consequently, such patients often undergo surgi-
cal closure in infancy. Venturi effects associated with VSDs in
the membranous or outlet septum may cause aortic valve leaflets
(usually the right coronary cusp) to prolapse through the defect.
Although the leaflet prolapse typically reduces the effective ori-
fice size of the defect, it may also lead to aortic insufficiency.
VSDs, particularly those associated with turbulent flow jets, also
predispose patients to the development of endocarditis.

Symptoms are predominantly determined by the size of the
shunt through the VSD which, in turn, is related to the defect
size and the relative resistances of the pulmonary vascular and
the systemic vascular beds. In most situations, pulmonary resis-
tance is lower than systemic resistance, and there is a left-to-right
shunt. The resulting increased blood flow to the lungs and left
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heart may lead to dilation of the pulmonary arteries, pulmonary
veins, left atrium, and left ventricle. Because most of the shunt
flow passes through the VSD into the right ventricle in systole,
right ventricular dilation is usually not present. If the shunt is
small, the patient is asymptomatic, and intervention to close
the defect is not warranted. When the shunt is large, symptoms
from pulmonary overcirculation (e.g., tachypnea, diaphoresis,
poor feeding, and slow weight gain) may develop in the first few
months of life. If the defect is unlikely to become small over
time or if these symptoms cannot be managed medically, surgi-
cal closure in infancy is recommended. Untreated, patients with
VSDs and large left-to-right shunts may develop irreversible
pulmonary hypertension from elevated pulmonary vascular re-
sistance. In such cases, the flow through the defect will be-
come increasing right-to-left resulting in cyanosis (Eisenmenger
syndrome). Occasionally, one may encounter older patients
with intermediate-sized VSDs who are minimally symptomatic
and have normal pulmonary artery pressure yet have a large
enough shunt to result in left ventricular dilation. VSD closure
is probably warranted under these circumstances given its low
risk and the potential beneficial impact on ventricular function
long-term.

A surgical approach is by far the most common technique
used to close VSDs and carries a low mortality even when per-
formed in the first few months of life (15). Typically the surgeon
works through the tricuspid valve and applies a patch to cover
the defect. Experience with transcatheter delivery of occlusion
devices is growing and this approach may be appropriate in se-
lected circumstances (16, 17).

MRI evaluation

Transthoracic echocardiography is the primary diagnostic
imaging modality in patients with suspected or known VSDs
and is usually adequate. Occasionally in larger patients, acoustic
windows may be insufficient, and CMR is indicated to define the
defect size and location as well as identify associated conditions
such as aortic valve prolapse. CMR may also be of use when
the hemodynamic burden of a defect is uncertain by providing
reliable quantitative data on the Qp/Qs ratio, and ventricular
dimensions and function.

VSD location and size can be demonstrated by cine gradi-
ent echo (preferably steady state free precession) or spin echo
sequences (18-20). Very small defects may be difficult to re-
solve; however, the associated turbulent flow can be made quite
conspicuous on gradient echo sequences provided the echo time
is long enough to allow for sufficient spin dephasing (Fig. 5).
It is useful to assess the ventricular septum using stacks of im-
ages oriented in at least two planes. The four-chamber plane
provides base-to-apex localization whereas the short-axis plane
shows the location in the anterior-to-posterior axis (Fig. 6).
Additional imaging in other planes can be used as needed to
demonstrate defect position relative to key adjacent structures
(e.g., atrioventricular or semilunar valves). Bremerich and col-
leagues have reported that CMR is an important, non-invasive
test in the diagnosis and management of defects in the outlet
septum as echocardiography was unable to adequately image
this region of the ventricular septum (21). Yoo and colleagues
demonstrated how CMR can provide an en face view of a VSD,

Figure 5. Membranous ventricular septal defect (arrow). A. ECG-gated steady state free precession cine MRI in a four-chamber plane showing
the defect and associated flow jet into the right ventricle. B. ECG-gated fast spin echo image in a four-chamber plane.
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(A) and short-axis (B).

Figure 6. Malalignment conoventricular septal defect (*) imaged with ECG-gated steady state free precession cine MRI in ventricular long-axis

which is particularly advantageous in complex anatomy, such
as double inlet ventricle with transposed great arteries in which
systemic blood flow is dependent on passage through the defect
(22, 23). Recently, an ECG and navigator-gated isotropic three-
dimensional steady-state free precession sequence was devel-
oped to assess intracardiac anatomy in patients with congenital
heart disease. The resulting high-resolution block of anatomic
data can be reformatted in multiple planes to characterize VSDs
and other abnormalities (24). Image quality with this approach,
however, was significantly worse in younger patients (approxi-
mately <7 years).

Measurement of ventricular dimensions and function is also
key element of the CMR evaluation in a patient with a VSD. This
can be done from the ventricular short-axis cine MRIimage stack
mentioned above. Larger left-to-right shunts will result in left
ventricular dilation but not right ventricular dilation. Ventricular
systolic function is usually normal. As described in the section
on ASDs above, ventricular septal configuration can be used to
estimate right ventricular pressure. Finally, quantification of the
VSD shunt should be performed by calculating the Qp/Qs ratio.
This can be accomplished by measuring the net blood flow in the
main pulmonary artery (Qp) and the ascending aorta (Qs) using
VEC MRI (4, 6, 25). Alternatively, in the absence of significant
valve regurgitation or other shunts, the ventricular volumetric
data can be used. The Qp/Qs ratio is equal to right ventricu-
lar stroke volume divided by left ventricular stroke volume. In
practice, both approaches are recommended and the two results
should be checked for consistency.

PATENT DUCTUS ARTERIOSUS

Anatomy, clinical course, and management

The ductus arteriosus is a vascular channel that usually con-
nects the aortic isthmus with the origin of either the left or the
right pulmonary artery. During fetal life, the ductus arteriosus
allows the majority of the right ventricular output to bypass the

lungs by carrying blood flow to the descending aorta. Normally,
the ductus arteriosus closes shortly after birth. It may persist in
patients with congenital heart disease allowing communication
between the systemic and pulmonary circulations. A persistent
PDA is common in premature infants and is associated with in-
creased morbidity. In full-term infants and children, the clinical
course and sequelae of an isolated PDA are usually related to the
ductus size and the direction of flow. In the absence of elevated
pulmonary vascular resistance, isolated PDAs have left-to-right
flow leading to increased pulmonary flow, and a volume load
to the left heart. Larger PDAs cause a significant left-to-right
shunt and, if untreated, lead to pulmonary overcirculation, res-
piratory distress, growth failure, and eventually pulmonary vas-
cular disease. Smaller ducts place the patient at risk for infective
endarteritis. Thus in the absence of elevated pulmonary vascular
resistance, most isolated persistent PDAs should be closed. This
can be accomplished either surgically or in the catheterization
laboratory using occluding devices.

MRI evaluation

CMR is seldom requested primarily for assessment of an
isolated PDA as this usually presents in childhood and is a
straight-forward echocardiographic diagnosis. In several types
of complex congenital heart disease, evaluation of the ductus
arteriosus is an important element of the examination. For ex-
ample, in patients with tetralogy of Fallot and pulmonary atresia,
the ductus arteriosus may persist and can be an important source
of pulmonary blood supply. Gadolinium-enhanced 3D MRA is a
particularly helpful imaging technique in these patients because
it allows accurate delineation of all sources of pulmonary blood
supply, including a PDA, aorto-pulmonary collaterals, and the
central pulmonary arteries (Fig. 7) (26). Cine MR1 is also useful
in detecting PDAs, particularly those which are small with tur-
bulent flow. As with VSD jets, a longer TE will allow more time
for spin dephasing and make the turbulent flow more conspicu-
ous. When a PDA is detected, VEC MRI is useful to evaluate the
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Figure 7. Gadolinium-enhanced 3D MRA (oblique sagittal subvol-
ume maximal intensity projection) in an infant illustrating a patent
ductus arteriosus (PDA). DAo-descending aorta.

direction of flow across the ductus and quantify the Qp/Qs ratio.
Note that with a PDA and no other shunting lesions, systemic
flow (Qs) is equal to the main pulmonary artery flow, and pul-
monary flow (Qp) is equal to ascending aorta flow. In patients
with a PDA, it is also helpful to measure ventricular volumes
and function, and assess right ventricular pressure by evaluating
ventricular septal position in systole.

PARTIALLY ANOMALOUS PULMONARY
VENOUS CONNECTION

Anatomy

In PAPVC, one or more but not all of the pulmonary veins
connect to a systemic vein. PAPVC may be seen in isolation or
as a component in complex congenital heart lesions, particularly
heterotaxy syndrome with polysplenia. There is wide variability
in the number of abnormal veins, the site of their termination,
and the caliber of the associated connecting vessels. A detailed
description of the variety of lesions captured by this diagnosis
may be found elsewhere (27). Common PAPVC types include
anomalous connection to the left innominate vein, to the right su-
perior vena cava, to the azygous vein, or to the inferior vena cava.
Anomalous connection of some or all of the right pulmonary
veins to the inferior vena cava is termed scimitar syndrome. The
name is derived from the curvilinear shadow in the right lung on
chest radiography caused by the anomalous vein as it descends
towards the right hemidiaphragm which resembles a scimitar, or
Turkish sword. Other abnormalities commonly seen in scimitar
syndrome include hypoplasia of the right lung and pulmonary
artery, secondary dextrocardia, and anomalous systemic arterial
supply usually from the descending aorta to the right lung (28).

Clinical course and management

PAPVC results in a left-to-right shunt: blood draining from
the lungs returns to the lungs via the systemic veins and right
heart without passing through the systemic arterial circulation.
This physiology leads to increased pulmonary blood flow and
resembles that of an ASD. The magnitude of the shunt is de-
termined by the number of involved veins, the site of their con-
nections, the pulmonary vascular resistance, and the presence
of associated defects. Dilation is commonly seen in the sys-
temic veins downstream of the anomalous pulmonary vein in-
sertion site, the right atrium and ventricle, and the pulmonary
arteries. Young patients are usually asymptomatic; dyspnea on
exertion becomes increasingly common in the third and fourth
decades of life. Development of pulmonary hypertension is very
rare. Patients may come to attention after auscultation of a pul-
monary flow murmur or when diagnostic imaging is performed
for another indication. Evidence of right ventricular volume
overload with no apparent intracardiac shunt should prompt
a search for PAPVC. The presentation of Scimitar syndrome
varies widely depending on the severity of the associated ab-
normalities. Infants may be critically ill with respiratory com-
promise while adults may have minimal symptoms. Pulmonary
hypertension may develop from a combination of stenosis of
the pulmonary veins, arterial blood supply from the descend-
ing aorta, pulmonary hypoplasia and parenchymal pulmonary
abnormalities.

For the most part, anomalous veins can be surgically cor-
rected, but the likelihood of success and probable benefits must
be weighed carefully. A single small anomalous pulmonary vein
is associated with a modest left-to-right shunt and does not re-
quire intervention. In those with much or all of the left pulmonary
veins returning to the left innominate vein, the connecting ver-
tical vein is usually large and long enough to detach from the
innominate vein and anastomose to the left atrium. For veins
connecting to the superior vena cava, a baffle within the supe-
rior vena cava and across the atrial septum can be constructed
to channel the pulmonary venous return to the left atrium. Al-
ternatively, the superior vena cava can be transected superior to
the anomalous veins and the caval end anastomosed to the right
atrial appendage. A baffle across the atrial septum is then created
to direct the pulmonary venous flow in cardiac end of the supe-
rior vena cava to the left atrium. Pulmonary veins entering the
inferior vena cava can be baffled successfully to the left atrium.
The most common post-operative complications seen in patients
with PAPVC correction are obstruction and residual leaks in the
created channels.

MRI evaluation

If a clinical concern for PAPVC cannot be resolved by
echocardiography with confidence, MRI is the most appropriate
additional diagnostic imaging test. The acoustic properties of
lung tissue may make it difficult by echocardiography to trace
possible anomalous veins back into the lungs to confirm that
they are pulmonary rather than systemic veins. This limitation
it not encountered with CMR.
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Figure 8. Gadolinium-enhanced 3D MRA (oblique coronal subvol-
ume maximal intensity projection) illustrating partially anomalous
pulmonary venous connection of the left upper pulmonary vein
(arrow) to the left innominate vein.

The goals of CMR evaluation of PAPVC include precise
delineation of the anatomy and quantification of the imposed
hemodynamic burden. Gadolinium-enhanced 3D MRA is an ef-
fective and efficient technique to define the thoracic vasculature
anatomy including the pulmonary veins, pulmonary arteries, and
aortopulmonary collateral vessels (Figs. 8 and 9). The image data
set can be reformatted in any plane to illustrate spatial relation-
ships and has sufficient resolution to detect vessels <1 mm. For
added confidence, additional imaging of the vascular anatomy
can be obtained using cine gradient echo or fast spin echo with
blood signal nulling sequences.

Several studies assessing the accuracy and utility of
gadolinium-enhanced 3D MRA have shown similar results (29—
31). They found a high level of agreement between findings
on MR angiography compared with surgical inspection and
x-ray angiography. MR angiography was uniformly more accu-
rate than transthoracic and transesophageal echocardiography.
CMR studies often diagnosed previously unknown PAPVC or
added new clinically important information regarding PAPVC
anatomy.

Patients with PAPVC should also have their ventricular di-
mensions and function measured using a stack of cine MRI
oriented in the ventricular short-axis plane. Particular attention
should be devoted to quantifying right ventricular end-diastolic
volume as this should be related to the size of the left-to-right
shunt. The shunt should also be measured directly by obtain-
ing VEC MRI flow measurements in the main pulmonary artery

Figure 9. Gadolinium-enhanced 3D MRA (oblique coronal sub-
volume maximal intensity projection) in an adult with scimitar
syndrome.

(Qp) and the ascending aorta (Qs). In some cases it may also
be possible to measure the flow in the anomalously draining
vein itself. In the absence of significant valvular insufficiency,
the ventricular stoke volume differential should also be equal
to the shunt size and thus serves as a useful check. It is worth
noting that in patients with PAPVC, Qp/Qs ratio measurements
by oximetry in the catheterization laboratory are inherently in-
accurate because of the difficulty in obtaining a reliable, rep-
resentative mixed systemic venous saturation. Because blood
flow is measured directly, these concerns do not apply to MRI
measurements. In cases where there is a hypoplastic pulmonary
artery or pulmonary venous pathway obstruction, it is also useful
to calculate differential pulmonary blood flow using VEC MRI
measurements in the branch pulmonary arteries.

COARCTATION OF THE AORTA

Anatomy

Coarctation of the aorta is a discrete narrowing most com-
monly located just distal to the left subclavian artery, at the
site of insertion of the ductus arteriosus. It is thought to arise
either from an abnormal flow pattern through the arch during
development or from extension of ductal tissue into the aortic
wall. Hypoplasia and elongation of the distal transverse arch
is a frequent association. Coarctation may be present alone or
in combination with other heart lesions including bicuspid aor-
tic valve (the most frequent intracardiac defect), aortic stenosis
(valvar or subvalvar), mitral valve abnormalities, ASD, VSD,
persistent PDA, and conotruncal anomalies (32, 33).
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Clinical course and management

Infants tend to present with symptoms of heart failure and
systemic hypoperfusion as the ductus arteriosus closes and, if
untreated, may progress to shock or death. Older children and
adults typically have isolated coarctation and are usually rela-
tively asymptomatic. A heart murmur, systemic hypertension, or
rib notching on a chest x-ray from collateral vessels often leads to
the diagnosis. Even in asymptomatic patients, relief of the aortic
obstruction is indicated for hemodynamically significant lesions
because of the high rate of late complications including conges-
tive heart failure, systemic hypertension, premature coronary
artery disease, ruptured aortic or cerebral aneurysms, stroke,
aortic dissection, infective endarteritis and premature death (34).

Therapeutic options for coarctation include surgical repair
and percutaneous balloon angioplasty, sometimes with stent
placement. Currently, resection of the coarctation with an end-
to-end anastomosis and augmentation of the transverse arch if
needed is the most widely practiced surgical repair and has
the lowest incidence of recurrent obstruction. Other approaches
have included subclavian flap aortoplasty, patch augmentation,
and conduit interposition. These latter techniques have fallen
out of favor as post-operative complications, such as aneurysm
formation at the site of the prosthetic patch and recurrent arch ob-
struction, have become increasingly recognized (35, 36). Coarc-
tation in infants is treated surgically in the majority of centers
because of the lower risk of residual obstruction or recurrence
compared with percutaneous interventions (37). For isolated
coarctation, the surgical mortality approaches zero (38). In the
event of recurrent coarctation following surgical repair, bal-
loon angioplasty with or without stent placement is often the
first line of therapy. Coarctation in older children or adults is
increasingly being treated primarily by percutaneous interven-
tions which thus far have shown a low risk of recoarctation and
aneurysm formation (39, 40).

MRI evaluation

Transthoracic echocardiography is usually the only diag-
nostic imaging needed for evaluation of young children with
suspected coarctation or following intervention for coarctation.
With increasing age, acoustic windows typically deteriorate
leading to an incomplete anatomic assessment by echocardiogra-
phy. In these circumstances, CMR is able to provide high quality
anatomic imaging of the aortic arch in its entirety, an assessment
of the hemodynamic severity of the obstruction, and evaluation
of left ventricular mass and function. In a retrospective study
of 84 adult patients following intervention for coarctation of
the aorta, Therrien and colleagues showed that the combina-
tion of clinical assessment and CMR on every patient was more
“cost-effective” for detecting complications than combinations
that relied on echocardiography or chest radiography as imaging
modalities (41). Other studies have shown the utility of CMR
in infants and children with coarctation and other anomalies of
the aortic arch (42—44). Computer tomography can also provide
excellent anatomic imaging of the aorta but little functional in-
formation regarding the left ventricle or pressure gradient across

any obstruction. It has the additional disadvantage of ionizing
radiation exposure making it a less attractive modality for serial
follow-up.

A comprehensive CMR evaluation of patients with suspected
coarctation or following intervention for coarctation includes
assessment or aortic anatomy; cine MRI sequences to measure
ventricular size, function, and mass; and velocity encoded cine
MRI sequences to evaluate the severity of obstruction. With re-
gard to aortic anatomy, attention should be given to transverse
aortic arch and isthmus, the brachiocephalic vessels, collateral
vessels that may bypass obstruction, and possible aneurysms or
dissections at the repair sites. Abnormal vessels should ideally
be measured in cross-section as elliptical segments are common.
If a coarctation is present, its diameter, length, and distance to
neighboring vessels should be reported as this may influence
decisions regarding percutaneous intervention. Given the asso-
ciation of bicuspid aortic valve with coarctation, the aortic valve
morphology should be noted as well as the dimensions of the
aortic root and ascending aorta.

Gadolinium-enhanced 3D MRA is an efficient technique to
assess aortic anatomy (Fig. 10). Using subvolume maximal in-
tensity projections and reformatting, most of the relevant issues
can be addressed and measurements performed (45-48). Cine
gradient echo imaging of the aortic arch in long-axis is useful
to identify the sites of obstruction because the associated high-
velocity turbulent jets produce systolic signal voids. Cine MRI
is also helpful for assessment of the aortic valve morphology
and aortic root dimensions. Finally, turbo spin echo sequences
with nulling of the blood signal can be used to produce high-
resolution, high-contrast images of the aorta. They are particu-
larly valuable following endovascular stent placement because
there is less metallic susceptibility artifact than with gradient
echo sequences. For anatomic definition of the coarctation site,
multiple investigators have demonstrated good correlation be-
tween these various CMR imaging techniques and X-ray an-
giography (49-55).

MRI evaluation of coarctation should also include calcula-
tion of left ventricular dimensions, systolic function, mass, and
mass-to-volume ratio by acquiring a stack of cine steady state
free precession images in a ventricular short axis plane. This
data is clinically relevant because hypertension is often present
and may lead to ventricular hypertrophy and dysfunction. Upper
body hypertension may be caused by aortic arch obstruction but
systemic hypertension is also prevalent following coarctation
repair even without residual coarctation, particularly in patients
who had surgery later in life. It is good practice to measure upper
and lower extremity cuff blood pressures at the time of the CMR
examination to help identify patients with hypertension and es-
timate the pressure gradient across any aortic obstruction. Note
that there may be little upper-to-lower extremity blood pressure
differential even with important aortic obstruction when there is
a significant collateral circulation bypassing the obstruction.

VEC MRI measurements have been used to gain insight
into the functional significance of an obstruction. One ap-
proach has been to assess the flow pattern in the descending
aorta distal to the coacrtation. Flow characteristics suggestive

628 R. M. Wald and A. J. Powell



Figure 10. Gadolinium-enhanced 3D MRA. A. Oblique sagittal subvolume maximal intensity projection showing elongation of the distal transverse
arch, hypoplastic aortic isthmus with severe discrete coarctation at the junction between the isthmus and descending thoracic aorta; B. Volume
reconstruction shows the coarctation as well as several large tortuous collateral vessels and a dilated left internal mammary artery.

of a hemodynamically significant coarctation include decreased
peak flow, decreased time averaged flow, delayed onset of de-
scending aorta flow compared with the onset of flow in the
ascending aorta, decreased acceleration rate, and prolonged
deceleration with increased antegrade diastolic flow (51, 56,
57). Recently, a model to predict the probability of a hemo-
dynamically significant coarctation pressure gradient (defined
as >20 mm Hg measured during cardiac catheterization) was
developed at our institution (58). A combination of the smallest
cross-sectional area of the aorta (measured from the gadolinium-
enhanced 3D MRA) and the heart rate-adjusted mean deceler-
ation of flow in the descending aorta (measured by VEC MRI
distal to the coarctation) predicted a gradient >20 mm Hg with
95% sensitivity and 82% specificity, 90% positive and nega-
tive predictive values, and an area under the receiver-operator
characteristics curve of 0.94.

Another approach to assessing severity is to measure the peak
coarctation jet velocity and estimate a pressure gradient using
the modified Bernoulli equation. Mohiaddin et al. compared
peak coarctation jet velocity measured by VEC MRI with
that obtained by continuous-wave Doppler and found a high
correlation (r = 0.95) as well as close agreement (mean dif-
ference = 0.12 = 0.23 m/s) (56). Nevertheless, they note that
such measurements are technically difficult in a long, tortuous
coarctation segment and that such pressure estimates may not

be indicative of anatomic severity because of collateral flow. In
support of the latter notion, they found a poor inverse correlation
between peak coarctation jet velocity and coarctation diameter
(r = —0.48). Consequently, they performed additional VEC
MRI flow measurements in the ascending and descending aorta
distal to the coarctation. Compared to controls, coarctation
patients had a significantly lower descending to ascending
aorta flow ratio as well as a smaller, more blunted descending
aortic flow profile. Similarly, Steffens et al. found that although
there was close correlation between gradients obtained by VEC
MRI and Doppler echocardiography (r = 0.95), both methods
showed poorer correlation with cuff blood pressure gradients
(r = 0.63 for Doppler echocardiography and » = 0.54 for PVC
MRI) (57). In an effort to improve accuracy, Oshinski et al. pro-
posed that the Bernoulli equation be adapted to take into account
hemodynamic variables associated with stenosis severity (59).
Finally, in coarctation patients, VEC MRI has been used to
quantify collateral flow entering the descending aorta distal to
the obstruction via retrograde flow from the intercostal arteries
or vessels arising off the aortic arch and arch branches (57, 60—
62). Increased collateral flow suggests more severe obstruction.
Moreover, higher collateral flow would be expected to decrease
the likelihood of spinal cord ischemic injury during surgical cor-
rection which involves interruption of aortic flow. If little col-
lateral flow is suspected, the surgeon may elect to perform left
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heart bypass to the descending aorta during the repair. Steffens
et al. attempted to directly quantify collateral flow entering the
descending aorta via retrograde flow from the intercostal arteries
by performing flow measurements slightly distal to the coarc-
tation site and at the level of the diaphragm (57). Total flow
from proximal to distal descending aorta decreased by 7 £ 6%
in normal volunteers compared to an increase of 83 4+ 50% in
patients with moderate-to-severe coarctation (p < 0.01). The
amount of flow increase in the distal aorta correlated directly
with the severity of anatomic narrowing (r = 0.94) and the ex-
tremity cuff blood pressure gradient (r = 0.84). Nevertheless,
the added clinical benefit of this approach is unclear since the
extent of collateral flow necessitating left heart bypass to pre-
vent spinal cord ischemic injury during surgical correction has
not been defined.
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