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Cardiovascular MR Imaging
after Surgical Correction

of Tetralogy of Fallot:
Approach Based on Under-
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Tetralogy of Fallot (T'OF) is one of the most common congenital heart
LEARNING diseases for which patients are referred for postoperative magnetic reso-
OBJECTIVES nance (MR) imaging evaluation. The most common surgical procedures
FOR TEST 4 for TOF repair include infundibulectomy, transannular pulmonary artery
Afeer complering this  patch repair, and right ventricle-pulmonary artery conduit placement. In

Journal-based SA-
CME activity, partic-
ipants will be able to:

m Describe the
expected cardiovas-
cular MR imaging
appearance of the
heart following the
three most common
surgical methods for
correction of RVOT
lesions in tetralogy
of Fallot.

m Discuss anatomic
and physiologic
complications that
occur late after re-
pair of tetralogy of
Fallot.

m List the cardiovas-
cular MR imaging
methods for func-
tional evaluation of
the severity of these
complications.

the past few decades, surgery has proved successful, but most patients re-
quire repeat imaging throughout their lives. MR imaging is now frequent-
ly used for morphologic and functional evaluation after TOF repair. The
most common late postoperative sequelae and residual lesions include
right ventricular outflow tract aneurysm and dyskinesis, conduit failure,
pulmonary regurgitation, tricuspid regurgitation, right ventricular failure,
residual main and branch pulmonary artery stenosis, branch pulmonary
artery aneurysm, left pulmonary artery kinking, and residual or recur-
rent ventricular septal defect. The imaging approach for the evaluation of
patients with repaired TOF should be guided by the surgical procedure
used and the complications that are expected. Knowledge of the most
common postoperative problems and their cardiovascular MR imaging
appearances is essential for good radiology practice in this clinical setting.

Abbreviations: DIR-SE = double-inversion-recovery spin-echo, RVOT = right ventricular outflow tract, SSFP = steady-state free precession, TOF
= tetralogy of Fallot, VEC = velocity-encoded cine, VSD = ventricular septal defect
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Introduction
Approximately 10% of patients with surgically
corrected tetralogy of Fallot (TOF) will develop
late complications for which they may need rein-
tervention (1,2). Early detection and treatment of
postoperative complications are important to pre-
vent progressive loss of right ventricular function
with consequent impairment of exercise capacity
and increased risk of fatal arrhythmias (3-6). Car-
diovascular magnetic resonance (MR) imaging
has emerged as an important imaging modality for
the follow-up of patients with complex congenital
heart disease, allowing noninvasive, detailed ana-
tomic and functional evaluation without the use of
iodinated contrast agents or exposure to ionizing
radiation (7—13). In addition, cardiovascular MR
imaging provides prognostic information and aids
in the decision-making process regarding replace-
ment of a dysfunctional pulmonary valve.

In this article, we demonstrate the expected car-
diovascular MR imaging appearance of the heart
following each of the three most common surgi-
cal methods for correction of the right ventricular
outflow tract (RVOT) lesions in TOF: infundibu-
lectomy, transannular pulmonary artery patch re-
pair, and right ventricle-pulmonary artery conduit
placement. In addition, we discuss the appearance
of anatomic and physiologic complications late af-
ter TOF repair, cardiovascular MR sequences used
in the functional evaluation of the severity of these
complications, and the scientific evidence support-
ing the role of MR imaging in guiding clinical de-
cisions concerning repeat surgery and follow-up.

Expected Cardiovascular
MR Imaging Appearance of the

Heart after Surgical Correction of TOF
The main steps in surgical correction of TOF
involve closure of the ventricular septal defect
(VSD) and augmentation of the RVOT. The most
common surgical methods used for the latter step
are (a) RVOT muscle resection (infundibulec-
tomy), (b) transannular patch repair, and (¢) right
ventricle-pulmonary artery conduit placement.
The method for closure of the VSD does not vary
significantly with the RVOT augmentation method
selected. Closure of the VSD relies on placement
of a pericardial or Dacron (DuPont, Wilmington,
Del) patch from the edge of the VSD to the aortic
annulus, which closes the defect and realigns the
aorta with the left ventricular outflow tract.

RVOT muscle resection, or infundibulectomy, is
the method of choice for patients with mild to mod-
erate muscular RVOT obstruction and an adequate
pulmonary valve annulus. It consists of resection
of the hypertrophic myocardium, usually through
a longitudinal incision in the right atrium and
proximal pulmonary artery (Fig 1). The pulmonary

radiographics.rsna.org
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Figure 1. RVOT muscle resection with a transatrial-
transpulmonary approach. (a) Drawing illustrates

an anterior surgical incision in the main pulmonary
artery, sparing the valvular annulus. This incision is
performed to allow surgical instrumentation of the
RVOT. (b) Drawing illustrates an incision in the right
atrial wall, with exposure of the RVOT across the tri-
cuspid valve. (¢) Drawing illustrates resection of the
RVOT muscle tissue. (Fig 1 courtesy of Joanna Cul-
ley, Haslemere, Surrey, England.)
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Figure 2. Parasagittal delayed gadolinium-based
contrast-enhanced inversion-recovery image shows
no evidence of myocardial fibrosis (arrowheads).
MPA = main pulmonary artery, Rl = right ventricle.

Figure 3. Parasagittal end-diastolic (a) and end-systolic (b) SSFP cine cardiovascular MR images
show normal myocardial systolic thickening at the level of the RVOT (arrowheads). LV = left ventricle,

RV = right ventricle.

valve is subjected to simple commissurotomy or
spared altogether in this procedure. The cardio-
vascular MR imaging appearance of the heart after
infundibulectomy consists of an intact RVOT myo-
cardium, with little or no evidence of fibrosis on
delayed contrast material-enhanced inversion-re-

covery images (Fig 2). Normal RVOT contractility
and a normally functioning pulmonary valve can be
appreciated on steady-state free precession (SSFP)
cine cardiovascular MR images (Fig 3) (14).
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Figure 4. Drawings illustrate transannular patch resection, consisting of transannular incision of the
RVOT (a) and subsequent augmentation with a patch (b). (Fig 4 courtesy of Joanna Culley, Hasle-

mere, Surrey, England.)

a.

b.

Figure 5. Axial (a) and parasagittal (b) double-inversion-recovery spin-echo (DIR-SE) MR images
show myocardial denudation of the anterior RVOT secondary to transannular patch augmentation (ar-
rowheads). LA = left atrium, LV = left ventricle, R4 = right atrium, RV = right ventricle.

Transannular patch repair is performed when
there is marked stenosis of the RVOT or pulmo-
nary annulus. The anterior wall of the RVOT is
opened through the annulus of the pulmonary
valve. A pericardial or synthetic (polytetrafluoro-
ethylene [Gore-Tex; Gore, Newark, Del]) patch
is then sutured to both margins of the incision,

increasing the diameter of the outflow region and
the main pulmonary artery (Fig 4). The patch can
be extended to the branch pulmonary arteries if
concomitant stenosis of these vessels is present.
There is an obligatory degree of pulmonary insuf-
ficiency afterward. Cardiovascular MR images
will show denudation of the anterior RVOT wall
and bulging of the RVOT and main pulmonary
artery, findings that represent the patch (Fig 5).
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Figure 6. End-diastolic (a) and end-systolic (b) short-axis SSFP cine cardiovascular MR images show
akinesis to dyskinesis at the level of the RVOT (arrowheads). LV = left ventricle, RIV = right ventricle.

As expected, a patch does not contract during the
cardiac cycle and appears as an akinetic region
on SSFP cine images (Fig 6). Delayed contrast-
enhanced images show enhancement in the re-
gion of the patch due to fibrotic tissue around the
graft (Fig 7).

A right ventricle—pulmonary artery conduit is
used in cases of atresia of the pulmonary valve or
main pulmonary artery, which represents a severe
variant of TOF (1). A synthetic or biologic (usu-
ally allograft or xenograft) conduit is inserted in the
right ventricular anterior wall or RVOT and con-
nected to the pulmonary arteries, which frequently

Figure 7. Delayed gadolinium-enhanced
short-axis image demonstrates enhancement
at the level of a transannular patch (arrows).
LV = left ventricle, RV = right ventricle.

need to be patched for enlargement (Fig 8). Most
conduits are valved, but it is not uncommon to en-
counter older patients with freely regurgitant con-
duits due to valve degeneration. Axial images can
demonstrate the attachment of the conduit to the
right ventricular anterior wall and absence of myo-
cardium around the conduit as it courses cranially
and connects to the main pulmonary artery (Fig 9).

Expected Cardiovascular
MR Imaging Appearance of Car-
diac Problems Late after TOF Repair
The expected postoperative findings depend on
the surgical procedure that was used for cor-
rection of the RVOT stenosis. For didactic pur-
poses, we discuss separately the most common
problems seen with each surgical procedure.
However, most of the complications can occur
with more than one type of surgical correction.

Problems Related to RVOT

Resection (Infundibulectomy)

The most common late finding related to isolated
RVOT resection is persistent or recurrent obstruc-
tion of the RVOT or pulmonary artery. Residual
subvalvular or valvular pulmonary stenosis is seen
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Figure 8. Right ventricle-pulmonary artery conduit repair. (a) Drawing illustrates a longitudinal
incision in the RVOT. (b) Drawing illustrates transverse incisions (dashed lines) in the anterior aspect
of the right and left pulmonary arteries, including the pulmonary confluence. (¢) Drawing illustrates
anastomosis of a surgical patch to the edges of the pulmonary arterial incision. Note that an opening
is made on the graft for anastomosis of the conduit. (d) Drawing illustrates the right ventricle—pul-

monary artery conduit attached to the pulmonary arterial confluence and aligned with the RVOT

incision for subsequent anastomosis. (Fig 8 courtesy of Joanna Culley, Haslemere, Surrey, England.)

Conduit \ Conduit

.

Ao & - A

a. b.

Figure 9. (a) Axial DIR-SE MR image shows the attachment of a right ventricle-pulmonary artery
conduit to the anterior wall of the right ventricle (arrow). Ao = aorta. (b) Axial DIR-SE MR image ob-
tained more cranially shows the absence of myocardium around the conduit. Ao = aorta.
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Figure 10. Parasagittal DIR-SE MR image shows
residual subvalvular narrowing of the RVOT (arrow).
LV = left ventricle, MPA = main pulmonary artery,
RV = right ventricle.

SSFP cine cardiovascular MR image
shows residual subvalvular narrowing of the RVOT (x)
and an associated systolic turbulent jet across the ste-
nosis (arrow). RV = right ventricle.

Figure 11.

in up to 5% of patients after infundibulectomy. The
main clinical concern in these patients is the devel-
opment of progressive right ventricular hypertrophy,
which has been associated with exercise intolerance
and increased risk for cardiac arrhythmias (15).
Symptomatic patients typically undergo repeat sur-
gery with further augmentation of the RVOT.
Residual RVOT stenosis can be identified on
black-blood DIR-SE images, especially in the sag-
ittal plane (Fig 10). However, the best sequence
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Figure 12. Parasagittal RVOT axis SSFP cine car-
diovascular MR image shows a diastolic regurgitant jet
across the pulmonary valve (arrow). LV = left ventricle,
MPA = main pulmonary artery, Rl = right ventricle.

for visualizing the obstruction is the SSFP cine se-
quence performed in a plane parallel to the RVOT,
which shows a narrowing with a resultant turbu-
lent flow jet at the level of the stenosis (Fig 11).

Problems Related to
Transannular Patch Repair
The most common complications related to trans-
annular patch augmentation of the RVOT consist
of pulmonary valve insufficiency and impairment
of right ventricular ejection fraction due to long-
standing pulmonary regurgitation (16,17). Pulmo-
nary regurgitation is the most common late sequela
after correction of TOF. Although all three types
of surgical approaches can result in pulmonary
regurgitation, the use of a transannular patch is the
most prone to this complication, since the valvu-
lar annulus is divided. Pulmonary regurgitation is
better visualized with SSFP cine images obtained
parallel to the RVOT, which show a diastolic regur-
gitant jet across the pulmonary valve (Fig 12).

The degree of pulmonary insufficiency after
transannular patch repair varies from mild to
very severe. The latter is typically seen when al-
most no residual valve tissue is present. Chronic
pulmonary regurgitation can result in right ven-
tricular dilatation, arrhythmias, and contractile
dysfunction. Pulmonary valve replacement may
be necessary to prevent or resolve these compli-
cations (3,4,6,12,18).

Another contributor to right ventricular dys-
function is the development of dyskinesis or
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Figure 13. Short-axis SSFP cine cardiovascular MR
image shows an aneurysm at the level of the RVOT (ar-
rowheads). LV = left ventricle, RV = right ventricle.

aneurysm of the outflow tract patch, which can
be seen in approximately 50% of patients (17).
RVOT dyskinesis is better identified on SSFP
cine images obtained in the short-axis or RVOT
planes (Fig 6). These are also the best images for
evaluation of a focal or diffuse RVOT aneurysm
(Fig 13). Delayed contrast-enhanced images can
show extensive areas of enhancement due to both
fibrotic tissue enveloping the patch and adjacent
areas of fibrosis (Fig 7) (19).

The majority of patients with pulmonary
regurgitation have associated tricuspid insuffi-
ciency, with a variable degree of severity. It is not
known whether this tricuspid valve incompetence
is due to injury during VSD closure or to tricus-
pid annular dilatation as a consequence of right
ventricular enlargement. Right atrial enlargement
seen on DIR-SE or SSFP cine images is sugges-
tive of tricuspid regurgitation (Fig 14). SSFP cine
images allow visualization of a flow jet emanating
from the tricuspid valve during systole (Fig 14).

Problems Related to a Right
Ventricle-Pulmonary Artery Conduit
Complications of a right ventricle—pulmonary
artery conduit are usually due to conduit ste-
nosis or regurgitation of the conduit valve.
Chronic degeneration and calcification is the

radiographics.rsna.org

Figure 14. Four-chamber SSFP cine cardiovascular
MR image shows a dilated right atrium (RA) and a

systolic regurgitant jet across the tricuspid valve (arrow).
LA = left atrium, LV = left ventricle, RV = right ventricle.

most common cause of conduit stenosis. How-
ever, obstruction at the site of anastomosis with
the pulmonary arteries can develop. Complica-
tions are seen in a high percentage of patients
after conduit placement. Large follow-up stud-
ies of patients with bioprosthetic conduits have
shown freedom from conduit replacement in
68%—-95% of patients at 5 years and in 0%—-59%
at 10 years (20-22).

Degeneration of a valved conduit resulting in
regurgitation is expected to occur in most con-
duits within 10 years of the surgical procedure
(2). Most patients undergo multiple conduit re-
placement surgeries during their lifetime.

MR imaging can be used to assess for the
presence and significance of conduit complica-
tions. Black-blood DIR-SE or SSFP cine images
can demonstrate the site of conduit stenosis (Fig
15). SSFP cine images obtained at the level of the
conduit can depict the narrowing of the conduit
and demonstrate flow jets related to stenosis or
regurgitation (Fig 16).

Problems Occurring Regardless of the
Type of RVOT Augmentation Procedure
The most common abnormal findings that may
be associated with all three surgical methods are
recurrent or residual VSD, branch pulmonary ar-
tery stenosis or aneurysm, left pulmonary artery
kinking, and left ventricular dysfunction.
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Figure 15. Axial DIR-SE MR image shows a narrow-
ing at the level of a right ventricle-pulmonary artery
conduit (arrow). Aao = ascending aorta, MPA = main
pulmonary artery.

Figure 16. Axial SSFP cine cardiovascular MR im-
age shows a turbulent flow jet at the level of a conduit
stenosis (arrow). Aao = ascending aorta, MPA = main
pulmonary artery.

A recurrent or residual VSD is seen is approxi-
mately 2%-5% of patients (2). This abnormality
can be appreciated on black-blood images as a
defect at the membranous ventricular septum. In
some cases, a flaccid patch can be seen bulging
into the right ventricular cavity (Fig 17). SSFP
cine images can show a flow jet across the VSD
patch to the right ventricle (Fig 18). The hemo-
dynamic relevance of the VSD may be assessed

Figure 17. Sagittal DIR-SE MR image shows a
VSD patch (arrow) bulging into the right ventricular
(RV) cavity.

Figure 18. Short-axis SSFP cine cardiovascular MR
image shows a systolic flow jet across a VSD patch to
the right ventricle (RV) (arrow). LIV = left ventricle.

by measuring the severity of the resulting shunt.
Details of this technique are explained in the fol-
lowing section.

Branch pulmonary artery stenosis is com-
monly associated with native TOF. As such, it is
not a true postoperative complication, although
it is usually detected late postoperatively, after
the main cardiac lesions have been corrected.
Stenoses can be unilateral or bilateral and can
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Figure 19. Axial DIR-SE MR image shows a nar-
rowing at the level of the origin of the right pulmonary
artery (arrow). Ao = ascending aorta, MPA = main
pulmonary artery.

involve short or long arterial segments. Aneu-
rysms of pulmonary artery branches are usually
a consequence of chronic pulmonary stenotic
lesions (23). They are also classically seen with
TOF associated with an absent pulmonary
valve. Axial DIR-SE images can demonstrate
the abnormalities in the majority of cases (Fig
19). Contrast-enhanced three-dimensional fast-
field-echo MR angiography can be performed
for better evaluation of branch pulmonary artery
stenosis, especially when small-caliber vessels
are affected in pediatric patients (Fig 20).
Kinking of the left pulmonary artery has been
described in patients with a right aortic arch and
severe enlargement of the RVOT or main pulmo-
nary artery. It consists of a functional stenosis of
the proximal left pulmonary artery due to an en-
larged RVOT that elongates cranially and rotates
to the left, since its motion is limited by the right
aortic arch (19). Both DIR-SE and SSFP cine
images can demonstrate an acute angle in the ori-
gin of the left pulmonary artery associated with
an enlarged RVOT and right aortic arch (Fig 21).
Left ventricular dysfunction can be seen late
after TOF repair and is an important predictor of
poor outcomes in affected patients. The develop-
ment of left ventricular dysfunction is likely re-
lated to poor ventriculo-ventricular interaction in
patients with regional and global right ventricular

radiographics.rsna.org

Figure 20. Contrast-enhanced maximum intensity
projection MR angiographic image shows a narrowing
of the left pulmonary artery (arrow). MPA = main pul-
monary artery, RV = right ventricle.

Figure 21. Axial DIR-SE MR image shows kink-
ing of the left pulmonary artery (LPA) (arrow). Note
the right-sided ascending aorta (Aao) and descending
aorta (Dao). MPA = main pulmonary artery.

dysfunction (17,24). Cardiovascular MR imaging
studies performed with the tagging technique have
demonstrated early abnormalities of left ventricu-
lar strain in patients with repaired TOF who still
have a preserved left ventricular ejection fraction,
which establishes cardiovascular MR imaging as
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Suggested Cardiovascular MR Imaging Protocol for Assessment of Repaired TOF

TR/TE FA ST/Gap
Sequence Plane (msec) ©® (mm)* (mm) Matrix Size NSA  Comments
DIR-SE Axial Min/42 16 320 (60) 3/0.5 256/160-512 2 Breath hold
TIW
Single-dose 0.05 mmol/
GE kg
Cine SSFP  Short-axis, Min-3.1 70 340 8/0 144/256 1 Breath hold
RVOT plane /1.55
VEC MR MPA, RVOT Min-9.1 15 300 (50) 5t 96/128-256 Above PV
plane, RPA/ /5.7 (MPA),
LPA before
branching
(RPA/LPA)
IRTFE Short-axis, Min/2 15 260 (70) 10/25 192/192-256 1 Fat satura-
RVOT plane tion,
navigator
3D FFE Coronal Min5.1 40 400 1.57 160/400-512 1 Breath hold
MRA /1.43

TOnly one section acquired.

Note.—FA = flip angle, FOV = field of view, GE = gadolinium-enhanced, IR TFE = inversion-recovery turbo field-echo,
LPA = left pulmonary artery, Min = minimum, MPA = main pulmonary artery, NSA = number of signals acquired, PV =
pulmonary valve, RPA = right pulmonary artery, ST = section thickness, TE = echo time, 3D FFE MRA = three-dimen-
sional fast-field-echo MR angiographic, T1W = T1-weighted, TR = repetition time.

*Numbers in parentheses indicate percentage of reconstruction.

a possible tool for the detection of subclinical left
ventricular dysfunction in these patients (25).

Another possible (albeit rare) complication
after TOF repair is infarction of the right ven-
tricular free wall due to vascular injury during
surgery related to a coronary artery with an
anomalous epicardial course (26). The most
common anomalous coronary artery course seen
in TOF is the prepulmonary course, which poses
significant surgical challenges for transannular
patch repair and right ventricle-pulmonary artery
conduit placement (27). Injury to a coronary ar-
tery during surgical correction of TOF should be
suspected in patients with severe left ventricular
dysfunction and delayed enhancement following
a coronary flow distribution.

Cardiovascular MR
Imaging Methods for

Evaluation of the Functional and He-
modynamic Severity of Complications
Although morphologic characterization of the
heart and great vessels is very important in the
clinical evaluation of a patient with corrected TOF,
functional assessment is needed for guiding medi-
cal and surgical intervention. Functional assess-

ment of postoperative complications of TOF is pri-
marily based on two cardiovascular MR imaging
techniques: (@) flow quantification with velocity-
encoded cine (VEC) cardiovascular MR imaging,
and (b) volumetric quantification with cine MR
imaging. The general principles and main applica-
tions of these techniques in patients with repaired
TOF are discussed in the following sections.
Cardiac MR imaging is ideally performed
with a cardiac coil. The use of parallel imaging is
strongly advised for achieving high temporal reso-
lution and minimizing cardiac motion artifacts.
The Table shows a suggested cardiovascular MR
imaging protocol for the evaluation of patients
after repair of TOF. It is important to recognize
that imaging sequences and planes should be tai-
lored to address specific clinical questions.

VEC MR Imaging

Flow Quantification.—VEC MR imaging has
been shown to be an accurate method for the
noninvasive quantification of blood flow (28). A
phase-contrast technique based on the principle
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that protons in motion change phase angle in
proportion to velocity, VEC MR imaging makes
use of a bipolar gradient to phase encode the
velocity of flow. The technique creates two imag-
ing sets: one by subtracting the signal intensity
created by stationary spins from that created by
moving spins (phase image), and the other by
combining the signal intensities created by sta-
tionary and moving spins (magnitude image).
VEC MR imaging segments the cardiac cycle
into multiple time-resolved images, allowing ac-
quisition of multiple gated images of circulating
blood flow in the heart and great vessels. VEC
MR images are analyzed by manually outlining

a region of interest around the main pulmonary
artery on the magnitude and phase images. The
region of interest provides a cross-sectional area
on the magnitude image and average velocity on
the phase image. The product of these two mea-
surements is equal to instantaneous blood flow.
A flow-versus-time curve can be obtained for an
average cardiac cycle. For the assessment of com-
plications after TOF repair, the main applications
of VEC MR imaging include quantitative assess-
ment of pulmonary regurgitation, differential pul-
monary blood flow, and cardiac shunting, as well
as assessment of the pressure gradient through an
obstruction (8,11,13,29-32).

Estimation of Residual Pulmonary Stenosis.—
VEC MR imaging can be used for assessment
of a residual RVOT stenosis. To determine

the severity of the stenosis, VEC MR imaging

is performed in a plane parallel to the direc-
tion of blood flow in the RVOT to identify the
maximum-velocity jet distal to the stenosis. Peak
velocity can be obtained with this sequence. With
use of the modified Bernoulli equation, it is pos-
sible to estimate the pressure gradient through
the stenosis:

G, =4V,

where Gp = peak gradient and V.= peak velocity.
Alternatively, a VEC MR imaging sequence can
be performed perpendicular to the flow jet seen
on the image obtained parallel to the RVOT for a
more precise determination of peak velocity.

The accuracy of VEC MR imaging for the as-
sessment of RVOT stenosis is inferior to that of
Doppler echocardiography. Because VEC MR

radiographics.rsna.org

Figure 22. Image shows the optimal plane (white line)
for the acquisition of VEC cardiovascular MR images

at the level of the main pulmonary artery. Rl = right
ventricle.

imaging does not have the real-time imaging ca-
pabilities of echocardiography, the peak velocity,
and consequently the peak pressure gradient, are
typically underestimated.

Quantification of Valvular Regurgitation.—
Cardiovascular MR imaging is the most accurate
and reproducible method for quantification of
pulmonary regurgitation (33,34) To calculate this
value, VEC MR imaging is performed in a plane
perpendicular to the direction of blood flow ap-
proximately 1 cm above the pulmonary valve (Fig
22). Measurement of forward and backward flow
across the pulmonary valve allows calculation of
the regurgitant fraction, which determines the
severity of valvular incompetence. Pulmonary
regurgitation is defined as mild if the regurgitant
fraction is less than 20%, moderate if it is between
20% and 40%, and severe if it is higher than 40%.
VEC MR imaging is not accurate for the
measurement of direct quantification of flow
at the level of the atrioventricular valves due to
significant motion during the cardiac cycle. It
is possible to quantify tricuspid regurgitation
by combining information obtained with VEC
MR imaging in the main pulmonary artery and
right ventricular volumetric quantification (35).
Regurgitant flow at the tricuspid valve equals
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Figure 23. On an end-diastolic short-axis SSFP
cine cardiovascular MR image obtained at the basilar
level, the endocardial contours of the right and left
ventricles have been outlined in white for purposes of
volumetric analysis.

right ventricular stroke volume minus main
pulmonary artery stroke volume as measured
with VEC MR imaging. Tricuspid regurgitation
fraction equals tricuspid regurgitation volume
divided by right ventricular stroke volume.

Quantification of Pulmonary Branch Stenosis.—
When branch pulmonary stenosis is being ad-
dressed, the morphologic appearance of the
branch pulmonary arteries is not a good predic-
tor of pulmonary flow to the lungs (36). VEC
MR imaging allows direct quantification of blood
flow to both lungs, information that is crucial for
determining the hemodynamic significance of a
stenosis. Differential pulmonary flow is measured
with two separate acquisitions performed perpen-
dicular to the direction of blood flow in the proxi-
mal right and left pulmonary artery branches.
The normal blood flow distribution is 55% to the
right lung and 45% to the left lung.

Quantification of Residual Shunting.—In cases
of possible recurrent or residual VSD, VEC MR
imaging is used to determine the ratio of pul-
monary to systemic blood flow (Qp/Qs). In a
physiologic state, with no cardiac shunts, Qp/Qs

Ordovas et al 1049

should equal 1. For measurement of Qp/Qs, two
separate sequences are performed perpendicular
to the direction of blood flow in the main pulmo-
nary artery and ascending aorta, approximately

1 cm above the respective valves. Net flow in the
main pulmonary artery (Qp) is then divided by
net flow in the ascending aorta (Qs). A Qp/Qs
ratio higher than 1.5 is considered hemodynami-
cally significant and generally requires surgical
intervention (34,37).

Volumetric Quantification with
Cardiovascular SSFP Cine MR Imaging.
For measurement of the volume of the cardiac
chambers, SSFP cine images are obtained in the
short-axis plane through the entire heart. For
each section, 16—40 frames can be acquired over
an average cardiac cycle. By manually outlin-
ing the endocardial contour of the right and left
ventricles on the end-diastolic and end-systolic
frames, it is possible to calculate the volumes of
the chambers for each section. For better ac-
curacy and reproducibility of the volumetric
measurements, the endocardial contour should
not include the papillary muscle as part of the
ventricular wall (Fig 23). The volume of an entire
chamber can be calculated by adding the volumes
of the chamber for each section. On the basis of
this technique, stroke volume can be calculated
by subtracting end-systolic volume from end-
diastolic volume, and ejection fraction can be
calculated by dividing stroke volume by end-di-
astolic volume (14). Semiautomatic software for
volumetric quantification is available with most
cardiac MR imaging postprocessing packages.
The major application of volumetric quantifi-
cation in patients with repaired TOF is to assess
ventricular function, especially that of the right
ventricle. Some patients with chronic pulmonary
regurgitation and, consequently, an enlarged right
ventricle are expected to develop right ventricular
dysfunction. Early detection of this abnormality is
important for determining the need for pulmonary
valve replacement. In patients with pulmonary
regurgitation, calculation of ejection fraction is
complicated by the fact that the regurgitant vol-
ume is included in the stroke volume. An alterna-
tive indicator of right ventricular function in these
patients is the effective ejection fraction, which
takes into account the pulmonary regurgitation
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volume. The effective ejection fraction is mea-
sured by subtracting the regurgitant volume from
the stroke volume and dividing the result by the
end-diastolic volume.

Cine cardiovascular MR images can also be
used to assess right ventricular wall motion ab-
normalities. By outlining the endocardial contour
of the right ventricle on the end-diastolic and
end-systolic frames, it is possible to track the
wall motion. Quantification of the wall motion
during the cardiac cycle is usually performed for
multiple segments of the right ventricle and is
expressed in millimeters per cycle. Tagging se-
quences can also be used to detect regional right
ventricular wall motion abnormalities (38).

Cardiovascular MR
Imaging for Prognosis and
Assessment of the Need for

Repeat Surgery after TOF Repair
The role of cardiovascular MR imaging in the
prognostic evaluation of patients with repaired
TOF has increased in recent years. One of the
most important prognostic features that can be
detected and quantified with cardiovascular MR
imaging is myocardial fibrosis, which is character-
ized by areas of late enhancement on gadolinium-
enhanced images. It has been shown that the
presence and extent of delayed enhancement is
predictive of the risk of cardiac arrhythmias and
sudden death in these patients. Delayed enhance-
ment is characteristically seen in the anterior
aspect of the RVOT in patients who underwent
transannular patch repair. However, recent stud-
ies have shown that the fibrotic changes can also
involve the right ventricular free wall and even
the left ventricular myocardium (39).

Another important prognostic indicator in
patients with repaired TOF is the presence of left
ventricular systolic dysfunction. Decreased left
ventricular ejection fraction is associated with
worse clinical outcomes in these patients, includ-
ing death, sustained ventricular tachycardia, and
an increase in New York Heart Association class
(7). An association between left ventricular dys-
function on the one hand, and severity of pulmo-
nary insufficiency and right ventricular dilatation
on the other, has also been demonstrated (40).

Multiple studies have been conducted to de-
termine the clinical and MR imaging parameters
that could help decide the best timing for pulmo-
nary valve replacement (41,42). In deciding when
to perform surgery, one must take into account
the reversibility of right ventricular dysfunction
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and the need for multiple valve replacement sur-
geries during the patient’s lifetime. It has been
demonstrated that patients with a decreased right
ventricular ejection fraction and a right ventricu-
lar end-diastolic volume index greater than 165
ml./m? have worse functional recovery of the
right ventricle after pulmonary valve replacement
than patients with a lower right ventricular end-
diastolic volume index (43). Oosterhof et al (12)
demonstrated that use of an end-diastolic volume
index greater than 160 mL/m? as a cut-off point
had a sensitivity of 55% and a specificity of 92%
for right ventricular function normalization after
pulmonary valve replacement. It has also been
shown that patients with a right ventricular end-
diastolic volume index greater than 170 mL/m?
do not experience normal right ventricular func-
tion after pulmonary valve replacement (41).

In recent years, transcatheter pulmonary valve
replacement (Melody valve; Medtronic, Min-
neapolis, Minn) has emerged as a safe and less
invasive approach after TOF repair in patients
with pulmonary regurgitation or residual stenosis.
A recent multicenter trial reported significant
improvement in pulmonary regurgitation or
stenosis after placement of this valve, with a low
rate of short- and midterm valve complications
(44).The size of the pulmonary valve annulus is
very useful information when patients are being
considered for transcatheter pulmonary valve
implantation. The largest available Melody valve
(Medtronic) measures 22 mm in diameter, pre-
cluding transcatheter valve replacement in pa-
tients with a wider annulus.

Advantages and Disadvan-
tages of Cardiovascular MR
Imaging and Echocardiography
Although echocardiography remains the imaging

modality of choice for initial evaluation of ven-
tricular volumes and contractility in most clinical
scenarios, its use in patients with repaired TOF
may be limited when significant right ventricular
enlargement is present (10,45). It has been shown
that MR imaging has a higher accuracy than echo-
cardiography for the assessment of right ventricu-
lar volumes and function, particularly in patients
with increased right ventricular volumes (45).

As previously discussed, precise volumetric and
functional analysis of the right ventricle is crucial
for decisions regarding timing of pulmonary valve
replacement in this patient population. In addi-
tion, MR imaging provides a more accurate quan-
tification of pulmonary regurgitation fraction, and
it is superior to echocardiography in delineating
pulmonary branch anatomy and right ventricle—
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pulmonary artery conduit anatomy (13,28). The
ability to delineate the cardiothoracic structures
three dimensionally allows precise assessment of
the spatial relationship of the heart and great ves-
sels with the sternum, information that can be very
useful for surgical planning. Three-dimensional
depiction of the anatomy is particularly relevant
when there is anatomic distortion due to prior sur-
gical interventions.

Echocardiography is still an important adjunct
method for the evaluation of patients with repaired
TOF. The main advantages of echocardiography
over cardiac MR imaging are its lower cost and
wider availability. Moreover, echocardiography
provides a more precise assessment of the pres-
sure gradient across a residual pulmonary stenosis
compared with cardiovascular MR imaging (46).

Conclusion

Cardiovascular MR imaging is an important tool
for the follow-up of patients with repaired TOF.
This imaging approach should be guided by the
surgical repair procedure used and the complica-
tions that are expected. Knowledge of the most
common postoperative complications and their
cardiovascular MR imaging appearances is essential
for good radiology practice in this clinical setting.
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Early detection and treatment of postoperative complications are important to prevent progressive loss
of right ventricular function with consequent impairment of exercise capacity and increased risk of fatal
arrhythmias.

Page 1041
The most common late finding related to isolated RVOT resection is persistent or recurrent obstruction of the
RVOT or pulmonary artery.
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The most common complications related to transannular patch augmentation of the RVOT consist of
pulmonary valve insufficiency and impairment of right ventricular ejection fraction due to long-standing
pulmonary regurgitation.
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Pulmonary regurgitation is the most common late sequela after correction of TOF. Although all three
types of surgical approaches can result in pulmonary regurgitation, the use of a transannular patch is the
most prone to this complication, since the valvular annulus is divided. Pulmonary regurgitation is better
visualized with SSFP cine images obtained parallel to the RVOT, which show a diastolic regurgitant jet
across the pulmonary valve.

Page 1044
Complications of a right ventricle-pulmonary artery conduit are usually due to conduit stenosis or re-
gurgitation of the conduit valve.





