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Cardiovascular
Shunts: MR Imaging
Evaluation1
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Magnetic resonance (MR) imaging has become an important tool for
the accurate and noninvasive assessment of congenital heart disease.
Because more precise delineation of anatomy and evaluation of func-
tion can be obtained with MR imaging than with either echocardiogra-
phy or angiography, MR imaging is frequently used to evaluate cardio-
vascular shunt lesions. It is essential that imaging specialists be able to
recognize the MR imaging features of various kinds of shunts, includ-
ing supracristal ventricular septal defect, atrioventricular septal defect,
and partial anomalous pulmonary venous connection. MR imaging is
particularly useful for evaluating shunt severity, which can be ex-
pressed quantitatively as the ratio of pulmonary flow to systemic flow.
This ratio can be estimated accurately with the use of either volumetric
cine MR imaging or velocity-encoded cine MR imaging.
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Introduction
Magnetic resonance (MR) imaging has become
an important tool for the delineation of cardiac
anatomy and the quantification of physiologic
function (1–7). It has multiple capabilities for the
evaluation of congenital heart diseases including
cardiovascular shunts. Morphologic information
about shunts is provided by electrocardiography
(ECG)-gated spin-echo and cine MR imaging.
Shunt volume can be estimated by using volumet-
ric cine MR imaging or velocity-encoded cine MR
imaging. MR angiography permits high-resolu-
tion three-dimensional examination of vessels
and can noninvasively establish the presence of
anomalous pulmonary veins that lead to shunting
(8,9).

Echocardiography and angiography have tradi-
tionally been the primary imaging modalities used
for the evaluation of cardiac shunts. Echocardiog-
raphy is sensitive and noninvasive but has a lim-
ited acoustic window. Although angiography is
frequently considered the standard method for
achieving definitive diagnosis of cardiac shunts, it
is invasive and requires the use of iodinated con-
trast material. Computed tomography (CT) can
demonstrate structural heart disease such as sep-
tal defects and anomalous pulmonary venous and
arterial anatomy; however, functional evaluation
of shunts with CT has not been described exten-
sively. MR imaging has emerged as an accurate
and noninvasive alternative for the depiction of
anatomy and the assessment of function. This
article surveys the MR imaging techniques that
are most useful for detecting, localizing, and

quantifying shunts in atrial, ventricular, and atrio-
ventricular septal defects; patent ductus arterio-
sus; aortopulmonary window; and partial anoma-
lous pulmonary venous return (PAPVR) (Tables
1, 2).

Atrial Septal Defect
Atrial septal defect is the most common shunt
lesion detected de novo in adulthood (10). It ac-
counts for at least 30% of all congenital cardiac
defects in individuals older than 40 years (11).
Although adolescents and young adults with a
defect of the septum secundum are commonly
asymptomatic, more than half will develop dys-
pnea, easy fatigability, atrial flutter or fibrillation,
right heart failure, or pulmonary hypertension by
age 40 (12).

The sinus venosus and the septa secundum
and primum can be clearly visualized with MR
imaging in the transverse plane or along the short
axis. Spin-echo MR imaging has been found ac-
curate for the detection and localization of atrial
septal defect with greater than 90% sensitivity
and specificity (13). MR imaging criteria used to

Table 1
Uses of MR Imaging in the Anatomic Diagnosis and Functional Evaluation of Cardiovascular Shunts

Shunt Type Use for Anatomic Diagnosis*
Use for Functional

Evaluation†

Atrial septal defect Adjunct to echocardiography Shunt quantification
Ventricular septal defect Adjunct to echocardiography (in supracristal ven-

tricular septal defect, preferred over echocardi-
ography and conventional angiography)

Shunt quantification

Atrioventricular septal
defect

Preferred over echocardiography and conventional
angiography

NA

Patent ductus arteriosus Adjunct to echocardiography Shunt quantification
Aortopulmonary window Adjunct to echocardiography Shunt quantification
PAPVR Preferred over echocardiography and conventional

angiography
Shunt quantification

*Standard MR imaging and MR angiographic techniques are used for diagnostic evaluation.
†Volumetric or velocity-encoded cine MR imaging techniques may be used for functional evaluation except in
ventricular septal defect, in which only velocity encoding may be used to quantify shunt volume. NA � not applicable.

Table 2
Optimal MR Imaging Planes for the Depiction
of Cardiovascular Shunts

Shunt Type
Optimal MR

Imaging Plane

Atrial septal defect Axial
Ventricular septal defect Axial or coronal
Atrioventricular septal defect Axial
Patent ductus arteriosus Sagittal oblique
Aortopulmonary window Axial or coronal
PAPVR Coronal
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establish the presence of atrial septal defect in-
clude depiction of the defect at two adjacent ana-
tomic levels on multisection transverse images or
at the same anatomic level on single-section im-
ages acquired during multiple phases of the car-
diac cycle (14). MR images of patients with an

atrial septal defect involving the sinus venosus
show a defect in the portion of the atrial septum
between the superior vena cava and the left
atrium (Fig 1). In patients with a defect of the
septum secundum, the defect occurs in the
middle of the atrial septum (Figs 2, 3). The nor-
mally thinned tissue in the region of the fossa ova-
lis, which may exhibit little or no signal intensity

Figure 1. Sinus venosus atrial septal defect in a 50-year-old woman with dyspnea on exertion. Axial ECG-gated
spin-echo (a) and cine (b) MR images show a defect (arrow) in the portion of the atrial septum between the supe-
rior vena cava (SVC) and the left atrium (LA). Ao � ascending aorta, PA � main pulmonary artery.

Figure 2. Atrial septal defect in the septum
secundum in a 23-year-old man with a heart
murmur. Axial ECG-gated spin-echo image
shows a defect (arrow) in the middle of the sep-
tum and thickening (�) at the edge of the septum
adjacent to the defect. LA � left atrium, RA �
right atrium.

Figure 3. Atrial septal defect in the septum secun-
dum in a 45-year-old man with dyspnea on exertion.
Axial ECG-gated cine MR image shows a defect (ar-
row) in the middle of the atrial septum. LA � left
atrium, RA � right atrium.
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on MR images, is sometimes mistaken for a de-
fect in the septum secundum (Fig 4). An intact
atrial septum, however, thins gradually toward
the site of signal intensity absence (Fig 4). In con-
trast, in a defect of the septum secundum, the
edge of the adjacent septum is thickened (Figs 2,
3). A defect of the septum primum is frequently
associated with a defect of the atrioventricular
valve (atrioventricular septal defect). The use of
MR imaging for the evaluation of atrioventricular
septal defect is described later in this article.

Currently, echocardiography is the primary
imaging modality used in the evaluation of atrial
septal defects, because of its high sensitivity and
specificity, low cost, and accessibility. However,
MR imaging has several distinct advantages over
echocardiography. Phase-contrast cine MR imag-
ing enables more precise evaluation of the size
and shape of atrial septal defects, as well as quan-
tification of the degree of shunting (15,16). MR
imaging also accurately portrays the anatomy of
the right ventricle and pulmonary arteries, which
is particularly important in patients with long-
standing atrial septal defect and pulmonary hy-
pertension (Fig 5).

Ventricular Septal Defect
Ventricular septal defect is the second most com-
mon congenital malformation of the heart and
accounts for approximately 20% of all congenital

Figure 4. Normal atrial septum. Axial ECG-gated
spin-echo image shows little signal intensity in the
region of the fossa ovalis, in the interatrial septum (ar-
row)—a finding that could lead to a false-positive iden-
tification of atrial septal defect in the septum secun-
dum.

Figure 5. Eisenmenger syndrome in a 36-year-old woman. Axial ECG-gated spin-echo images show atrial
septal defect (arrow in a) and marked enlargement of the main pulmonary artery (PA) (b), consistent with pul-
monary arterial hypertension. Long-standing severe pulmonary arterial hypertension can result in the shunt
reversal that characterizes Eisenmenger syndrome. Ao � ascending aorta, LA � left atrium, RA � right atrium.
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cardiac malformations (10). Ventricular septal
defects can be classified into four main categories
according to their location and margin: outlet,

membranous, trabecular, and inlet (17). Defects
involving the outlet septum include subpulmonic
defects and malalignment defects associated
with truncus arteriosus, tetralogy of Fallot, and
double-outlet right ventricle. The most frequently
encountered ventricular septal defect is of the
membranous category (Figs 6, 7). It lies adjacent
to the central fibrous skeleton of the heart with
the membranous part of the septum as one of its
borders. A defect that is contained entirely within
the confines of the muscular septum is termed
muscular or trabecular ventricular septal defect.
The fourth type of ventricular septal defect in-
volves the inlet septum and is associated with
atrioventricular septal defects. Ventricular septal
defect also may be described in relation to the
crista supraventricularis of the right ventricle; a
supracristal defect is located above the crista
muscle at the ventricular outlet (Fig 8) and ap-
pears to connect the right ventricular outflow
tract directly to the aorta. This type of ventricular
septal defect also has been described as a doubly
committed subarterial defect because its location is
both subaortic and subpulmonary (17).

Figure 6. Membranous ventricular septal defect in an 11-month-old boy with a heart murmur. (a) Axial
ECG-gated spin-echo image shows a defect (arrow) in the membranous part of the septum. (b) Axial gradient-
echo cine image shows a flow jet (�) across the defect into the right ventricle, indicating a left-to-right shunt.

Figure 7. Membranous ventricular septal de-
fect in a 24-year-old man with tetralogy of Fallot.
Coronal ECG-gated cine MR image shows a
membranous ventricular septal defect (arrow)
with an overriding aorta (Ao). (Courtesy of James
Scatliff, MD, Department of Radiology, Univer-
sity of North Carolina, Chapel Hill)
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Although the diagnosis of ventricular septal
defect is usually established by means of echocar-
diography, other modalities also are used, includ-
ing MR imaging, angiography, and, occasionally,
electron-beam CT or multi–detector row CT
(18,19). MR imaging, with a reported sensitivity
of more than 90% for detection of ventricular
septal defects (20), is an accurate and noninvasive
alternative to echocardiography. In particular,
MR imaging has advantages over echocardiogra-
phy and angiography for the diagnosis of supracri-
stal ventricular septal defects (21). Additionally, it
plays an important role in the evaluation of ven-
tricular septal defects involving the inlet septum
in patients with atrioventricular septal defects.

Supracristal Ven-
tricular Septal Defect

MR imaging plays an important role in the diag-
nosis and management of supracristal ventricular
septal defect. Although echocardiography is the
primary imaging modality for the evaluation of
cardiac shunts, it is less accurate for defining su-
pracristal ventricular septal defect. Cardiac
angiography is more accurate in localizing the

lesion, but it involves catheterization and ionizing
radiation, with attendant risks to the patient. MR
imaging is an effective and noninvasive alternative
(21). ECG-gated spin-echo MR images typically
depict a characteristic defect between the base of
the aorta and the right ventricular infundibulum
(Fig 8a), and cine MR images often reveal a sys-
tolic flow jet from the left ventricle into the right
ventricular outflow tract, indicating a left-to-right
shunt (Fig 8b). Shunt severity can be quantified
by calculating the ratio of pulmonary flow to sys-
temic flow, with flow values obtained from veloc-
ity-encoded cine MR images (16,22). Further-
more, MR imaging can be used to diagnose com-
plications of supracristal ventricular septal defect,
including aortic valve prolapse with resultant
aortic regurgitation and secondary right ventricu-
lar enlargement or hypertrophy (21) (Fig 8c).

Figure 8. Supracristal ventricular septal defect in
an asymptomatic 42-year-old man with a systolic
murmur. (a) Axial ECG-gated spin-echo image
shows a defect (arrow) between the base of the
aorta and the right ventricular (RV) infundibulum.
(b) Axial gradient-echo systolic cine image shows a
flow jet (�) from the left ventricle into the right ven-
tricular outflow tract, indicating a left-to-right shunt.
(c) Sagittal spin-echo image shows a prolapse (ar-
row) of the posterior aortic sinus of Valsalva.
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Atrioventricular Septal Defect
Atrioventricular septal defect, formerly known as
endocardial cushion defect, manifests as a com-
mon atrioventricular valve with an abnormal ar-
rangement of valvular leaflets and variable defi-
ciency of the atrial septum primum and the ven-
tricular inlet septum (Figs 9–11) (14). Direct
shunting from the left ventricle to the right atrium
may occur through a defect in the atrioventricular
septum, the small part of the ventricular septum

that separates the inlet region of the left ventricle
from the right atrium. In the most serious form of
atrioventricular septal defect, all four chambers of
the heart communicate, resulting in both left-to-
right and right-to-left shunting (Figs 10, 11b).
Although cyanosis may not be clinically apparent,
pulmonary arterial hypertension tends to develop
in infancy or early childhood in individuals with

Figure 9. Atrioventricular septal defect. Axial ECG-
gated spin-echo image shows an atrial septal defect (ar-
row) in the septum primum. The atrioventricular valve
(arrowhead) is connected with the crest of the inlet
ventricular septum. LA � left atrium, LV � left ven-
tricle, RA � right atrium, RV � right ventricle.

Figure 10. Atrioventricular septal defect. Axial
ECG-gated spin-echo image shows a complete atrio-
ventricular septal defect with communication among all
four chambers, as well as a large inlet ventricular septal
defect (arrow). The single atrioventricular valve (ar-
rowheads) spans both ventricular chambers.

Figure 11. Atrioventricular septal defect in a 2-year-old girl. Axial ECG-gated spin-echo MR images show an
atrial septal defect (arrow in a) in the septum primum and an inlet ventricular septal defect (arrow in b), which
together produce communication among all four chambers. The right atrium (RA) is markedly enlarged and
the right ventricle (�) is hypoplastic. LA � left atrium, LV � left ventricle.
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this form of atrioventricular septal defect. Clini-
cally, the less severe forms resemble atrial septal
defect, but the symptoms in atrioventricular sep-
tal defect are frequently more severe.

MR imaging is a valuable tool for the evalua-
tion of atrioventricular septal defects, among
which there is considerable morphologic varia-
tion, and is particularly useful in delineating ana-
tomic features important to surgical planning
(23). For example, MR imaging is superior to
echocardiography and angiography in depicting
the presence and size of the ventricular compo-
nent of the defect, information that may aid in the
timing of surgery (23). Another advantage of MR
imaging over echocardiography is its ability to
accurately depict cardiac chamber dimensions.
This information is important because one deter-
minant of surgical risk in patients with atrioven-
tricular septal defects is the presence of ventricu-
lar hypoplasia (24).

Patent Ductus Arteriosus
Patent ductus arteriosus accounts for approxi-
mately 10%–12% of all congenital heart disease
(10). Clinical manifestations depend on the size
of the duct and the difference between systemic
and pulmonary vascular resistance. A small shunt
does not cause hemodynamic derangement but
may predispose patients to endocarditis; a large
shunt causes a progressive increase in pulmonary
arterial pressure, which may result eventually in
Eisenmenger syndrome.

MR images can clearly depict the connection
between the aorta and the pulmonary artery (Fig

Figure 12. Patent ductus arteriosus in a
46-year-old woman with a heart murmur.
(a) Gadolinium-enhanced MR angio-
graphic image shows a patent ductus (ar-
row) connecting the proximal descending
aorta (dAo) to the left pulmonary artery
(LPA), just beyond the pulmonary arterial
bifurcation. Note the focal dilatation of the
aorta at the site of ductal attachment.
(b, c) Axial (b) and oblique (c) MR angio-
graphic images also depict the ductus (ar-
row). aAo � ascending aorta. (Courtesy of
Ruth Carlos, MD, Department of Radiol-
ogy, University of Michigan, Ann Arbor)
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12), showing the course of the ductus from the
proximal descending aorta to the left pulmonary
artery, just beyond the pulmonary arterial bifurca-
tion. MR images also can show focal dilatation of
the aorta at the site of ductal attachment (Fig
12a). The large aortic arch that frequently is asso-
ciated with patent ductus arteriosus also can be
seen on MR images. However, a narrow patent
ductus may be missed at MR imaging, even with
the use of thin (3-mm) sections (14). Echocardi-
ography remains the main diagnostic study used
for patent ductus arteriosus. Angiography is used
to delineate anatomy and guide coil embolization
of the patent ductus arteriosus. Although the ac-
curacy of MR imaging for diagnosis of patent
ductus arteriosus is as yet unknown, this modality
may be useful for quantifying shunt volume.

Aortopulmonary Window
Aortopulmonary window is a rare congenital
heart defect in which the ascending aorta commu-
nicates directly with the main pulmonary artery.
It differs from truncus arteriosus in that both the
aortic and the pulmonary valves are present.
Common associated lesions include ventricular
septal defect, patent ductus arteriosus, and coarc-
tation of the aorta (14). Patients with this condi-
tion typically manifest signs and symptoms of
congestive heart failure early in life. Diagnosis is

usually suggested by echocardiographic findings
and confirmed with angiography. Although the
role of MR imaging in the diagnosis of aortopul-
monary window has not been investigated exten-
sively, a number of published reports indicate that
MR imaging can fully depict the anatomic fea-
tures of aortopulmonary window (25,26). Trans-
verse and coronal spin-echo images can depict the
abnormal connection between the aorta and the
pulmonary trunk (Fig 13), and cine images can
reveal a left-to-right shunt. MR images also may
be useful for quantifying shunt volume.

Partial Anomalous
Pulmonary Venous Return

In PAPVR, one or more pulmonary veins return
anomalously to the superior or the inferior vena
cava, the right atrium, or the coronary sinus.
Drainage of the right pulmonary veins into the
inferior vena cava also is known as scimitar syn-
drome. PAPVR is present in 10%–15% of pa-
tients with atrial septal defects of the septum se-
cundum and in nearly 100% of patients with de-
fects involving the sinus venosus (14). Affected
children usually remain asymptomatic. Dyspnea
and palpitations may occur in older patients.

Figure 13. Aortopulmonary window in a 20-year-old woman. Axial (a) and coronal (b) ECG-gated spin-
echo images show a large defect (double arrow) between the lateral aspect of the ascending aorta (Ao) and the
medial aspect of the main pulmonary artery (PA).
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Figure 14. PAPVR in a 64-year-old woman. (a, b) Axial (a) and coronal (b) ECG-gated spin-echo images show
drainage of the right upper lobe pulmonary vein (arrow) into the superior vena cava (SVC). Note the enlarged pul-
monary artery (PA) in a, consistent with pulmonary arterial hypertension. (c) Axial spin-echo image at a lower level
shows an associated atrial septal defect (arrow) in the sinus venosus. (d) Coronal gadolinium-enhanced MR angio-
graphic image again shows drainage of the right upper lobe pulmonary vein (arrow) into the superior vena cava. The
right upper lobe pulmonary vein is the most common anomalous vein. Ao � aorta, LA � left atrium.

Figure 15. PAPVR in a 71-year-old man
with pulmonary arterial hypertension in
whom no intracardiac shunt was found at
echocardiography. Maximum-intensity pro-
jection image from MR angiographic data
shows drainage of the right upper lobe pulmo-
nary vein (arrow) into the superior vena cava.
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Echocardiography and conventional angiogra-
phy frequently are used for the diagnosis of
PAPVR. Definitive diagnosis, however, may be
difficult with echocardiography because of the
limited acoustic window, especially in older chil-
dren and adults (27,28). Although angiography is
often considered the standard imaging modality
for the diagnosis of anomalous pulmonary veins,
it is invasive, and visualization of the veins may be
difficult because of the dilution of hand-injected
angiographic contrast material. CT, which also
has been used to delineate the anatomy in
PAPVR (29), requires the use of ionizing radia-
tion and iodinated contrast material.

MR imaging has been used increasingly for the
diagnosis of PAPVR because it provides a large
field of view and excellent anatomic delineation
without contrast material injection or ionizing
radiation (Fig 14). MR imaging has been re-
ported to have a greater sensitivity (95%) than do
echocardiography (38%) and angiography (69%)

in the prospective detection of pulmonary venous
anomalies including PAPVR (30). In addition,
MR imaging can depict atrial septal defects (13),
which are frequently associated with PAPVR
(Fig 14c).

MR angiography permits the noninvasive mul-
tiplanar assessment of vessel size, course, and lo-
cation (30). Contrast material–enhanced MR
angiography, which provides three-dimensional
rapid imaging capability with a large field of view,
may demonstrate anomalous drainage patterns
more clearly than spin-echo MR techniques (Figs
14d, 15–17). According to a recent report (30),
images obtained with contrast-enhanced three-
dimensional MR angiography enabled the defini-
tive diagnosis of anomalous pulmonary veins in
patients in whom findings at transesophageal
echocardiography and cardiac catheterization had
been inconclusive.

Figure 17. PAPVR in a 43-year-old woman with dys-
pnea on exertion. Volume-rendered contrast-enhanced
MR angiographic image shows drainage of the left up-
per lobe pulmonary vein (�) into the left vertical vein
(�), and eventually into the superior vena cava (● ).

Figure 16. PAPVR in a 45-year-old woman with hy-
pogenetic lung syndrome (scimitar syndrome). Vol-
ume-rendered contrast-enhanced MR angiographic
image shows drainage of the right upper lobe pulmo-
nary vein (arrow) into the inferior vena cava at its junc-
tion with the right atrium (RA). This syndrome in-
volves a combination of various defects, which may in-
clude hypoplasia of the right lung and the right
pulmonary artery (not shown).
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Quantification of Shunts
Measurement of shunt volume is an important
aspect of the evaluation of cardiac shunts. Two
cine MR imaging methods are available for shunt
quantification: the volumetric technique and the
flow quantification technique.

The first approach is based on gradient-echo
cine imaging in the short-axis plane. The end-
diastolic volume (EDV) and end-systolic volume
(ESV) are calculated by using a stack of short-axis
cine images, and the two values then are summed
to obtain the stroke volume (SV), such that SV �
EDV � ESV. The shunt volume is calculated as
the difference between right and left ventricular
stroke volumes (Table 3). This method, however,
is useless for quantifying the shunt volume in ven-
tricular septal defects, in which the left and right
ventricular stroke volumes are equal. Furthermore,
the presence of aortic or pulmonic valvular regur-
gitation may lead to inaccurate determination of
stroke volume unless the regurgitation volume is
subtracted from the estimated stroke volume.

The second approach involves the use of veloc-
ity-encoded cine MR imaging to measure blood
flow in the main pulmonary artery (which is equal
to the right ventricular stroke volume) and in the

proximal aorta (which is equal to the left ventricu-
lar stroke volume) (Fig 18). This phase-contrast
sequence is based on the principle that the phase
of the spins along a magnetic gradient changes in
proportion to flow velocity (31). The shunt vol-
ume is the difference between pulmonary arterial
flow and aortic flow (Table 3). The accuracy of
shunt volume values obtained with the flow quan-
tification method, like those obtained with the
volumetric method, may be compromised by val-
vular regurgitation.

Monitoring of the ratio of pulmonary flow to
systemic flow (Fig 19), which indicates the sever-
ity of the shunt, can aid in treatment planning.
The borderline range is a ratio of 1.7–2.0. Typi-
cally, surgery or transcatheter closure is recom-
mended when the ratio exceeds this range (32).

Conclusions
MR imaging is a valuable tool for depicting car-
diac anatomy and quantifying function. It is par-
ticularly useful for the evaluation of cardiac
shunts in supracristal ventricular septal defect,
atrioventricular septal defect, and PAPVR, in
which echocardiography and conventional an-
giography have limited use. MR imaging is also
well suited for the noninvasive quantification of
shunt volume and functional evaluation of shunt
severity.

Table 3
Formulas for Calculating Volume of Cardiovascular Shunts with Cine MR Imaging Techniques

Shunt Type Cine MR Imaging Volumetrics
Velocity–encoded
Cine MR Imaging

Atrial septal defect Shunt volume � RVSV � LVSV Shunt volume � RVSV � LVSV
Ventricular septal defect NA* Shunt volume � RVSV � LVSV
Patent ductus arteriosus Shunt volume � LVSV � RVSV Shunt volume � LVSV � RVSV
Aortopulmonary window Shunt volume � LVSV � RVSV Shunt volume � LVSV � RVSV
PAPVR Shunt volume � RVSV � LVSV Shunt volume � RVSV � LVSV

Note.—LVSV � left ventricular stroke volume, NA � not applicable, RVSV � right ventricular stroke volume.
*Quantification of shunt volume in ventricular septal defect is not possible with volumetrics, because the left and
right ventricular stroke volumes are equal.
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