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sizes and function [1]. MRI can detect periph-
eral branch pulmonary arteries and systemic 
or pulmonary venous anomalies, which are 
less well seen and are often occult on echo-
cardiography. MRI is particularly useful in 
patients who have an echocardiographic diag-
nosis of isolated right ventricular enlargement 
because MRI is able to depict causes such as 
a sinus venosus defect or partial anomalous 
pulmonary venous drainage before making a 
diagnosis of right ventricular cardiomyopathy 
or primary pulmonary hypertension [2]. 

MRI is generally not appropriate in pa-
tients with electronic cardiac devices. Anxi-
ety and claustrophobia may require sedation. 
IV contrast material should be avoided in pa-
tients with moderate-to-severe renal dysfunc-
tion (estimated glomerular filtration rate < 30 
mL/min) because of the risk of nephrogenic 
systemic fibrosis.

MRI Technique
There are various types of cardiac shunts 

(Table 1). A typical MRI protocol for imaging 
a cardiovascular shunt includes black blood 
images, steady-state free precession (SSFP) 
images, velocity-encoded phase-contrast im-
ages, MR angiography (MRA) images, and 
3D whole-heart SSFP images (Table 2). Mor-
phologic evaluation is performed using T1- or 
T2-weighted double inversion recovery–pre-
pared black blood sequences. SSFP cine im-
ages are used in the evaluation of cardiac 
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C
ardiovascular shunts are abnormal 
communications between the sys-
temic circulation and pulmonary 
circulation. In a left-to-right shunt, 

blood is shunted from the left side of the heart 
(systemic circulation) to the right side of the 
heart (pulmonary circulation). In a right-to-left 
shunt, blood is shunted from the right side of 
the heart (pulmonary circulation) to the left 
side of the heart (systemic circulation). Shunts 
are quantified by measuring the ratio of pul-
monary blood flow (Qp) to systemic blood 
flow (Qs)—that is, Qp:Qs. The extent of a 
shunt is determined by the size of the defect 
and the left-to-right pressure gradient. In 
small left-to-right shunts (i.e., Qp:Qs < 1.5:1), 
the cardiac chambers are not significantly en-
larged and the pulmonary vasculature is usu-
ally normal. With large shunts (Qp:Qs > 
2.0:1), left atrial and left ventricular volume 
overload develop along with elevated right 
ventricular pressure and pulmonary arterial 
hypertension; these changes ultimately result 
in reversal of the shunt direction, which is 
called Eisenmenger syndrome [1, 2].

MRI is an excellent noninvasive imag-
ing technique for evaluating cardiovascular 
shunts because of its high inherent contrast 
resolution, good spatiotemporal resolution, 
large FOV, and multiplanar imaging capabili-
ties. MRI can accurately quantify shunts, de-
tect associated anomalies, evaluate the pul-
monary vasculature, and quantify ventricular 
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OBJECTIVE. MRI plays an important role in the morphologic and functional evalua-
tion of cardiovascular shunts. Good spatiotemporal resolution, inherent contrast resolution, 
wide FOV, and multiplanar imaging capabilities make MRI an ideal tool in the investigation 
of cardiovascular shunts. The velocity-encoded phase-contrast sequence is used in the quan-
tification of a shunt and the steady-state free precession (SSFP) sequence is used in the as-
sessment of the functional impact of a shunt. In this article, the role of MRI in the evaluation 
of cardiovascular shunts and their respective MRI appearances are described and illustrated.

CONCLUSION. MRI can identify and characterize septal defects, quantify shunts and 
their impact on cardiac function, and help in the selection of appropriate candidates for per-
cutaneous device placement.
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function and quantification of ventricular vol-
umes and masses. Velocity-encoded phase-
contrast MRI is used for the quantification of 
vascular flow. MRA with a 3D T1-weighted 
spoiled gradient-echo sequence  is used to de-
fine extracardiac vascular structures and anom-
alies with high resolution, speed, and signal-to-
noise ratio and a large FOV. It is particularly 
useful in the detection of associated pulmonary 
and systemic venous anomalies. Dynamic con-
trast-enhanced imaging enables visualization of 
early and late enhancing structures. 

Postprocessing techniques, including mul-
tiplanar reformations, enable evaluation of 
tortuous vessels and detection of stenosis. In 
addition, MRA often provides information 
that guides clinical management and also 
reduces the radiation in subsequent cardiac 
catheterization [3]. Unenhanced whole-heart 
3D SSFP imaging is an effective alternative 
or adjunct to MRA for the delineation of vas-
cular anatomy, cardiovascular morphology, 
and coronary artery origins. 

Children unable to cooperate with breath-
hold instructions are scanned while under 
general anesthesia or using free-breathing 
techniques such as 3D whole-heart SSFP, 
phase-contrast MRA, and time-of-flight 
MRA. Time-of-flight MRA (inflow MRA) is 
acquired in early diastole, the cardiac phase 
with maximal venous flow, to make it easier 
to detect venous anomalies [4].

Shunt Quantification
MRI shunt quantification can be indirect 

or direct. Indirect quantification can be per-
formed using velocity-encoded phase-contrast 
MRI or volumetric analysis of short-axis im-
ages. Velocity-encoded phase-contrast MR 
images acquired perpendicular to the ascend-
ing aorta and main pulmonary artery measure 
aortic (Qs) and pulmonary (Qp) flows, respec-
tively, which can be used to accurately calcu-
late shunt volume and shunt fraction (Qp / Qs) 
[5] (Figs. 1A and 1B) in both adult and pediat-
ric patients. However, this technique is not ac-
curate when the shunt fraction is low or when 
there are significant valvular regurgitations. In 
volumetric analysis, shunt volume and shunt 
fraction are measured as the difference be-
tween left ventricular and right ventricular 
stroke volumes (Figs. 1C and 1D). Howev-
er, these measurements are inaccurate in the 
presence of valvular regurgitations and when 
quantifying ventricular septal defects (VSDs), 
which  may have equal stroke volumes [1].

Direct shunt quantification is performed us-
ing en face phase-contrast MRI of the septal 

defect [6] particularly in patients with secun-
dum defects. Orthogonal images of the atrial 
septum in short-axis and four-chamber views 
acquired in end-systole  are used to obtain 
double oblique through-plane en face phase-
contrast MR images of the defect. Obtaining 
images during end-systole maximizes atrial 
septal defect (ASD) flow and minimizes er-
rors due to septal motion. Encoded velocity 
is low (50–70 cm/s) so that low-velocity flow 
is not missed and small defects are identified. 
The TE is low (3 ms) to minimize phase er-
rors. Subsequently, in-plane phase-contrast 

MR images are acquired in new four-cham-
ber and short-axis views centered on the de-
fect. Using these two images, a final double 
oblique through-plane phase-contrast MR im-
age is obtained that is less foreshortened. 

En face imaging provides accurate, better, 
and sharper definition of borders and allows 
accurate estimation of even small shunts [7]. 
The Qp:Qs ratio obtained using Qs (i.e. [Qs + 
Qsd] / Qs, where Qsd is flow through the sep-
tal defect) correlates better with pulse oxime-
try than Qp:Qs ratio obtained using Qp (i.e., 
Qp/[Qp – Qsd]) [6]. The Qp:Qs ratio is also 

TABLE 1:	Classification of Various Cardiovascular Shunts

Location Subtype

Left-to-right shunts

Atrial Ostium primum

Ostium secundum

Sinus venosus

Unroofed coronary sinus

Ventricular Membranous

Muscular

Inlet

Outlet

Arterial Patent ductus arteriosus

Aortopulmonary window defect

Aortopulmonary collaterals

Surgical aortopulmonary shunts

Coronary arteriovenous fistula

Anomalous origin of the coronary artery from the pulmonary artery

Aorta–right atrium shunt

Bypass graft–cardiac vein fistula

Systemic arteriovenous shunts

Venous Partial or total anomalous pulmonary venous drainage

Right-to-left shunts

Atrial Patent foramen ovale

Tricuspid atresia

Atrial or ventricular Tetralogy of Fallot

Pulmonary atresia

Transposition of great arteries

Truncus arteriosus

Hypoplastic left heart syndrome

Arterial Pulmonary arteriovenous fistula or malformation

Reversal of left-to-right shunt Atrial

Ventricular

Arterial

Venous

Venous Systemic-to-pulmonary vein communication
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used for precise measurement of the defect. 
Detection of complex defects (multiple de-
fects, eccentric shape, atypical location) and of 
associated anomalies alters management. If no 
flow is identified on the first through-plane im-
age, three double oblique images of the fossa 
ovalis should be acquired on either side of the 
interatrial septum before concluding that no 
septal defect is present [6].

Pulmonary vascular resistance (PVR) is an 
important parameter that needs to be assessed 
in patients with unrestricted left-to-right 
shunts who are at risk of obstructive pulmo-
nary vascular disease. Surgery is avoided in 
patients with high PVR because of increased 
perioperative mortality. This information is 
typically acquired using oximetry or cardiac 
catheterization, both of which have limita-
tions. Because there is an inverse exponential 
relationship between pulmonary blood flow 
(Qp) and PVR, pulmonary flow (Qp) mea-
sured with phase-contrast MRI can potential-
ly be used to indirectly estimate the PVR [7].

Atrial Septal Defects
ASD is the second most common congeni-

tal heart disease in adults (20–40%) and ac-
counts for 10% of congenital heart diseases 
overall [1, 8]. ASDs are traditionally classi-
fied as ostium secundum, ostium primum, si-
nus venosus, or coronary sinus defects [9]. 
Patients with small defects (< 1 cm) are usu-
ally asymptomatic. Hemodynamically sig-
nificant shunts are those with Qp:Qs > 1.5:1 
and significant right ventricular dilatation 
[10]. These patients may present with symp-
toms of heart failure, atrial arrhythmias, 
complete heart block, or pulmonary hyper-
tension. The morphology of an ASD is high-
ly variable and can be circular, oval, or com-
plex. Multiple defects or septal aneurysms 

also occur. ASDs are repaired to prevent the 
development of pulmonary hypertension and 
subsequent right-to-left shunting.

Ostium Secundum Defect
Ostium secundum is the most common 

type of ASD (50–70%) and accounts for 
40% of congenital heart diseases present-
ing in adults [9]. Ostium secundum is seen 
in the mid atrial septum at the level of fos-
sa ovalis (Figs. 2 and S2C [Fig. S2C, a cine 
loop, can be viewed from the online version 
of this article at www.ajronline.org.]) and re-
sults from the failure of the septum secun-
dum to close the ostium secundum because 
of excessive resorption of the septum pri-
mum. Ostium secundum defect is more com-
mon in females. The size of the defect is 
variable and can vary in different phases of 
the cardiac cycle; the defect is maximal in 
ventricular end-systole and minimal in dias-
tole [11]. Multiple defects are seen if there is 
fenestration of the floor of fossa ovalis. Se-
cundum defects can occur in isolation or as 
part of a syndrome such as Holt-Oram syn-
drome, Noonan syndrome, Treacher Collins 
syndrome, and thrombocytopenia–absent ra-
dius syndrome. Secundum defects may also 
be associated with other types of ASDs or 
functional mitral valve prolapse [12]. Phase-
contrast MRI has been shown to accurately 
estimate the defect size and shape (Fig. 3) in 
addition to estimating shunt volume [13].

Ostium Primum Defect
Ostium primum defect (i.e., partial atrio-

ventricular septal defect) accounts for 15–
30% of ASDs. It is located in the inferobasal 
part of the atrial septum (Fig. 4) adjacent to 
the atrioventricular valves because the sep-
tum primum failed to fuse with the endocar-

dial cushion [9]. Ostium primum defect is 
seen in 15% of patients with Down syndrome 
[10]. Compared with secundum defect, osti-
um primum defect is typically larger and 
presents at a younger age with symptoms. In-
let VSD, an atrioventricular canal defect, and 
cleft mitral valve are known associations. 
Development of symptoms and development 
of high-volume shunts are indications for 
surgical closure with a pericardial or polyes-
ter fiber (Dacron, DuPont) patch. Associated 
congenital abnormalities such as cleft mitral 
valve are generally repaired simultaneously.

Sinus Venosus Defect
Sinus venosus defect accounts for 5–10% 

of ASDs and is caused by a defect in the wall 
that normally separates the superior vena cava 
(SVC) or inferior vena cava (IVC) from the left 
atrium. The defect is located outside the fossa 
ovalis, at the mouth of the overriding vein. 

Superior sinus venosus defect is more com-
mon than the inferior sinus venosus defect and 
is located immediately caudad to the orifice of 
the SVC (Fig. 5A), rostral and posterior to the 
fossa ovalis. There is a high association (85%) 
of partial anomalous drainage of the right su-
perior pulmonary vein into the SVC; as a re-
sult, the quantity of left-to-right shunt in a si-
nus venosus defect is typically higher than in 
a secundum defect. This larger shunt increases 
the risk of pulmonary hypertension [14]. 

The inferior sinus venosus defect is much 
less common and is located at the junction of 
the right atrium and IVC, immediately craniad 
to the orifice of the IVC (Fig. 5B). It is typi-
cally associated with anomalous drainage of 
the right inferior pulmonary vein into the IVC. 

Echocardiography can identify only 12% of 
these defects [2], with isolated right ventricle 
enlargement often being the only finding. The 

TABLE 2:	MRI Sequences and Planes Used in Evaluation of Cardiac Shunts

Sequence Planes Information

Scouts Transverse, sagittal, coronal Localizing

HASTE Transverse Define anatomy, plan for subsequent views

Cine steady-state free precession Vertical long axis, three chamber, short-axis stacks, 
four-chamber stacks

Evaluate function, volumes, mass

Velocity-encoded phase-contrast

Velocity encoding = 200 cm/s Ascending aorta, main pulmonary artery Assess flow and estimate Qp:Qs

Velocity encoding = 50 cm/s, en face Orthogonal to septal defect Assess shunt volume

MR angiography Coronal Evaluate vasculature, detect anomalous drainage

3D Whole-hearta SSFP Transverse Assess cardiovascular anatomy, detect anomalous 
drainage, assess coronary artery anatomy 

Note—Qp:Qs = pulmonary-to-systemic flow ratio.
aThis is also a good sequence to use in patients with renal dysfunction who cannot receive IV contrast material.
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diagnostic finding of caval overriding of the 
interatrial septum is best imaged in the trans-
verse and sagittal planes perpendicular to the 
border between the left atrium and SVC (Fig. 
5). The size and location of the defect can be 
assessed using phase-contrast MRI including 
en face views [2]. Treatment is surgical clo-
sure of the defect with a patch and baffling of 
the anomalous vein into the left atrium.

Coronary Sinus Defect
In coronary sinus defect (i.e., unroofed cor-

onary sinus), there is partial or total unroof-
ing of the septum between the coronary sinus 
and the left atrium, which results in a left-to-
right shunt and enlargement of the coronary 
sinus (Fig. 6). A sizeable defect is seen in the 
lower part of the atrial septum near the en-
trance of the IVC because of enlargement of 
the coronary sinus orifice. A coronary sinus 
defect is commonly associated with a persis-
tent left SVC which drains into the left atrium, 
the “Raghib” syndrome (Fig. 7) which is asso-
ciated with right-to-left shunting. 

In complete unroofed coronary sinus the 
left SVC enters the left superior corner of the 
left atrium, anterior to the orifice of the left 
superior pulmonary vein and posterior to the 
left atrial appendage. Cerebral thromboem-
bolism, cerebral abscess, and pulmonary hy-
pertension are reported complications. The 
partial type occurs between the left atrial ap-
pendage and left superior pulmonary vein. 
The defect is surgically closed with a patch 
(reroofing), and flow from the left SVC is re-
directed into the right atrium.

Patent Foramen Ovale
The foramen ovale is a flaplike opening be-

tween the septum primum and septum secun-
dum at the level of the fossa ovalis that usu-
ally closes by the first or second year of life 
but that remains patent (patent foramen ovale 
[PFO]) in 25–30% of the population. It is not 
a true “defect” because septal tissue is intact 
and can measure up to 10 mm. In healthy in-
dividuals, shunting does not occur as long as 
left atrial pressure is greater than right atrial 
pressure and the “flap valve” remnant of the 
septum primum is intact. A transient right-to-
left shunt can be produced by intermittent el-
evation of right atrial pressure in early systole, 
inspiration, repetitive cough or straining, and 
release phases of the Valsalva maneuver. In 
addition, a persistent fetal eustachian valve or 
Chiari network directs IVC flow to the mid-
portion of the atrial septum and then into the 
left atrium through the defect.

At MRI, the presence of a flap- or chan-
nellike appearance of the interatrial septum 
and of a shunt is indicative of a PFO (Fig. 8). 
However, the shunt may not be evident if atri-
al pressures are equal during image acquisi-
tion. First-pass perfusion MRI performed at 
the level of the fossa ovalis with the patient 
performing the Valsalva maneuver can diag-
nose a right-to-left shunt if there is contrast 
flow from the right to left atrium or a contrast 
peak in the left atrium at the same time as in 
the right atrium. However, this technique de-
tects only 63% of shunts identified on echo-
cardiography [7, 15]. Continuous shunts are 
seen in 24% of patients with PFO (Fig. 8B). 

An association between cryptogenic 
stroke and PFO exists [16], but one third of 
these strokes are likely incidental. Multiple 
studies have shown that PFO alone is not as-
sociated with a higher risk of recurrent stroke 
or death in patients with previous cryptogen-
ic stroke [16]. Although a PFO can be closed 
percutaneously, the presence of associated 
partial anomalous pulmonary venous return 
(PAPVR) is an indication for surgical repair.

Interatrial Septal Aneurysm
Atrial septal aneurysm is redundant and 

mobile interatrial tissue in the region of the 
fossa ovalis that displaces more than 1.0–1.5 
cm into either atrium (Figs. 9 and S9C). It is 
identified in 4% of patients undergoing trans-
esophageal echocardiography [17] and is usu-
ally accompanied by a PFO (33%) or an ASD 
(19%). Intracardiac shunting occurs in up to 
78% of patients with atrial septal aneurysm 
[17]. Atrial septal aneurysm is seen in 37% 
of patients with a PFO on MRI [15]. Maxi-
mal oscillation of the atrial septal aneurysm 
occurs just after release of the Valsalva ma-
neuver and may be difficult to capture on cine 
MRI because of low temporal resolution and 
on real-time imaging sequences because of 
low spatial resolution. Although the combi-
nation of PFO and atrial septal aneurysm has 
previously been linked to an increased risk of 
subsequent stroke [16], two recent prospective 
studies failed to identify such as risk [18, 19].

Treatment of Atrial Septal Defects
ASDs are usually closed surgically. Sev-

enty percent of secundum defects can also be 
closed percutaneously with catheter-based 
occluder devices [4]. Factors determining 
whether an ASD can be closed percutane-
ously include the type, location, size, and 
shape of the ASD and rim lengths. En face 
phase-contrast MR images of the defect (Fig. 

3) are superior for precise measurement of 
the defect size and shape as compared with 
other sequences. Additional images can be 
acquired from the defect toward the SVC, 
IVC, aortic root, and atrioventricular valves 
to measure the lengths of rims from the edge 
of the ASD to the tricuspid valve (anteroin-
ferior rim), aortic valve (anterosuperior rim), 
SVC (posterosuperior rim), and IVC (pos-
teroinferior rim) [4]. 

Percutaneous closure is contraindicat-
ed for ASDs larger than 36 mm or rim defi-
ciency of less than 3 mm [20]. Other relative 
contraindications include small atrial capac-
ity limiting full expansion of disks; floppy 
septum causing prolapse of the occluder de-
vice; thin septum leading to easy tearing; 
and large ASD, which can be underestimated 
resulting in device dislodgement. After de-
vice placement, MRI can be used to assess 
the position of the device, identify residual 
shunting, and detect complications such as 
cardiac perforation and device embolization 
(Fig. 10).

Ventricular Septal Defects
VSD is the overall second most common 

congenital cardiac disease (20%) [1] and is 
often associated with other congenital car-
diac anomalies, such as tetralogy of Fallot, 
transposition of the great arteries, atrioven-
tricular canal, and a single ventricle. VSD 
may also be acquired after acute myocardi-
al infarction, chest trauma, cardiac interven-
tions, or endocarditis. VSDs can occur in the 
membranous, muscular, outlet, or inlet por-
tions of the interventricular septum. The left 
atrium and left ventricle are dilated. Approx-
imately half of VSDs are small, and half of 
these spontaneously close. Surgical repair is 
performed during infancy to prevent devel-
opment of persistent pulmonary hyperten-
sion [6]. MRI can be used after treatment to 
assess the integrity of the patch and identify 
any residual shunt (Figs. 11 and S11D).

Membranous Defect
A membranous defect is the most common 

type of VSD (75–80%) and occurs in the up-
per part of the ventricular septum immediate-
ly under the aortic valve and behind the septal 
leaflet of the tricuspid valve at the intersection 
of the muscular, inlet, and outlet regions of the 
septum (Fig. 12). It may be associated with 
double-chambered right ventricle, subaortic 
ridge, Gerbode defect, or aortic coarctation. 
Membranous defect usually closes spontane-
ously by apposition of the septal leaflet of the 
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tricuspid valve or by prolapse of an aortic cusp 
into the defect [21]. Septal apposition can pro-
duce an aneurysm of the ventricular septum 
(Fig. 12) with residual shunting. Tricuspid and 
aortic regurgitation can occur because of the 
proximity of these valves to the defect.

Muscular Defect
A muscular defect accounts for 20% of 

VSDs and is located within the confines of 
the muscular septum, distal to the septal at-
tachment of the tricuspid valve (Figs. 13A 
and S13B) [1]. Two thirds of muscular de-
fects occur in the apical two thirds of the 
septum, where they can be overlooked when 
covered by thick trabeculations. Muscular 
defects are usually small, particularly in pre-
mature infants. Multiple muscular defects 
are more common when secondary to myo-
cardial infarction. Multiple small defects 
(“Swiss cheese” septum) have the same he-
modynamic effects as a single large defect 
(Figs. 14A and 14B). Seventy-five percent of 
small muscular VSDs spontaneously close 
by the age of 2 years because of growth and 
hypertrophy of surrounding muscle tissue in 
the septum [22]. Persistent small defects are 
usually benign (Fig. 14C).

Inlet Defect
An inlet defect (5% of VSDs) occurs at the 

cardiac crux at the junction of the mitral and 
tricuspid valves, posterosuperior to the tricus-
pid annulus (Fig. 15). It is usually a part of an 
atrioventricular septal defect. The chorda ten-
dineae of the mitral and tricuspid valves may 
insert into the left and right ventricular sur-
faces of the ventricular septum, respective-
ly. A common atrioventricular valve may be 
seen straddling the inlet defect, with anoma-
lous chordal attachments to the septum or free 
wall of the opposite ventricular surface. These 
defects typically do not close spontaneously 
and require surgical correction.

Outlet Defect
An outlet defect (supracristal, doubly 

committed subarterial, subpulmonic, conal 
septal, or infundibular) accounts for 5–30% 
of VSDs and is more common in Asian in-
dividuals [23]. It is located below the aortic 
and pulmonic valves and connects the right 
ventricular outflow tract (above the level of 
crista supraventricularis) directly to the aor-
ta (Figs. 16A and S16D). An outlet defect 
is associated with prolapse of the right cor-
onary cusp (Fig. 16B) or noncoronary cusp 
of the aortic valve. This prolapse potentially 

restricts the functional size of the defect but 
may cause aortic regurgitation. 

In the malalignment type of outlet defect, 
there is an abnormal relationship between the 
atrial and ventricular septa or between indi-
vidual components of the ventricular septum 
with overriding of atrioventricular valves. 
Malalignment defects are typically seen in te-
tralogy of Fallot, truncus arteriosus, and dou-
ble-outlet right ventricle. Anterior malalign-
ment defects are present in tetralogy of Fallot, 
whereas posterior malalignment defects cause 
obstruction of the left ventricular outflow 
tract. On MRI, a malalignment defect can be 
confused with a membranous defect.

Atrioventricular Septal Defects
In an atrioventricular defect (i.e., an endo-

cardial cushion defect), defects of the atri-
al ostium primum and ventricular inlet sep-
tum (Fig. 17) are associated with a common 
atrioventricular valve and abnormal arrange-
ment of the valve leaflets. The various types 
of atrioventricular defects include a complete 
type (ostium primum ASD, inlet VSD, and 
cleft mitral and tricuspid valves); a partial 
type (ostium primum ASD, no interventric-
ular shunt, normal atrioventricular valves); 
and a common atrium [20]. Direct shunting 
from the left ventricle into the right atrium 
may develop. In the most severe form, all 
four chambers communicate causing left-to-
right and right-to-left shunting [1].

Gerbode Defect
A Gerbode defect is an abnormal com-

munication between the left ventricle and 
right atrium. It is typically congenital but 
may be acquired. In the congenital type, 
there is a defect of the septal tricuspid leaf-
let and membranous septum below the lev-
el of tricuspid valve insertion, with resultant 
shunting of blood from the left ventricle to 
the right ventricle and right atrium through a 
cleft in the septal tricuspid leaflet. Acquired 
defects are seen below the level of insertion 
of the tricuspid valve in the interventricular 
septum and are caused by surgery, infective 
endocarditis, or myocardial infarction [24]. 
The right atrium, right ventricle, and left 
ventricle are dilated with Qp:Qs > 1.

Patent Ductus Arteriosus
The ductus arteriosus is a normal fetal com-

munication between the proximal descending 
thoracic aorta (just beyond the left subclavian 
arterial origin) and the left pulmonary artery 
(just beyond the pulmonary bifurcation) that 

shunts pulmonary arterial blood into the aorta. 
The defect closes functionally soon after birth 
but occasionally may remain patent (patent 
ductus arteriosus), resulting in a shunt from 
the aorta to the pulmonary artery as pulmo-
nary arterial pressures drop. Patent ductus ar-
teriosus accounts for 10–12% of all congenital 
heart diseases, is more common in females, 
and is associated with maternal rubella dur-
ing pregnancy [25]. It is an important contrib-
utor to the pulmonary circulation in patients 
with right ventricular outflow obstruction and 
to systemic circulation in patients with aortic 
coarctation, hypoplasia, or interruption.

On MRI, the communication between the 
proximal descending thoracic aorta and the 
left pulmonary artery can be seen (Fig. 18). 
The aorta may be focally dilated at the site of 
attachment of the ductus, and the aortic arch 
can be large [1]. Other associated findings of 
patent ductus arteriosus include enlargement 
of the main pulmonary artery, right and left 
ventricles, and left atrium and left or biven-
tricular hypertrophy. Spontaneous closure is 
rare, and the defect usually requires surgical 
or percutaneous closure.

Aortopulmonary Window Defect
An aortopulmonary window defect is an 

abnormal communication between the as-
cending aorta and main pulmonary artery. 
The presence of both aortic and pulmon-
ic valves and of an intact ventricular septum 
distinguishes it from truncus arteriosus. MRI 
shows a large communication between the 
ascending aorta and main pulmonary artery 
with shunting (Fig. 19). The pulmonary ar-
tery and left heart chambers are typically en-
larged. Other associated anomalies include 
VSD, aortic coarctation, and patent ductus ar-
teriosus. Aortopulmonary window defect re-
quires surgical repair during infancy.

Aortopulmonary Collateral Vessels
Major aortopulmonary collaterals are ar-

teries that arise from the systemic circula-
tion—usually from the thoracic aorta (66.7%) 
and less commonly from branches of the aorta 
including the subclavian artery—and perfuse 
the lungs. They are typically seen in patients 
with pulmonary atresia and a VSD without a 
patent ductus arteriosus. Major aortopulmo-
nary collaterals can be individual vessels larg-
er than 2.5 mm or a cluster of multiple smaller 
vessels (< 2.5 mm). A recent study indicates 
that major aortopulmonary collaterals are di-
lated bronchial arteries [26]. They can supply 
either a single lobe or the entire lung (Fig. 20). 
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Thirty percent of major aortopulmonary 
collaterals drain into the right upper lobe, and 
18% supply the right pulmonary artery [3]. In 
25% of patients with major aortopulmonary 
collaterals, blood also reaches the lungs from 
the central pulmonary arteries. In pulmonary 
atresia, major aortopulmonary collaterals are 
used in the unifocalization procedure by in-
terruption of their systemic supply and im-
plantation into the pulmonary circulation. 

Because the major aortopulmonary col-
laterals do not grow, they are prone to be-
come occluded. If they are left untouched, 
they will decrease in size with the develop-
ment of the pulmonary circulation after pro-
cedures to increase pulmonary blood flow 
[26]. MRI can identify these vessels, quan-
tify ventricular size and function, and evalu-
ate patients after repair including detecting 
residual shunt [3].

Surgical Aortopulmonary Shunts
Surgical aortopulmonary shunts increase 

pulmonary blood flow and reduce cyano-
sis in conditions such as tetralogy of Fallot 
with pulmonic stenosis or atresia, tricuspid 
atresia, pulmonary atresia, and single ventri-
cle. The various surgical shunts include the 
Blalock-Taussig shunt (end-to-side anasto-
mosis of a subclavian artery to the ipsilateral 
branch pulmonary artery), modified Blalock-
Taussig shunt (prosthetic graft connecting 
a subclavian artery to an ipsilateral branch 
pulmonary artery), Waterston shunt (ascend-
ing aorta to right pulmonary artery), Potts 
shunt (descending aorta to left pulmonary 
artery), and a central shunt (aorta to main 
pulmonary artery) (Fig. 21).

Anomalous Pulmonary Venous  
Return

In total anomalous pulmonary venous re-
turn (TAPVR) all of the pulmonary veins 
drain into the right atrium or a systemic ve-
nous channel at supracardiac, cardiac, or in-
fradiaphragmatic levels. Connections may 
rarely exist at more than one level. The su-
pracardiac type most commonly involves a 
vertical vein that connects to the brachioce-
phalic vein. In the cardiac type, the anoma-
lous vein drains directly into the right atrium 
or coronary sinus. The infradiaphragmatic 
type typically drains into the portal vein. Ve-
nous obstruction may be present.

In PAPVR, one to three pulmonary veins 
drain into the systemic venous circulation, ei-
ther directly into the right atrium or into sys-
temic veins, resulting in a partial left-to-right 

shunt. PAPVR is usually an incidental finding 
occurring in 0.7% of the population [27, 28]. 
It most commonly affects the left upper lobe 
(47%), draining into the left brachiocephalic 
vein (Fig. 22A), followed by the right upper 
lobe (38%) (Fig. 22B), right lower lobe (13%), 
and left lower lobe (2%) [27]. PAPVR is bilat-
eral in 4% of patients. A sinus venosus ASD 
occurs in 42% of people with PAPVR of the 
right upper lobe [29]. MRI can easily identi-
fy and quantify a sinus venosus ASD and as-
sociated anomalous pulmonary veins that are 
otherwise occult on echocardiography. Trans-
verse plane acquisitions and 3D MRA or 3D 
whole-heart SSFP sequences can depict these 
lesions. Flow into the right atrium can be con-
firmed and quantified with velocity-encoded 
phase-contrast MRI [2].

Scimitar syndrome (i.e., hypogenetic lung 
or venolobar syndrome) is characterized by 
anomalous drainage of part of or of the entire 
right lung into the IVC, coronary sinus, right 
atrium, azygos vein, portal vein, or hepatic 
vein in addition to hypoplasia of the right lung 
and right pulmonary artery. The anomalous 
pulmonary vein curves medially toward the 
diaphragm and the IVC, giving the character-
istic appearance of a scimitar (Fig. 23).

Coronary Artery Fistula
Coronary artery fistula is an abnormal 

communication between the coronary artery 
and a chamber of the heart (i.e., coronary-
cameral fistula) or any segment of the system-
ic or pulmonary circulation (coronary arterio-
venous fistula) that bypasses the myocardial 
capillaries. It is rare (0.1–0.4%) and can be 
congenital or secondary to trauma or inva-
sive cardiac procedures such as pacemaker 
implantation, radiofrequency ablation, endo-
myocardial biopsy, coronary angiography, or 
septal myectomy. The right coronary artery is 
more frequently involved (50%) than the left 
coronary artery (42%). Coronary artery fistu-
las are bilateral in 5% of patients. Drainage 
into the right heart circulation is most com-
mon (right ventricle, 41%; right atrium, 26%; 
pulmonary artery, 17%; coronary sinus, 7%; 
SVC, 1%), causing a small and usually unde-
tectable left-to-right shunt in 90% of patients 
[30]. Occasionally, coronary artery fistulas 
drain into the left heart circulation (left atri-
um, 5%; left ventricle, 3%), resulting in left 
chamber volume overload. 

Patients with small fistulas can be asymp-
tomatic and are usually followed conserva-
tively. Large fistulas can result in cardiac 
failure, myocardial ischemia and infarction, 

infective endocarditis, dissection, dysrhyth-
mia, vessel rupture, or embolization neces-
sitating percutaneous or surgical repair. MRI 
shows the origin and termination of abnor-
mal vessels along with quantification of the 
shunt (Fig. 24).

Coronary Artery From Pulmonary 
Artery

Anomalous origin of left coronary ar-
tery from pulmonary artery (ALCAPA), 
or Bland-Garland-White syndrome, is rare 
(0.4%) and involves the left coronary artery 
more often than the left circumflex or right 
coronary arteries. In this condition, a portion 
of the myocardium is perfused by deoxygen-
ated pulmonary artery blood. Because of the 
reduced pressure in the myocardium per-
fused by the anomalous coronary artery, cor-
onary artery collaterals may develop, lead-
ing to the “steal” phenomenon in territories 
remote from the ALCAPA. The childhood 
mortality rate is 90%. Clinical presentation 
depends on the artery involved, distribution 
of affected myocardium, PVR, and number 
and sizes of collaterals. Surgical repair en-
tails reimplantation or tunneling of the in-
volved coronary artery to the aorta [31].

Miscellaneous Shunts
A sinus of Valsalva aneurysm can rupture 

into the right atrium or right ventricle and 
produce an immediate left-to-right shunt.

An aorta-to–right atrium fistula results 
from an intimal tear near the aortic root, es-
pecially in patients with previous cardiac 
surgery or those with infective endocarditis. 
High intraaortic pressure promotes progres-
sion of the tear toward the adventitia. Dense 
pericardial adhesions from previous surgery 
probably contain the rupture and contribute 
to formation of the aorta–right atrium fistula 
(Fig. 25). Coronary artery rupture is an asso-
ciated complication [32].

Bypass graft–to-venous fistula is very rare, 
caused by inadvertent anastomosis, and is 
more common with venous grafts than with 
arterial grafts. Small shunts can be managed 
medically, but large shunts causing symptoms 
require repeat surgery or embolization of the 
fistula. Heart failure develops in 60% of pa-
tients and the mortality rate is 40% [33].

Conclusion
MRI is an ideal diagnostic examination 

for the comprehensive assessment of cardio-
vascular shunts. Good spatiotemporal resolu-
tion, multiplanar reconstruction capabilities, 
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and wide FOV allow evaluation of shunts 
and associated cardiac and pulmonary 
anomalies. MRI can identify and character-
ize septal defects, quantify shunts and their 
impact on cardiac function, and help in the 
selection of appropriate candidates for per-
cutaneous device placement.
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Fig. 1—Estimation of shunt volume and fraction in 
46-year-old woman.
A, Velocity-encoded phase-contrast image acquired 
perpendicular to aorta (AO) is used to estimate sys-
temic blood flow (Qs), as shown in graph. 
B, Velocity-encoded phase-contrast image acquired 
perpendicular to main pulmonary artery (PA) is used 
to estimate pulmonary blood flow (Qp), as shown 
in graph. Qp:Qs ratio, which is an estimate of shunt 
fraction, can be calculated from these data. 

(Fig. 1 continues on next page)
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Fig. 1 (continued)—Estimation of shunt volume and 
fraction in 46-year-old woman.
C, Endocardial contour (green) is drawn in end-dia-
stolic image of left ventricle (LV ED) and end-systolic 
image of left ventricle (LV ES), difference of which is 
left ventricular stroke volume. 
D, Endocardial contour (yellow) is drawn in end-
diastolic image of right ventricle (RV ED) and end-
systolic image of right ventricle (RV ES), difference 
of which is right ventricular stroke volume. Ratio of 
right ventricular and left ventricular stroke volumes is 
estimate of shunt fraction.
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A

A

A

Fig. 3—38-year-old woman with ostium secundum 
defect. 
A, Velocity-encoded phase-contrast in-plane image 
(velocity encoding, 50 cm/s) shows secundum defect 
(straight arrow) in mid interatrial septum, with jet 
(curved arrow) extending from left atrium (LA) to right 
atrium (RA). RV = right ventricle, LV = left ventricle. 
B, Phase-contrast image (velocity encoding, 50 
cm/s) obtained perpendicular to A shows jet (arrow) 
through septal defect en face, which is useful for 
precise measurement of defect and estimation of 
shunt volume.

Fig. 2—Ostium secundum defect in 47-year-old man. 
Also, see Figure S2C, cine loop, which can be viewed 
from online version of this article at www.ajronline.org. 
RA = right atrium, RV = right ventricle, LA = left atrium, 
LV = left ventricle.
A, Four-chamber steady-state free precession image 
shows large defect (arrow) in region of fossa ovalis 
consistent with ostium secundum defect. 
B, Gradient-echo image with saturation band on left 
side of heart (arrowheads). Dark jet (arrow) is seen 
extending from left to right atrium; this finding is con-
sistent with ostium secundum defect.

Fig. 5—Sinus venosus defect. 
A, Axial steady-state free precession (SSFP) image of 43-year-old woman shows sinus venosus defect (straight 
arrow) between superior vena cava (SVC) and left atrium (LA). Note also anomalous right upper lobe pulmonary 
vein (curved arrow) opening into SVC. RV = right ventricle, LV = left ventricle. 
B, Short-axis SSFP image of 54-year-old woman shows inferior sinus venosus defect (straight arrow) between 
inferior vena cava (IVC) and left atrium (LA), with jet (curved arrow) extending from LA to IVC. RA = right atrium.

Fig. 4—Ostium primum defect in 34-year-old woman. 
Four-chamber steady-state free precession image 
shows defect in lower interatrial septum (arrow) 
consistent with ostium primum defect. RA = right 
atrium, RV = right ventricle, LA = left atrium, LV = left 
ventricle.

B

B

B
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Fig. 6—Unroofed coronary sinus (CS) in 51-year-old 
woman. 
A, Axial steady-state free precession image shows 
complete unroofing of coronary sinus (arrow) and 
direct communication between it and left atrium (LA). 
RV = right ventricle, LV = left ventricle, AO = aorta.
B, Sagittal image shows communication between 
coronary sinus (arrow) and left atrium (LA). RA = right 
atrium.

Fig. 7—Left superior vena cava (SVC) in 2-year-old 
girl. 
A, Vertical long-axis steady-state free precession 
(SSFP) image shows left SVC (LS) opening into left 
atrium (LA). LV = left ventricle. 
B, Axial SSFP image shows point of entry of left SVC 
(LS) into left atrium (LA). RA = right atrium, RV = right 
ventricle, AO = ascending aorta.

Fig. 8—Patent foramen ovale. 
A, Four-chamber steady-state free precession 
(SSFP) image of 61-year-old woman shows patent 
foramen ovale (arrow) in midportion of interatrial 
septum. LA = left atrium, LV = left ventricle, RA = right 
atrium, RV = right ventricle. 
B, Four-chamber SSFP image of 37-year-old woman 
shows small patent foramen ovale (straight arrow) 
with shunting of blood (curved arrow) from left atrium 
(LA) to right atrium (RA). LV = left ventricle.

B

B

B
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Fig. 9—Atrial septal aneurysm in 54-year-old man. 
Also, see Figure S9C, cine loop, which can be viewed 
from online version of this article at www.ajronline.org.  
RA = right atrium, LA = left atrium.
A, Diastolic short-axis steady-state free precession 
(SSFP) image of interatrial septum shows bulging of 
atrial septum (arrow) into left atrium. 
B, Systolic short-axis SSFP image of interatrial 
septum shows bulging of atrial septum (arrow) into 
right atrium. Combined total excursion in systole and 
diastole is 15 mm.

A

Fig. 10—Atrial septal defects (ASDs) that have been repaired. LA = left atrium, LV = left ventricle, RA = right atrium, RV = right ventricle.
A, Four-chamber steady-state free precession (SSFP) image of 42-year-old woman shows normal appearance of atrial septal occluder device (arrow). No residual shunt 
is seen. 
B, Four-chamber SSFP image of 39-year-old woman shows atrial septal occluder device (straight arrow) and small residual left-to-right shunt (curved arrow). 
C, Axial SSFP image obtained after patch repair of ASD in 45-year-old woman shows small contained aneurysm (arrow) with residual ASD (arrowhead). 

CB
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A

Fig. 11—Patch repairs of ventricular septal defects (VSDs). Also, see Figure S11D, cine loop, which can be viewed from online version of this article at www.ajronline.org. 
RV = right ventricle, LV = left ventricle, RA = right atrium, LA = left atrium.
A, Short-axis steady-state free precession (SSFP) image of 65-year-old man who had coronary artery bypass graft and patch repair for VSD that developed after 
myocardial infarction shows residual small defect in patch (arrow). 
B, Phase-contrast image in short axis of same patient shown in A reveals shunting from left ventricle to right ventricle (arrow). 
C, Four-chamber SSFP image of 32-year-old man with VSD patch shows dehiscence of patch (arrow), with left-to-right shunt directed toward right ventricular apex 
(arrowhead).

CB

A

Fig. 12—Membranous septal defect in 48-year-old man. LV = left ventricle. 
A, Four-chamber steady-state free precession (SSFP) image shows left-to-right shunt (curved arrow) through 
membranous ventricular septal defect (straight arrow). RV = right ventricle, LA = left atrium.
B, Coronal SSFP image shows aneurysm of membranous interventricular septum (arrow). RA = right atrium,  
AO = aorta.

Fig. 13—Muscular defects. Also, see Figure S13B, a 
cine loop, which can be viewed from the information 
box in the upper right corner of this article. Axial 
steady-state free precession image of 41-year-old 
man shows defect (arrow) in muscular portion of 
interventricular septum, with left-to-right shunt 
(arrowhead). RV = right ventricle, LV = left ventricle, 
RA = right atrium, LA = left atrium, AO = aorta.

B
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A

Fig. 14—Muscular defects. RV = right ventricle, LV = left ventricle, RA = right atrium, LA = left atrium.
A, Four-chamber steady-state free precession (SSFP) image of 37-year-old woman shows Swiss cheese appearance of multiple small ventricular septal defects (VSDs) 
(arrows).
B, Four-chamber SSFP image of 3-year-old boy shows serpentine defects in muscular ventricular septum (straight arrows) with jet of left-to-right shunt (curved arrow). 
C, Four-chamber SSFP image of 39-year-old man shows oblique cleft (arrows) in midventricular septum indicative of closed VSD in midventricular septum.

Fig. 15—Inlet defect. Four-chamber steady-state 
free precession image of 35-year-old man with con-
genitally corrected transposition of great arteries 
and dextrocardia shows 3.6-cm defect in inlet por-
tion of ventricular septum (arrowheads). RV = right 
ventricle, LV = left ventricle, RA = right atrium, LA = 
left atrium.

CB
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Fig. 16—Outlet defects. Also, see Figure S16D, cine loop, which can be viewed from online version of this article at www.ajronline.org. AO = aorta, LA = left atrium, RV = 
right ventricle, LV = left ventricle. 
A, Three-chamber steady-state free precession (SSFP) image of 29-year-old man shows defect in outlet portion of ventricular septum (straight arrow) with jet (curved 
arrow) extending from just below aortic root to right ventricular outflow tract. 
B, Three-chamber SSFP image obtained in systole at slightly inferior location relative to A shows prolapse of right coronary cusp into defect (arrowhead). 
C, Horizontal long-axis SSFP image of 13-year-old girl with uncorrected tetralogy of Fallot shows malalignment type of ventricular septal defect (straight arrow) with left-
to-right shunt (curved arrow). Note overriding of aorta.

CB

Fig. 19—Aortopulmonary window defect. Axial 
steady-state free precession image of 27-year-old 
woman shows communication (arrow) between aorta 
(AO) and main pulmonary artery (PA) consistent with 
aortopulmonary window defect.

Fig. 18—Patent ductus arteriosus. Sagittal steady-
state free precession image of 32-year-old man 
shows patent ductus arteriosus (straight arrow) 
connecting aortic isthmus with main pulmonary 
artery (PA), with high-velocity jet (curved arrow) 
present throughout cardiac cycle. RV = right 
ventricle, LV = left ventricle, AO = aorta.

Fig. 17—Atrioventricular septal defect. Axial steady-
state free precession image of 2-year-old girl shows 
atrioventricular septal defect with ostium primum 
atrial septal defect (arrowhead) and inlet ventricular 
septal defect (arrow). RV = right ventricle, LV = left 
ventricle, RA = right atrium, LA = left atrium.
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Fig. 21—Aortopulmonary shunts. 
A, Line diagram illustrates various surgically created aortopulmonary shunts. 
B, Coronal MR angiography image of 21-year-old man after surgical repair of 
tetralogy of Fallot shows absence of right subclavian artery (arrowheads), which 
was taken down for Blalock-Taussig shunt. Note normal left subclavian artery 
(arrow). 
C, MR angiography image in 23-year-old man with history of Tetralogy of Fallot 
shows pseudoaneurysm (arrow) in the distal anastomosis of Blalock-Taussig shunt.

Fig. 20—Aortopulmonary collateral in 36-year-old 
man with repaired tetralogy of Fallot.
A, Coronal reconstructed MR angiography (MRA) 
image shows large collateral vessel (arrow) originat-
ing from proximal descending thoracic aorta (AO) and 
extending to right upper lobe. PA = pulmonary artery.
B, Sagittal oblique reconstructed MRA image shows 
another aortopulmonary collateral vessel (arrows) 
originating from descending thoracic aorta (AO) and 
extending to left lung.

C

B
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Fig. 22—Partial anomalous pulmonary venous return. 
A, Three-dimensional volume-rendered image of 
28-year-old woman shows anomalous drainage of 
right superior pulmonary vein (straight arrow) into 
superior vena cava (curved arrow). RA = right atrium.
B, Axial steady-state free precession image of 
43-year-old woman shows vertical vein (straight 
arrow) that drains left upper lobe into left brachioce-
phalic vein (curved arrow).

B

A

Fig. 24—Coronary artery–coronary sinus fistula in 58-year-old woman. 
A, Coronal steady-state free precession (SSFP) image shows severely dilated coronary arteries (arrows). 
There is also small pericardial effusion (arrowhead). AO = aorta, RA = right atrium,  RV = right ventricle, LV = left 
ventricle.
B, Sagittal SSFP image shows dilated coronary arteries (arrows), which open into right atrium (not shown), and 
pericardial effusion (arrowhead). LA = left atrium

Fig. 23—Scimitar syndrome. Coronal maximum-
intensity-projection image of 11-year-old boy shows 
large anomalous vein (straight arrows) shaped like 
scimitar draining right upper and middle lobes to 
inferior vena cava (curved arrow).

Fig. 25—Aorta-to–right atrium fistula. Coronal 
oblique steady-state free precession image of 
47-year-old man after aortic valve replacement 
shows communication between aortic root and right 
atrium (curved arrow) with dark jet extending into 
right atrium (straight arrow); these findings are con-
sistent with fistulous communication. AO = aorta,   
RA = right atrium, LV = left ventricle.

B
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F O R  Y O U R  I N F O R M A T I O N

The reader’s attention is directed to part 2 accompanying this article, titled “Cardiac MRI: Part 2, Pericardial 
Diseases” which begins on page W621.

F O R  Y O U R  I N F O R M A T I O N

The Self-Assessment Module accompanying this article can be accessed via www.ajronline.org at the article link 
labeled “CME/SAM.”

The American Roentgen Ray Society is pleased to present these Self-Assessment Modules (SAMs) as part of its 
commitment to lifelong learning for radiologists. Each SAM is composed of two journal articles along with questions, 
solutions, and references, which can be found online. Read each article, then answer the accompanying questions and 
review the solutions online. After submitting your responses, you'll receive immediate feedback and benchmarking data 
to enable you to assess your results against your peers.

Continuing medical education (CME) and SAM credits are available in each issue of the AJR and are free to ARRS 
members. Not a member? Call 1-866-940-2777 (from the U.S. or Canada) or 703-729-3353 to speak to an ARRS 
membership specialist and begin enjoying the benefits of ARRS membership today!

F O R  Y O U R  I N F O R M A T I O N

The data supplement accompanying this Web exclusive article can be viewed from 
the information box in the upper right corner of the article at: www.ajronline.org.


