Right Ventricle Outflow Tract
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With rapid development in imaging technology,
cardiac CT and MR have become the ideal meth-
ods for the assessment of complex morphology
and function of the conotruncal region including
the right ventricle out flow tract (RVOT). Detailed
information about the embryology and anatomy
of RVOT provides a better understanding of the
spectrum of diseases of this region and helps to
narrow differential diagnosis of pathologies
involving this important structure. This will be
discussed first in this chapter. Following to that,
the role of CT and MR to evaluate morphology
and function in relation to developmental malfor-
mation of the RVOT will be reviewed. A spec-
trum of conotruncal anomalies with abnormally
positioned great arteries may arise from a pertur-
bation of RVOT formation. Complications after
RVOT surgery in congenital heart disease are
common, and many need follow-up imaging for
diagnosis and surgical planning. In this regard,
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the spectrum of diseases, differential diagnosis,
and postoperative findings will be described.

Developmental Considerations

The two fields of cardiac progenitors are now rec-
ognized as the primary, and secondary or ante-
rior, heart fields [1-4]. It is the primary heart field
that produces the straight heart tube. In mouse,
there is firm evidence that the primary heart field
gives rise to the left ventricle (LV), with the sec-
ondary field forming both the RV and the outflow
tract (OFT) [4]. With looping of the heart tube,
the ventricular trabeculations start to form at the
outer curvature, permitting identification of the
cranial part of the tube as OFT or conotruncus.

The initial OFT extends proximally from the
distal ventricular groove to the pericardial reflec-
tions and demonstrates a characteristic dogleg
bend which divides it into two myocardial sub-
segments, a proximal subsegment or the conus
and a distal subsegment or the truncus [5]. The
truncus arteriosus is a short segment interposed
between the conus and the aortic sac. The latter
transforms into the ascending aorta and pulmo-
nary trunks.

The initial OFT is mainly myocardial and
increases almost 6-fold in length between HH12
(Hamburger—Hamilton stages) and 24 (Fig. 7.1)
[6]. Subsequently the initial musculature of the
walls of the truncus and distal conus disappears
by apoptosis, transdifferentiation, absorption
into the developing RV, or a combination of

F. Saremi (ed.), Cardiac CT and MR for Adult Congenital Heart Disease, 131
DOI 10.1007/978-1-4614-8875-0_7, © Springer Science+Business Media New York 2014



132

F. Saremi et al.

Outflow tract
(SHF derived)

|
[ 1

Truncus
(smooth muscle)

Conus

. (myocardial)

Neural creast derived

L
I 1

Aortic sac
. (smooth muscle)

DVG = distal ventricular
groove
VG = ventricular groove
DMB = distal myocardial
border

Fig. 7.1 The developing outflow tract in embryonic
chicken hearts at stages 12, 24, 30, and 36 H/H. The area
of the outflow tract (OFT) extends between distal ven-
tricular groove (DVG) of the right ventricle and the junc-
tion with aortic sac at pericardial reflections and divided
into the conus (proximal OFT shown in red) and the trun-
cus (distal OFT in light blue). The OFT is divided into two
parts, conus and truncus, and the junction between the two
will be distal myocardial border (DMB). The images show
that the OFT is initially mainly myocardial (red part) in
its entirety, increasing in length up to HH24. The OFT
myocardium, subsequently, shortens as a result of ven-

these processes [7]. With further development,
these new portions will be remodeled into the
intrapericardial portions of the aorta and pulmo-
nary trunk and arterial valves and their support-
ing sinuses. In contrast, myocardial tissue is
being added to the proximal portion of the conus.
As development proceeds, the single OFT under-
goes remodeling into separate pulmonary and
aortic arteries. The aorticopulmonary septation
involves interactions between diverse cell types,
including myocardium, endocardium, and neural
crest cells [8]. The distal portion of aortic sac is
also being considered as an entirely neural crest
derivative.

OFT undergoes rotation during its remodel-
ing. Rotation of the myocardium at the base of
the OFT is probably essential to achieve normal
positioning of the great arteries with respect to

tricularization, contributing to the trabeculated free wall,
as well as the infundibulum, of the right ventricle
(RV). Note the absolute reduction in the length of the OFT
between 30 and 36 H/H stages, as well as the relative
reduction in relation to the ventricles, which have
increased in size by cardiomyocyte proliferation. The
OFT has also been divided by septation into pulmonic and
systemic outflows, and the aortic root has rotated to a pos-
terior position, where it connects with the left ventricle
(LV). The dotted line around the heart indicates the peri-
cardium. A primitive atrium, LA left atrium, RA right
atrium, SV sinus venosus, V primitive ventricle

each other at the ventriculoarterial junction [9,
10]. In addition to abnormal OFT septation
caused by neural crest cell defects, a spectrum of
conotruncal anomalies with abnormally posi-
tioned great arteries may arise from a perturba-
tion of myocardial rotation including tetralogy of
Fallot (TOF), persistent truncus arteriosus, dou-
ble outlet right ventricle (DORV), and transposi-
tion of the great arteries (TGA) [10, 11]. A short
outflow tract as obtained experimentally through
secondary heart field ablation may not allow a
normal conotruncal rotation [4]. Although in
conotruncal anomalies including TOF, the
infundibular septum is not always short. It is
believed that any time the RV shows a short out-
flow tract, a total or partial lack of conotruncal
rotation and remodeling is inevitably present [9]
(Fig. 7.2).
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Fig. 7.2 Variations in right ventricle outflow tract
(RVOT) length. In normal example the pulmonary valve
extends well above the coronary sinuses of the ascending
aorta (AA). The RVOT has a vertical course, and the mid-
dle of noncoronary (N) sinus overlays the interatrial sep-
tum. In patients with single coronary artery arising from
the right coronary sinus and tetralogy of Fallot (TOF), the

Anatomical Evaluation of RVOT
Imaging Techniques

Cardiac CT and MR allow comprehensive mor-
phological and functional assessment of the heart
within a single examination. Higher spatial reso-
lution and availability of isotropic multiplanar
data acquisition of cardiac CT angiography make
it the preferred technique over current routine MR
techniques for detailed anatomical study of the
RVOT. Using new CT scanners, entire heart
acquisition can be obtained in a short breath hold
combined with thin slices (0.5-0.75 mm). This

RVOT is short, and the aortic root is rotated clockwise
facing the right atrium (RA). The RVOT is thickened and
narrowed in TOF. Although in conotruncal anomalies
including TOF the infundibular septum is not always
short, it is believed that any time the RV shows a short
outflow tract, a total or partial lack of conotruncal rotation
is present. LA left atrium, MPA main pulmonary artery

greatly reduces motion artifacts, and the thin col-
limation improves the depiction of small struc-
tures. Anatomical analysis of the RV can be
performed with a dedicated ECG-gated right heart
study or as part of CT coronary angiography
[12, 13]. In the latter, most of the time sufficient
attenuation for visualization of the right heart can
be obtained by split-bolus injection in which an
initial bolus of contrast medium (50-75 mL) is
followed by 50 mL of a 70 %:30 % saline-to-con-
trast medium mixture and a 30-mL saline chaser
at a rate of 4-5 mL/s [13]. A dedicated right heart
examination with CT requires ECG gating/trig-
gering and homogeneous enhancement of the
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right atrium and ventricle to an optimum
Hounsfield unit of 350-400. Scan can be started
early (i.e., main pulmonary artery triggering) to
include the right heart only. For certain cases with
congenital heart disease, a modified injection pro-
tocol using dual extremity contrast injections into
the antecubital and femoral veins is described
which provides homogeneous images of the right
atrium and ventricle [14] (Chap. 10 for detail).
Different sequences can be used to evaluate the
RVOT morphology with MRI including MR angi-
ography, dark/bright blood sequences, and cine
images. In addition to routine short- and long-axis
cine [ECG-gated cine balanced steady-state free
precession (SSFP)] views, transaxial and sagittal
images may help to show the abnormality. ECG-
triggered, double inversion recovery fast (seg-
mented or single shot) spin-echo sequence with
blood suppression is a great technique for ana-
tomical imaging of the outflow tracts and major
vessels especially in patients with metallic implant
artifacts or those with compromised renal func-
tion and contraindication to gadolinium-enhanced
MRI.

Anatomical Landmarks

The RV in the normal heart is the most anteriorly
situated cardiac chamber and marks the inferior
border of the cardiac silhouette. In contrast to the
near conical shape of the LV, the RV appears tri-
angular when viewed from the side and crescent
shaped when viewed in cross section [15-18].
The curvature of the ventricular septum places the
RVOT antero-cephalad to that of the LV’s result-
ing in a characteristic “crossover” relationship
between right and left ventricular outflows. This
important spatial relationship can be lost in con-
genital heart malformations such as TGA. The
overlap between left ventricular inlets and outlets
puts the aortic outflow tract immediately behind
the septum that separates it from the RV inlet, giv-
ing the “wedged” position of the aortic root.
Traditionally, the RV is divided into the sinus
and conus parts, but in more recent decades, both
the right and left ventricles have been described
as having three components: the inlet, apical
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trabecular, and outlet portions (Fig. 7.3) [15-17].
In the analysis of congenitally malformed hearts,
this tripartite concept is more useful than the tra-
ditional bipartite division. The inlet portion of the
RV surrounds the leaflets of the tricuspid valve
and supports its papillary muscles and tension
apparatus. A distinguishing feature of the tricus-
pid valve is the direct attachment of its septal
leaflet to the ventricular septum. The apical por-
tion of the RV is characterized typically by heavy
trabeculations. Distinguishing features of the
outlet portion of the RV include:

Pulmonary Infundibulum
The pulmonary infundibulum (conus) is a tubular
muscular structure that supports the leaflets of
the pulmonary valve. Its length, size, and angle
vary. The size of the infundibulum is independent
of the general size of the RV.

Supraventricular Crest

The posterior (paraseptal) wall of the infundibulum
is formed by a prominent muscular ridge, known as
the supraventricular crest (crista supraventricularis
or ventriculoinfundibular fold) which separates the
inlet and outlet components of the RV (Figs. 7.3,
7.4, and 7.5). This is in contrast to the LV where the
aortic and mitral valves are in fibrous continuity.
Although it looks like a ridge from the perspective
of the RV cavity, the supraventricular crest is in fact
an infolding of the ventricular wall (the ventricu-
loinfundibular fold) inserting into the ventricular
septum. It is separated from the aorta by the epicar-
dial fat, and any incision through it will lead out-
side the heart into the vicinity of the right coronary
artery (Figs. 7.3 and 7.4). Only the central portion
of its inferior most part between the limbs of the
septomarginal trabeculation contributes to the
interventricular septum (muscular outlet septum or
conal septum) [17] (Figs. 7.4 and 7.5). In the nor-
mal heart, however, this area is exceedingly small
and can hardly be distinguished from the septomar-
ginal trabeculation by CT.

Septomarginal Trabeculation

The septomarginal trabeculation is a prominent
Y-shaped muscular strap reinforcing the septal
surface. It bifurcates into anterosuperior and
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Fig. 7.3 Right anterior oblique views (two chambers) of
the right heart are shown. (a) Cadaveric specimen. (b)
Volume-rendered images of a right heart CT. The right
ventricle comprises of three components: the inlet, apical
trabecular, and outlet portions. The outflow tract, the
infundibulum or conus, separates the tricuspid and pulmo-
nary valves. The axis of the orifices of the inlet and outlet

inferoposterior limbs (Fig. 7.6) which clasp the
supraventricular crest. The anterosuperior limb
extends along the infundibulum to the leaflets of
the pulmonary valve. The posterior limb runs onto
and overlays the ventricular septum, toward the
right ventricular inlet, giving rise to the medial
papillary muscle complex. The body of septomar-
ginal trabeculation extends to the apex of the ven-
tricle, where it gives rise to the moderator band
and anterior papillary muscle before breaking up
into the general apical trabeculations. The body of
the septomarginal trabeculation is interventricular
rather than supraventricular and when enlarged
can appear as a bump on the septum on cross-sec-
tional imaging. When hypertrophied, the septo-
marginal band can divide the RV into two
chambers (double-chambered RV) [19].
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roughly forms an angle of 60°. The supraventricular crest
is composite of the ventriculoinfundibular fold (VIF) cra-
dled between the limbs of septomarginal trabeculation. It
is separated from the right aortic sinus by the epicardial
fat. AA ascending aorta, MPA main pulmonary artery, RA
right atrium, RAA right atrial appendage, SVC superior
vena cava, /VC inferior vena cava, CS coronary sinus

Moderator Band

It is considered as part of the septomarginal tra-
beculation, supporting the anterior papillary
muscle of the tricuspid valve and, from this point,
crossing to the free wall of the ventricle. The
moderator band incorporates the right atrioven-
tricular bundle, as conduction tissue fibers move
toward the apex of the ventricle before entering
the anterior papillary muscle. It is usually located
equidistant from the tricuspid valve and the apex
and can be identified in 90 % of hearts. In 40 %
the band is a short and thick trabeculation. The
average thickness of the band is 4.5 mm, and its
length is 16 mm, ranging from 11 to 24 mm [20].
The moderator band is supplied by branches of
the left anterior descending (LAD) artery named
the artery of the moderator band. The artery
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Fig. 7.4 Sagittal views of CT and cadaveric specimen at
the right ventricle outflow tract (RVOT). Note fat plane
(dotted red line) extending between the posterior wall of
the RV infundibulum (supraventricular crest) (blue
arrows) and the anterior wall of ascending aorta making
surgical resection of the infundibulum possible. The
height of supraventricular crest varies from patient to
patient; however, most of it is separated from the aorta by
epicardial fat and can be surgically removed without
entering the left ventricular cavity. Only the central por-
tion of its inferiormost part may form part of the interven-
tricular septum. The term supraventricular crest is

supplying the band makes anastomotic connec-
tions at the base of the anterior papillary muscle
with branches of the right coronary artery.

Medial Papillary Muscle of the Conus

The medial (septal) papillary muscle of the conus
presents in 82 % of the hearts, while in the rest, it
is replaced by tendinous chords [21] (Figs. 7.4
and 7.6). It is a single papilla in 50 % and double
in 30 %. It connects with the septal and anterior
leaflets of the tricuspid valve. It represents an
important surgical landmark for the location of
the right bundle branch to avoid injury to the bun-
dle during surgical correction of certain types of
ventricular septal defects.

Pulmonary Valve

The pulmonary root is the part of RVOT that sup-
ports the leaflets of the pulmonary valve. It con-
sists of three sinuses of Valsalva confined

replaced by ventriculoinfundibular fold, representing any
muscular structure interposed between the attachments of
the leaflets of the atrioventricular and arterial valves. The
inferior central part of it is called outlet septum which is
part of septomarginal trabeculation. The outlet septum
above the level of medial papillary (double headed yellow
arrow) muscle (mpm) is shown by yellow arrow. However,
its true existence is questionable given the limited spatial
resolution of CT compared with histological slices. PV
pulmonary valve, L left aortic sinus, R right aortic sinus,
RV right ventricle, LA left atrium, /VS interventricular
septum, LVOT left ventricle outflow tract

proximally by the semilunar attachments of the
valvular leaflets and distally by the sinotubular
junction. Different nomenclatures have been
used to define the anatomical location of the pul-
monary valve sinuses base on their spatial loca-
tion in relation to the body of the heart itself
(Fig. 7.7). Because of the semilunar shape of the
pulmonary leaflets (similar to the aortic valve),
this valve does not have a ringlike annulus. The
sinotubular junction of the pulmonary trunk
marks the level of the commissures between the
annuli (Fig. 7.7). Compared to the aortic root, the
pulmonary sinotubular junction is less obvious
on CT images. A second junction exists at the
ventriculoarterial junction. The bases of the
sinuses within the ventricle cross the anatomical
ventriculoarterial junction. The anatomical ven-
triculoarterial junction forms the annulus. The
semilunar attachment of the valvular leaflets
which forms the hemodynamic ventriculoarterial
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Fig. 7.5 Right ventricle (RV) infundibulum. The poste-
rior wall of RV infundibulum is the continuation of the
infundibulum into the ventriculoinfundibular fold (supra-
ventricular crest). It is a free-standing wall except its mid-
inferiormost part which contributes to the interventricular
septum also known as the outlet septum (yellow arrows).
One slice above it (second axial cut) at the orifice of the
right coronary artery (RCA) demonstrates extension of fat
plane between the ascending aorta and RVOT. The RCA
can be injured at the time of pulmonary valve surgery. The
ventriculoinfundibular fold is located between the antero-
cephalad (septal band) (a) and postero-caudal (parietal
band) (p) limbs of the septomarginal trabeculations

junction crosses the anatomical ventriculoarterial
junction. The leaflets are thickened along their
semilunar line of attachment. The fibrous inter-
leaflet trigones are the areas of arterial wall prox-
imal to the semilunar attachments of the leaflets
and therefore are incorporated within the ven-
tricular cavity. Their tips point toward the com-
missures. The musculature of the subpulmonary
infundibulum raises the pulmonary valve above
the ventricular septum to position the pulmonary
valve as the most superiorly situated of the car-

(SMT), and its width is shown by double-headed purple
arrows. The cradle between the SMT limbs and the ven-
triculoinfundibular fold forms the supraventricular crest.
Note smooth surface of ventriculoinfundibular fold com-
pared to the rest of RV infundibulum which is trabecu-

lated. The anterior limb runs superiorly into the
infundibulum and supports the leaflets of the pulmonary
valve (PV). Multiple muscular bundles that extend from
the cephalad margin of the septomarginal trabeculation
and run onto the parietal wall of the outflow tract are des-
ignated as the septoparietal trabeculations (SPT) (red
arrows). AA ascending aorta, AV aortic valve, PUV pul-
monary valve, MB moderator band, RA right atrium

diac valves. This anatomical feature makes pos-
sible the safe resection of the pulmonary valve,
including its basal attachments within the infun-
dibulum from the rest of the RVOT.

Arterial Supply and Anatomical
Variants

The conotruncal structures are normally vascu-
larized by anterior and posterior arterial branches
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Fig. 7.6 Variation of trabeculations in RVOT. Upper
panel: RVOT open-book dissection views. The septomar-
ginal trabeculation (SM7) is a muscle strap plastered onto
the septal part. The ventriculoinfundibular fold (VIF)
extends between SMT and the pulmonary valve and forms
the paraseptal wall of the RVOT. The septoparietal tra-
beculations (SPT) originate from the anterior margin of
the SMT and run round the parietal quadrant of the endo-
cardial infundibulum along the right and left septoparietal
walls of the RVOT. These trabeculations vary in number
(5-22 trabeculations) and thickness (2-10 mm). The
SPTs can be flat or prominent and may be hypertrophied

from the right and left coronary arteries [22]. On
the right side, the branches arise from the conal
branch of the right coronary artery or directly
from the aorta. On the left side, they arise from
the LAD, the left main, or directly from the aorta.
The right anterior conal branch is the most con-
stant and conspicuous branch participating in the
preconal circulation, also known as Vieussens’
arterial ring [22] (Fig. 7.8). This collateral inter-
coronary connection extends between the conus
artery and first right ventricular branch (left ante-
rior conus branch) of the LAD artery. The

as in pulmonary hypertension or tetralogy of Fallot, con-
tributing to muscular subpulmonary stenosis. The SMT
continues to apex and turns into the moderator band (MB)
and anterior papillary muscle. Blue circles demarcate
medial papillary muscle. Lower panel demonstrates vari-
able thickness of the SMT and its SPTs. Note marked
thickening of the RVOT in the last image in a patient with
pulmonary valve stenosis. The right atrium (RA) is mark-
edly enlarged. A anterior, R right posterior, and L left pos-
terior are pulmonary sinuses, LVOT left ventricle outflow
tract, RA right atrium, red dotted line denotes margin of
the pulmonary valve leaflets

Vieussens’ arterial ring will become dilated when
there is proximal LAD artery occlusion or, less
frequently, RCA occlusion. Generally, three
major collateral pathways at conotruncal level
provide circulation between right and left coro-
nary system in all congenital or acquired forms of
one-sided coronary occlusion and are used as the
basis for different classifications [23]. These
three collateral circulation pathways include
preconal (precardiac), retroconal (interarterial),
and retroaortic. In coronary ostial atresia, because
intercoronary collaterals develop very early in



7 Right Ventricle Outflow Tract

Fig. 7.7 Pulmonary valve sinuses. When heart is viewed
in attitudinal anatomical position as sitting in the thorax
(i.e., axial views), the pulmonary leaflets and sinuses are
seen to be posterior (P), right anterolateral (Ra), and left
anterolateral (La). However, in relation to the heart (i.e.,
short-axis views), the pulmonary sinuses can be named
anterior (A), left posterior (Lp), and right posterior (Rp).
According to their relation to the aorta, sinuses will be
left-facing, right-facing, and nonfacing. Same rule can be
applied to the aortic valve as seen in the above examples.
The relationship of the pulmonary and aortic valve (green

life, they can be large and overall angiographic
appearance of the anomaly can be difficult to dif-
ferentiate from congenital single coronary artery
malformation. In congenital single coronary
artery, the blood flow is always centrifugal from
larger caliber arteries proximally to smaller ones
distally. In ostial atresia the blood flows from the
intact right or left coronary artery to the abnormal
side via one or more collateral arteries whose
caliber is smaller than that of the target vessels
(Fig. 7.9). The incidence of a major coronary
artery crossing the RVOT in TOF is between 5
and 12 % [24]. Preoperative recognition of such

and red circles) as well as their orientation in relation to
the body (axial) and the heart (short axis, SAX) are drawn;
the black line shows the location of the interatrial septum.
Crossover arrangement between left and right ventricular
outflow tracts (red and blue arrows respectively) is also
shown. The term “pulmonary annulus” denotes the semi-
lunar fibrous attachment of each of the pulmonary leaflets.
They are much less sturdy than the aortic annuli. LA left
atrium, N noncoronary sinus, S7J sinotubular junction
(vellow line), VAJ ventriculoarterial junction (green line)

arteries may be important in reconstructive sur-
gery of the RVOT (Fig. 7.10). Infundibular and
preventricular branches should not be mistaken
for a major coronary artery arising crossing
the RVOT.

Morphological Changes
in Adult CHD

Major advances in cardiac surgery over the past
50 years have resulted in a marked increase in the
number of patients with congenital heart disease
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Fig. 7.8 Vieussens’ arterial ring; preconal arterial anasto-
motic rings (*) between pulmonary conus branches arising
from the RCA and the LAD artery are shown (a) participat-
ing in vascular supply to infundibulum as well as the ante-

reaching adulthood. In many cases initial surgery
is indicated on the basis of echo, with catheter-
ization for physiological assessment if required.
CT and MR have a prominent role in follow-up,
either to monitor changes during staged surgical
repair or to look for complications which are
common and many need imaging for diagnosis
and surgical planning. However, it is not unusual
to discover an RVOT malformation for the first
time and without a history of past surgery.

RVOT Stenosis: Pre- and
Postoperative Findings

RVOT stenosis is usually secondary to pulmo-
nary valve diseases, but stenotic lesions at sub-
valvular or supravalvular levels are not
uncommon. Causes of RVOT stenosis are listed
in Fig. 7.11.

Pulmonary Valve Stenosis

Isolated pulmonary stenosis (PS) is almost
always congenital and many can be asymptom-
atic when first diagnosed. It is not unusual to sus-
pect PS in a young patient on routine chest x-ray
or CT by noticing enlarged main and left pulmo-
nary arteries. With severe PS, symptoms of dys-
pnea, fatigue, chest pain, palpitations, and
decreased exercise tolerance may occur. Three

rior right ventricle. These collaterals may be enlarged in
acquired obstructive (b) or congenital (¢) coronary disease.
AA ascending aorta, MPA main pulmonary artery, RCA
right coronary artery, LAD left anterior descending artery

morphological types are described [18, 25-28]
(Table 7.1). The most common type of congenital
PS (40-60 %) is a dome-shaped pulmonary
valve, which is characterized by a mobile valve
and 2—4 raphes and incomplete separation of
valve cusps due to commissural fusion resulting
in funnel with a small circular orifice (Fig. 7.12a).
The line of basal attachment of the domed valve
is not semilunar; instead, the sinuses are shallow
and the line attachment appears somewhat circu-
lar. A waist-like narrowing of the sinotubular
junction may be seen is some cases. Dysplastic
pulmonary valve is the second most common PS
(20-30 %) and is associated with immobile thick-
ened cusps and in some cases a hypoplastic ven-
triculoarterial ~junction [26] (Fig. 7.12b).
Cauliflower-like myxomatous thickening is lim-
ited to the free margin of the leaflets, and the
proximal part of leaflets is intact. The commis-
sures are not fused, the sinuses are deep, and the
lines of attachment are semilunar, all as seen in
normal hearts. The semilunar attachment of the
pulmonary valve leaflets is an essential feature
for normal function of the valve. Shallow attach-
ment and lack of “height” of the overall valvular
apparatus can cause pulmonary stenosis due to
limiting mobility of the free edge of the leaflets
even in the absence of commissural fusion. Of
those cases with PS who require active treatment
whether interventional or surgical, dysplastic
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Fig. 7.9 Upper row shows left coronary ostial atresia
with retroaortic (blue arrows) and preconal (red arrows)
collaterals between the right and left coronary systems.
Lower row shows right coronary ostial atresia with preco-
nal (red arrows) collaterals between the right and left

valves would be far more common. Milo et al.
[25] described a third morphology of PS with
deep “bottle-shaped” sinuses and an hourglass
deformity due to supravalvular narrowing at the
sinotubular junction (Fig. 7.12c). Although the
later morphology is reported in 16 % of patients
with congenital PS, it is not accepted as a sepa-
rate variant by every investigator [26]. Dome-
shaped valve with dysplastic leaflets is another
uncommon variant. Different morphologies can

coronary systems in a patient with congenital pulmonary
valve stenosis. AA ascending aorta, LA left atrium, LAD
left anterior descending artery, MPA main pulmonary
artery, RVOT right ventricle outflow tract, RCA right coro-
nary artery

be equally distinguished with cardiac MR and
CT angiography. Bicuspid or multicuspid valve
is rare [27] (Fig. 7.13). In bicuspid valve, one
leaflet can be larger containing a shallow raphe or
both leaflets may be equal in size. Stenosis and
post-stenostic dilatation are common. Compared
to bicuspid valve, quadricuspid pulmonary valve
is usually asymptomatic. Mild pulmonary regur-
gitation (PR) is not uncommon. Congenital varia-
tions can be isolated but are often associated with
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Fig. 7.10 Anomalous course of the coronary arteries
next to the right ventricle outflow tract (RVOT). Upper
row shows repaired RVOT in tetralogy. Anomalous course
of the right coronary artery (RCA) behind the RVOT con-

other congenital heart anomalies. For example,
tetralogy of Fallot can be associated with a bicus-
pid pulmonary valve. Congenital pulmonary
valve anomalies can also be associated with
extracardiac anomalies as in Noonan syndrome
and LEOPARD syndrome, which is often associ-
ated with a dysplastic pulmonary valve.

Chronic PS results in RV hypertrophy, espe-
cially at the RVOT. When prominent, RVOT
hypertrophy can lead to secondary dynamic sub-
valvular stenosis. Distinguishing between valvu-
lar stenosis and subvalvular dynamic stenosis
secondary to infundibular hypertrophy can

duit is seen. Lower row shows a single RCA with preconal
course of the left coronary (LC) artery. AA ascending
aorta, MPA main pulmonary artery

become challenging. Subvalvular dynamic
obstruction (late systolic stenosis), in fact, often
accompanies severe valvular PS and is character-
ized by a late-peaking jet in MRI similar to that
of dynamic LV outflow obstruction. PS can also
result in post-stenotic dilatation of the pulmonary
trunk and left pulmonary artery. For symptomatic
patients with dome-shaped pulmonary valve, bal-
loon valvuloplasty is indicated when a peak
instantaneous gradient >50 mmHg is present
[28]. A successful procedure is defined by final
peak gradient of <30 mmHg and is obtained in
>90 % [29]. If the valve is dysplastic, surgery is
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RVOT Stenosis in Adults

Congenital
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*Masses
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hematoma

Fig. 7.11 Causes of RVOT stenosis in adults. TOF tetralogy of Fallot, MPA main pulmonary artery, PA pulmonary
artery, PS pulmonary stenosis, RV right ventricle

more likely to be required; if there is annular or
pulmonary trunk hypoplasia, a transannular patch
may become necessary. In patients with PS and

Table 7.1 Congenital pulmonary valve stenosis significant pulmonary regurgitation, valve
A. Dome-shaped replacement is required. Mechanical valve
Very common: 80-90 % of all congenital right replacement is used rarely because of thrombosis
ventricle outflow tract lesions issues. Bioprosthetic valves and pulmonary

Low familial inheritance homografts are preferred [30].
2-4 raphes but no separation into valve cusps

Treatment: balloon valvotomy

Tetralogy of Fallot

TOF consists of a large nonrestrictive subaortic
ventricular septal defect (VSD), dextroposed
aorta riding up over the septal defect, and RVOT

B. Dysplastic
10-20 %
Trileaflet with markedly thickened leaflets
Associations: hypoplastic ventriculoarterial junction.

Noonan’s syndrome obstruction (Fig. 7.14). TOF without PS is called
Treatment: partial or total valvotomy, a transannular Eisenmenger complex (Fig. 7.15). Subpulmonary
patch stenosis, which is an essential part of TOF, is
C. Bicuspid/quadricuspid mainly due to anterosuperior malalignment of
Rare the muscular outlet septum relative to the limbs

Usually asymptomatic of the septomarginal trabeculation, coupled

Common with other congenital heart diseases with thickened septoparietal trabeculations
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Fig. 7.12 (a). Dome-shaped pulmonary valve viewed
from the arterial aspect. It is characterized by narrow open-
ing and incomplete separation of the valve cusps. The fused
commissures (yellow arrows) pull the sinotubular junction
toward the central circular orifice. (b) Axial and sagittal CT
appearance of a dysplastic pulmonary stenosis. Club-
shaped myxomatous thickening (red arrows) is limited to
the free margin of the leaflets, and the proximal part of leaf-

[17, 31, 32] (Fig. 7.14). Stenosis can also occur
at subpulmonic level by hypertrophy of the sep-
tomarginal trabeculation or the moderator band.
This gives the arrangement often described as
“two-chambered right ventricle.” The subpul-
monary infundibulum itself varies markedly in
length and can sometimes be short especially in
Eisenmenger complex (Fig. 7.2). In most other
instances of TOF, the narrowed infundibular
chamber is normal in length but sometimes has
considerable length. Absent pulmonary valve
syndrome occurs in less than 3-6 % of TOF
patients [17]. This syndrome is associated with
significant pulmonary artery dilatation and air-
way compression. Pulmonary atresia in TOF is
also due to severe deviation of the outlet septum.
However, isolated pulmonary atresia can rarely
occur as a result of valve imperforation rather
than severe stenosis. In pulmonary atresia blood
supply to the right and left pulmonary arteries

lets appears intact. Note the trileaflet thickened valve and
no commissural fusion with hypoplastic ventriculoarterial
junction. In dysplastic pulmonary valve, there are three dis-
tinct cusps and no commissural fusion. (¢) Volume-
rendered and sagittal CT images in a patient with
LEOPARD syndrome and pulmonary stenosis (arrows).
Note mild thickening of the valve leaflets and narrowing at
sinotubular junction giving an hourglass appearance

(if not atretic) will be provided by a large pat-
ent ductus arteriosus or multiple aortopulmonary
collateral arteries. Extensive reconstructive sur-
gery is required in extreme cases.

Patients with TOF have remarkable intrinsic
histological abnormalities and reduced elasticity
in both ascending aorta and pulmonary artery, and
it appears that TOF repair does not improve these
abnormalities [33, 34]. Aortic root dilation with
or without aortic regurgitation is common [33].
Cardiac MRI or CT can address these major clini-
cal implications (Fig. 7.14). The concept of aortic
overriding is shown in Fig. 7.16. Note that mild
overriding above the ventricular septum can be
seen in normal instances. Greater than 50 % over-
riding falls into definition of DORV subgroup.
However, in TOF there is always fibrous continu-
ity between the anterior mitral leaflet, while in
DORV this may not be the case (Fig. 7.16). The
concept of dextroposition is shown in Fig. 7.17.
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Fig. 7.13 A 5l-year-old male with mild pulmonary
regurgitation and pulmonary hypertension. Long-axis and
short-axis MR images of a quadricuspid valve are shown.
The valve is shown at two different phases of cardiac

Double-Chambered Right Ventricle
Double-chambered RV (DCRV) is character-
ized by subinfundibular stenosis due to aberrant
hypertrophied septomarginal trabeculations or
abnormal moderator band that divides the RV
cavity into a proximal high-pressure and a dis-
tal low-pressure chamber [19, 35, 36]
(Fig. 7.18). The severity of the DCRV stenosis
tends to increase with time [36]. DCRYV is usu-
ally associated with a perimembranous VSD.
MRI and CT are usually diagnostic, identify-
ing the degree and location of the obstruction
and the presence of a VSD. The degree of ste-
nosis can be best quantified with MR phase-
contrast techniques. The indications for surgery
in DCRV are similar to those for pulmonary
valve stenosis (peak gradients >50 mmHg).
Muscular resection and correction of VSD
have excellent long-term results and low rates
of recurrence [37].

cycle. One rudimentary extra cusp between the left poste-
rior and anterior (nonfacing) cusps (arrows) is seen. The
right ventricle is hypertrophied and the main pulmonary
artery (MPA) is dilated

Post-RVOT Repair Changes

Most TOF patients in adult life have undergone
either palliative or total repair early in life. Total
repair involves a patch closure of the VSD and
relief of the RVOT obstruction. In TOF more than
one-third of patients receive a transannular RVOT
patch using pericardium, Dacron, or polytetra-
fluoroethylene, and 10 % of TOF patients receive
valved conduits, Hancock, homograft, or bovine
jugular vein [38]. An extracardiac conduit inter-
position between the RVOT and main pulmonary
artery or individual pulmonary branches may be
necessary in the presence of pulmonary atresia or
an anomalous left coronary artery crossing the
RVOT [39] (Fig. 7.19). Cryopreserved valved
aortic homografts are more popular than pulmo-
nary homografts, but accelerated aortic homo-
graft fibrocalcifications have been described [40].
The Contegra valved bovine jugular vein has
been used as a better alternative to homografts in
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Fig. 7.14 Cadaveric specimen demonstrates phenotypic
features of tetralogy of Fallot (TOF) including a large
nonrestrictive subaortic perimembranous ventricular sep-
tal defect (VSD) with the aorta overriding the septal
defect. The muscular outlet septum is displaced antero-
cephalad to the limbs of the septomarginal trabeculation,
and there is hypertrophy of the septoparietal trabecula-
tions (SPT). Subpulmonary obstruction (red bracket) is
generally produced between the muscular outlet septum
and the hypertrophied SPTs. There is continuity between

RVOT reconstruction [41]. The diameter of the
grafts ranges from 12 to 22 mm and length is
10-12 cm. High pressure in the conduit may lead
to aneurysmal dilatation (one-third of the con-
duits) and valve regurgitation. Dacron conduits
are least popular for extensive fibrous sheathing
and calcifications (Fig. 7.19). Conduit narrowing
at the pulmonary anastomosis (distal suture line)
is relatively common which may be associated

.!

»
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the leaflets of the aortic and tricuspid valves in the pos-
tero-inferior margin of the VSD. Note the VSD is located
anterior to the medial papillary muscle (blue circle). CT
images show repaired TOF with markedly thickened out-
let septum (red stars) and the SPT. Status post transpul-
monary patch surgery covering the anterior wall of the
RVOT. In this patient the RVOT is long. The ascending
aorta (AA) is dilated. The muscular outlet septum is
located cephalad to the SPTs. PV pulmonary valve, RV
2ch right ventricle two chamber, 3ch three chamber

with conduit dilatation. A complete assessment
of pulmonary arterial system with CT or MR may
be necessary before RVOT reoperation to find
associated complications [42] (Fig. 7.20).
Residual branch pulmonary artery stenosis is
common after repair. Demonstration of substan-
tial branch pulmonary artery stenosis, especially
in the setting of free pulmonary regurgitation,
should be treated by balloon dilation with or
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Fig. 7.15 Cadaveric specimen demonstrates phenotypic
features of Eisenmenger complex. A subaortic ventricular
septal defect (VSD) is shown. The outlet septum is mildly
displaced superiorly but without causing subpulmonary
obstruction (red bracket). Note the VSD is located ante-
rior to the medial papillary muscle (green circle). MR
images are obtained in a 35-year-old male with unrepaired

without implantation of an endoluminal stent
(Fig. 7.21). Repeat sternotomy should be per-
formed with special care in post-OFT surgery
cases because of the risk of conduit adherence to
the sternum. CT scanning of the chest is helpful
in these complex patients (Fig. 7.19).

Recently, percutaneous valve replacement has
been performed successfully in RVOT inside a
failing bioprosthetic valve or conduit and has
now been extended to include patients with native
PS [43-45]. Morphology of the RVOT is a major
determinant of suitability for percutaneous pul-
monary valve replacement. This can easily be

outlet
septum

tetralogy. Subaortic VSD and aortic overriding are shown.
Outlet septum is superiorly displaced. There is no subpul-
monary stenosis (red bracket). The right ventricle (RV) is
thickened wall and appears mildly dilated. AV aortic
valve, MPA main pulmonary artery, RVOT right ventricle
outflow tract, SAX short axis, 3ch three chamber

done by CT or MRI. Different RVOT morpholo-
gies exist (Fig. 7.22). An aneurysmal (pyramidal)
[45] morphology is the most common (50 %) and
related to the presence of a transannular patch.
This morphology is not suitable for percutaneous
pulmonary valve implantation. In patients with
conduits, other morphologies are more common.
The current device for pulmonary valve implan-
tation, made of a platinum—iridium alloy, per-
forms best in cylindrical, rigid (to avoid fracture)
RVOTs that measure 14-22 mm diameter. These
requirements make the device unsuitable in most
of the patients.
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Fig. 7.16 The concept of aortic overriding. Coronal
views of the heart at the level of the aortic root demon-
strate the relationship of the aorta to interventricular sep-
tum. Mild dextroposition of the aorta is normal. When it
overrides the septum greater than 50 %, it falls in defini-
tion of DORV. However, in this example aortic—mitral
fibrous continuity which is essential for diagnosis of TOF

Double Outlet Right Ventricle (DORV)

DORYV is a type of abnormal ventriculoarterial
connection in which both great vessels arise
entirely or predominantly (>50 % circumfer-
ence) from the RV [46]. New classification
defines four types of DORV based on the clinical

TOF, mild¥]

A
Ale
.

still exists. In DORV both aortic valve (AV) and pulmo-
nary valve (PV) arise from the right ventricle, and the pul-
monary valve is usually located on the left side of the
aorta. This will result in lack of fibrous continuity between
the mitral and aortic valves as shown in this image.
Arrows point to patch repaired VSDs. Stars denote left
ventricle baffle. AA ascending aorta

presentation and surgical treatment approach:
VSD type (24 %), Fallot type (36 %), TGA type
(Taussig-Bing) (18 %), and DORV noncommit-
ted VSD (22 %) [47-49]. The VSD is typically
large and has four potential locations: subaortic,
subpulmonic, doubly committed, or remote
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Fig. 7.17 The concept of dextroposition. The term dex-
troposition indicates that there is specific anatomical evi-
dence that the aortic root is rotated in a clockwise direction
(looking from below) and is partially transposed to the
right. (a) Normal heart with normal aortic root showing
the noncoronary aortic sinus (N) facing the interatrial sep-
tum. In normal patients mild clockwise rotation of the
aortic root toward the right atrium (RA) is not unusual. (b)
Typical changes of the aortic root in tetralogy of Fallot
(TOF) including clockwise rotation (curved arrow) and

noncommitted [47]. MR is accurate in pre- and
postoperative assessment of DORV patients
[50]. The spatial relationship between semilunar
valves, great arteries, outlet septum, and VSD
can be accurately assessed by MRI [50, 51]. The
data for the role of CT in DORV is limited. In
one study using electron beam CT, the range of
diagnostic accuracy for all VSD types in DORV

rightward translation (straight arrow). The root is also
dilated causing aortic regurgitation in many adult TOF
cases. Aortic root rotation is not limited to TOF and is
seen in many conotruncal anomalies. (¢, d) Demonstrate
changes of the aortic root in two patients with bicuspid
aortic valve, one with a raphe between the right (R) and
the left (L) sinuses (c) and second without the raphe (d).
Clockwise rotation is seen in ¢ and counterclockwise rota-
tion in (d). (d) Shows aortic stenosis. LA left atrium

was 88—100 % for 3D CT and 71-94 % for
echocardiography [52]. CT also provides clear
delineation of the outlet septum which defines
the location of the VSD. The outlet septum
attaches to the anterior or posterior limbs of sep-
tomarginal trabeculations in subaortic or sub-
pulmonic VSDs respectively. In the doubly
committed VSD, the muscular outlet septum is
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Diastole

Fig. 7.18 A 48-year-old female with double-chambered
right ventricle (RV). Severe RVOT stenosis is seen as a
result of thickened septomarginal (yellow star) and septo-
parietal (red star) trabeculations. Jet flow is seen in sys-

absent [48]. The arterial trunks may vary in
location, with the aorta generally to the right of
the pulmonary trunk (Fig. 7.23). If the trunks
spiral as they leave the base of the heart, the
VSD is usually subaortic. If the trunks are paral-
lel with the aorta anterior and rightward, the
VSD is usually subpulmonic. When the VSD is
only under the pulmonary trunk, the configura-
tion is called the Taussig—Bing heart [18, 48].
Usually, there is no fibrous continuity between
the semilunar and atrioventricular valves with
both great arteries arising predominantly from
the RV.

CT coronal

tole (blue arrows). Thickened wall RV inlet is shown. The
right atrium (RA) and the RV are enlarged, and there is
mild to moderate tricuspid regurgitation (green arrow).
LV left ventricle

Postoperative DORV

Depending on the anomaly, different surgical
methods are used in DORV. In unrestrictive
subaortic VSD type, the VSD is closed to
include the aortic valve as part of the LV, creat-
ing a tunnel that excludes the RV from the sys-
temic circulation. An intraventricular tunnel
made of a Gore-Tex patch can baffle blood from
the LV through the VSD to the aorta [53, 54]. In
Fallot type there is usually a subaortic VSD
with pulmonary stenosis. A Rastelli repair is
performed, with creation of an intraventricular
tunnel to baffle LV to the aorta and placement
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Fig. 7.19 A 48-year-old with history of tetralogy of
Fallot (TOF) and pulmonary atresia. Long conduit is
shown (blue colored) extending between the right ventri-
cle outflow tract and left pulmonary artery branched with
three separate connections (/—3) to the left pulmonary

of a RV-to-pulmonary artery conduit (valved
homograft) (Fig. 7.23). TGA type usually has a
subpulmonary VSD without pulmonary steno-
sis. Complete repair with an arterial switch
operation and a VSD to pulmonary artery baffle
is required in the neonatal period. Repair of
DORYV with a remote noncommitted VSD can
be very complex [53]. In postoperative cases
MRI or CT can easily shows the morphology
and patency of both outflow tracts. In postop-
erative patient, issues that should be assessed
with imaging include the status of both ventri-
cles, any evidence for subaortic or subpulmo-
nary obstruction if a tunnel-type operation has
been performed, the presence of a residual
VSD, and evidence for conduit stenosis or
regurgitation.

artery branches. The right atrium (RA) and right ventricle
(RV) are markedly dilated. The aorta is also enlarged (Ao).
Note close approximation of the pulmonary valve conduit
to the sternum (white circles). Extensive calcifications
(calcs) are shown

Complete Transposition

of the Great Arteries

In this anomaly ventriculoarterial discordance
exists, meaning the aorta arises from the
morphological RV and the pulmonary artery
arises from the morphological LV [55, 56]
(Fig. 7.24a, b). In TGA the aorta and main pul-
monary artery are parallel rather than crossing,
and in most cases the aorta is located right ante-
rior to the pulmonary artery (Fig. 7.24). It is not
uncommon to see the aorta directly anterior to
the pulmonary artery [57]. Rarely, the arrange-
ment is side-by-side, with the aorta on the right
and in front of the tricuspid valve [58]. RV dys-
function and pulmonary hypertension are rec-
ognized late outcome after the Mustard or
Senning procedures [59, 60]. In arterial switch
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Fig. 7.20 Associated findings in pulmonary branches of
different adult patients with repaired TOF represented with
RVOT regurgitation. A comprehensive assessment of pul-
monary branches is necessary before pulmonary valve

implantations. (a) Severe right and left pulmonary arteries
stenosis (arrows). (b) Absence of left pulmonary artery.
(c) Annular stenosis of distal right pulmonary artery (arrows).
(d) Mild narrowing of left pulmonary artery (arrow)

Fig.7.22 Morphology of the RVOT in repaired TOF is a
major determinant of suitability for percutaneous pulmo-
nary valve replacement. Untreated TOF is shown for com-
parison (female 54 years old). Type I is aneurysmal
(pyramidal) shape and the most common (50 %) and not a
good candidate for valve replacement. Type Il is cylindric
with a constant diameter (14 %). Type III has an inverted

»
>

pyramidal appearance (3 %), Type IV is fusiform (17 %),
and Type V is narrow and tubular (13 %). Note stenosis at
distal end of homograft in the fusiform RVOT. MR or CT
is necessary for 3-dimensional analysis and appropriate
measurements. MR assessment of right and left pulmo-
nary arteries is necessary for hemodynamic analysis in
each candidate
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Fig. 7.21 Tetralogy of Fallot (TOF) with anterior peri-
valvular leak (blue arrows). Status post Hancock pulmo-
nary valve replacement and stenting of right and left
pulmonary arteries (pink arrows). The metallic struts of
the bioprosthetic valve cause artifacts that compromised a
full evaluation of the pulmonary valve. The measured

perivalvular

Stent

regurgitant fraction from the perivalvular insufficiency
was approximately 15 %. The proximal portion of the
main pulmonary artery (MPA) was aneurysmal measuring
4.8x3.8 cm. Substantial branch pulmonary artery steno-
sis was treated by balloon dilation and endoluminal stent
before valve replacement

Cylindric
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Fig. 7.23 Spectrum of findings in repaired DORV. A
22-year-old male status post Rastelli repair for double
outlet right ventricle (DORV). Rastelli repair is performed
by an intraventricular tunnel made of a Gore-Tex patch
(green arrows) to baffle left ventricular blood to the aorta
(blue stars) and placement of a right ventricular-to-pul-

procedure the pulmonary artery is brought for-
ward anterior to the aorta and the coronary but-
tons are sutured into the ‘“neoaorta” [61].
Complications can be shown by CT or MRI.
These include distortion of the RVOT and pul-
monary arteries, neoaortic root dilatation with
aortic regurgitation, and rarely coronary artery
stenosis [61].

Congenitally Corrected TGA

In congenitally corrected TGA (ccTGA), blood
flows in the normal direction but through the
“wrong” ventricle (Fig. 7.24c, d). The morpho-
logical LV and mitral valve supply the pulmonary

F. Saremi et al.
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monary artery (PA) conduit. RV-to-PA conduit shows
mild narrowing (red arrows). Note side-by-side position
of the aortic (A) and pulmonary (P) valves and the outlet
septum between them (yellow stars). RV right ventricle,
RA right atrium, LA left atrium, LVOT left ventricle out-
flow tract
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circulation, and the morphological RV and tricus-
pid valve supply the systemic circulation [62, 63].
The most common anatomical arrangement is
situs solitus with L-looping of the ventricles and
the aorta anterior and leftward of the pulmonary
artery [62]. At the earliest sign of deterioration in
systemic ventricular function, systemic atrioven-
tricular valve regurgitation should be suspected
[64, 65]. Most centers would not recommend a
prophylactic double switch procedure for patients
without associated abnormalities in whom RV
and tricuspid valve function is normal. Regular
assessment of ventricular function using cardiac
MRI every few years is suggested [64].
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Fig.7.24 Anatomical features of the outflow tract in trans-
position of great arteries (TGA) and congenitally corrected
malposition of great arteries (ccTGA). (a, b) TGA status
post atrial switch. In TGA the aortic valve (Ao) is located
anterior to the pulmonary valve (P) in most cases, and the
great arteries are parallel rather than crossing as they do in
the normal heart. The second most common arrangement is
with the aorta just anterior to the pulmonary artery. There is
fibrous continuity of the mitral and pulmonary valves (m—p
continuity). Intra-atrial baffle (yellow arrows) shifts deoxy-
genated blood of the SVC and IVC into the left atrium (LA)

Truncus Arteriosus

Truncus arteriosus consists of a single arterial
trunk giving origin to the pulmonary arteries, the
coronary arteries, and the systemic circulation
[66]. Several classifications of the common trunk
have been proposed on the basis of the origins of
the pulmonary arteries [66, 67]. Progressive dila-
tation of the common trunk as a result of cystic
medial necrosis is common. The common trunk
usually overrides a large, nonrestrictive VSD
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vestibule, left ventricle (LV), and main pulmonary artery
(MPA). The right ventricle is the systemic ventricle and will
be hypertrophied. (¢, d) In ccTGA the ventricles are con-
genitally inverted with the LV located behind the sternum.
The pulmonary (P) and aortic (Ao) valves are usually side-
by-side with the aorta on the left. This anatomical arrange-
ment of great arteries can be rarely seen in TGA (<10 %).
The pulmonary artery in ccTGA arises directly from the LV
with direct fibrous continuity between the mitral and pul-
monary valves. /VC inferior vena cava, RA right atrium,
SVC superior vena cava

resulting from absence of the infundibular sep-
tum [18]. It lies between the 2 limbs of the septo-
marginal trabeculation. The truncal valve is
usually tricuspid but can vary between 1 to 6
cusps [18]. The basic repair involves closing the
VSD and separating the PAs and attaching them
to a valved conduit arising from RVOT [68]
(Fig. 7.25). Most patients have reoperation by
10-12 years for conduit replacement (usually
because of the small size of the original conduit)
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Fig.7.25 Repaired truncus arteriosus. A prosthetic valve
is placed in right ventricle pulmonary artery conduit.
Conduit homograft is partially calcified. Sub-truncal VSD

or truncal valve replacement because of valvular
insufficiency. Truncus arteriosus should not be
mistaken with hemitruncus [69]. Hemitruncus is
best defined as a condition in which one branch
of the pulmonary artery (usually the right) origi-
nates from the ascending aorta and the other
branch has a normal course arising from a normal
main pulmonary artery (Fig. 7.26).

Functional Analysis of the RVOT

Accurate quantification of the RV volume and func-
tion has remained clinically challenging despite
advances in cardiac imaging. The three-dimensional

patch is shown (green arrow). AA ascending aorta, AV aor-
tic valve, VSD ventricular septal defect, PV pulmonary
valve, R right pulmonary artery, L left pulmonary artery

nature and complex anatomy of the RV make CT
and MR ideal tools for assessing its size and
function.

Imaging Techniques

Cardiac MRI is an excellent noninvasive imaging
modality for RV function analysis and when
serial monitoring is necessary (i.e., systemic RV)
can be repeated. Unfortunately, in presence of a
cardiac pacer, MRI is relatively contraindicated,
although this circumstance is changing. In
patients with a pacemaker, CT may be a better
choice for functional assessment of RVOT
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Fig. 7.26 Hemitruncus with anomalous origin of the
right pulmonary artery (RPA) from the ascending aorta
(AA). A patent ductus arteriosus (PDA) also exists. The
CT data is obtained at pulmonary phase and only the right
heart is opacified. The left pulmonary artery (LPA) origi-

especially when evaluation of anatomy and com-
plications related to surgery is also desired and
limitations exist for performing echocardiogra-
phy. Functional MR analysis of the RV and
RVOT can be obtained using balanced SSFP cine
images [70]. Manual or automated tracing of the
endocardial borders of the RV will be performed
at end-systolic and end-diastolic phases. The RV
volume is then automatically calculated by sum-
mation of slice volumes. The process is then
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nates normally from the main pulmonary artery (MPA).
Delayed opacification of the RPA as a result of its origin
from the aorta has given a double contrast to the left
atrium (LA) with incomplete filling of the right pulmonary
veins. RV right ventricle, LV left ventricle

repeated by tracing the endocardial borders of the
RV inlet or outlet according to the described ana-
tomical landmarks earlier. Using long-axis cross-
reference images will help to correctly localize
the level of atrioventricular and ventriculoarterial
valves as well as the border between the inlet and
outlet on short-axis images. Because of RV con-
duction delay in repaired TOF, the end-diastolic
and end-systolic phases of the RV lag the LV.
Therefore, images at these phases selected for the
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LV volume measurement on short-axis images
may not be the same phase for the RV.

Functional analysis can be performed using
retrospective ECG-gated cardiac CT. Temporal
resolution of CT is not as fast as MRI. With
dual source scanners and new reconstruction
algorithm, faster temporal resolution (i.e., 83 ms)
can be obtained; this way the image quality can
be improved by reducing motion artifact [71]. A
comprehensive functional assessment of the RV
may necessitate MR flow quantification at the
level of valves or when RVOT stenosis is sus-
pected on cine images (i.e., double-chambered
RV). With new MR phase-contrast techniques,
volumetric evaluation of hemodynamics is pos-
sible [72]. Care should be taken to avoid sternal
wires and surgical clips when localizing the
image plane to obtain routine phase-contrast
measurements. Both breath hold and free breath-
ing techniques have been used during phase-
contrast data collection. It is claimed that
pulmonary regurgitant fraction is artificially low
in expiratory breath hold technique compared to
free breathing or inspiratory breath hold data
acquisitions [73].

Arrangement of Muscle Bundles

Architecture of the myocardial strands in the
left and right ventricles is fundamentally differ-
ent (Fig. 7.27). In the relatively thin wall RV
circumferential and longitudinal orientations
predominate [46, 74, 75]. Subepicardial myofi-
bers retain the circumferential arrangement,
and deeper subendocardial myofibers are
arranged longitudinally. The hypertrophied RV
in TOF can change in architecture to resemble
the sandwich pattern (prominent circumferen-
tial middle layer) seen in the normal left ven-
tricle (LV) [74]. In the RV, the fibers’ orientation
can be different in the infundibulum. Myocardial
strands are mainly aligned in circular fashion in
the subepicardium of the RVOT and form the
bulk of the wall [75] (Fig. 7.2). At the subendo-
cardium of the infundibulum, there are longitu-
dinally aligned myofibers, these forming the
series of septoparietal trabeculations that
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branch laterally from the septomarginal trabec-
ulation and may form parallel or crossed strands
(Figs. 7.6 and 7.27). These septoparietal tra-
beculations can be flat or prominent and may be
hypertrophied as in pulmonary hypertension,
TOF, or pulmonary valve stenosis, contributing
to muscular pulmonary subvalvular stenosis
(Fig. 7.6).

Regional Differences in Right
Ventricular Systolic Function

Global assessment of the RV function is diffi-
cult owing to the underlying complex anatomy
with the inlet and outlet contracting almost per-
pendicular to each other. When the overall RV
function is taken into account, it is important to
mention that the inlet part of the RV has a
greater contribution compared with the outlet.
The outlet (infundibulum) comprises 20 % of
the RV volume and contributes 15 % of the total
RV ejection fraction [70]. The conduction in the
RV is provided by a single long fascicle and
takes time resulting in a peristaltic-like motion
with the outlet following the RV inlet by >15 %
of the cardiac cycle delay [70]. This pattern can
be lost in pulmonary hypertension patients, and
all RV components may reach minimum volume
simultaneously [76, 77]. Furthermore, RVOT
fractional shortening will be reduced early in
patients with pulmonary hypertension, while
their right ventricular systolic long-axis excur-
sion may remain stable [76] (Fig. 7.28). RVOT
fractional shortening is simply calculated as the
percentage shortening in RVOT anteroposterior
diameter in systole with respect to that in dias-
tole using a three-chamber or axial view. The
right ventricular systolic long-axis excursion is
the difference between diastolic and systolic
lengths of RV measured from the lateral margin
of tricuspid ring to the RV apex on a four-cham-
ber view. Using CT data, it is seen that RVOT
diameter and cross-sectional area measured dur-
ing systole are larger in patients with pulmonary
hypertension compared with normal subjects,
whereas diastolic values are not significantly
different [12].
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Fig. 7.27 Upper panel: (a—c) These dissections show the
change in the myocardial grain, representing the overall
oblique or circumferential orientation of the myocardial
strands in the epicardial or superficial region (a) of the right
ventricular walls. Note that there is continuity between the
superficial fibers of the right and left ventricle (arrows). (b)
Demonstrates prominent circumferential middle of the left
ventricle (blue dotted lines) which is absent within the nor-
mal right ventricle. (¢) Demonstrates the deep or subendo-
cardial region in an opened right ventricle (yellow dotted
lines). This deep region can also be seen in the left ventricle
(red dots) in image b. Note subendocardial myocardial
strands are longitudinally or obliquely arranged at right
angles with respect to epicardial strands. RV Right ventri-
cle, LV Left ventricle, AA Aorta, CSO Coronary sinus ori-

Right Ventricle Outflow Tract Stenosis

RVOT hypertrophy is common in chronic pulmo-
nary valve stenosis and may lead to a fixed or
dynamic subvalvular stenosis (Fig. 7.3). RVOT
stenosis, which can be due to extrinsic or intrin-
sic causes, can result in hemodynamic instability
and defined as “significant” when the peak right
ventricular-to-pulmonary artery systolic gradient
exceeds 25 mmHg. Furthermore, significant
RVOT stenosis is defined as “fixed” if there is no

fice, RAA Right atrial appendage, TV Tricuspid valve (blue
line), PV Pulmonary valve, MPA Main pulmonary artery.
Lower panel: (a) Endocardial view of the RVOT. Note that
endocardial infundibular sleeve consists of septoparietal
trabeculations (stars) arising from the septomarginal tra-
beculation (SMT), the medial papillary muscle (MPM) and
the junction (green arrows) between the supraventricular
crest (SC) shown by (yellow arrows), and SMT. The inter-
ventricular septum is shown by dotted (blue line). (b) Same
specimen showing the RVOT subendocardial myofibers
arrangements. Note the crossing architecture pattern of the
myocardial strands between the SMT with the septopari-
etal trabeculations and supraventricular crest below the
pulmonary valve (asterisks). L left, A anterior, R right, TV
tricuspid valve, APM anterior papillary muscle

change in RVOT dimensions during the cardiac
cycle and as “dynamic” if RVOT dimensions
increase appreciably in diastole [78]. A hypertro-
phied RV can maintain its function for years,
even when RV pressures are near systemic.
Symptoms occur at a variable level of valve gra-
dient but usually much later than an RV pressure
exceeding 50 % of systemic pressure.
Echocardiography is the best modality for diag-
nosis and grading of stenosis. MR and CT can
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Fig. 7.28 Right ventricle outflow tract (RVOT) function
in pulmonary hypertension. In pulmonary hypertension,
compared to normal, tricuspid ring (7R) excursion (green
arrows) only mildly decreases, but the RVOT anteropos-
terior diameter (AP) remains unchanged or mildly con-
tracted in systole compared to diastole (red arrows). AP

also provide valuable information on valve
mobility, RV size and function, the presence of
post-stenotic dilatation, locating a pulmonary
subvalvular stenosis, and associated pathologies
[79] (Fig. 7.29).

RVOT and RV Function in Repaired TOF

Evaluation of the regional adaptation of three
components of the morphological RV to different
conditions of loading by imaging techniques can
be important especially in repaired congenital
heart disease. The apical trabecular component

shortening fraction is used as one of the early parameters
that will change in pulmonary hypertension. Note the
length of RVOT (blue arrows) is not only changed but
mildly increased in systole compared to diastole. Yellow
curve shows the beginning of the RVOT

provides the major ejectile momentum of the
ventricle, and its function is maintained in
patients with slight-to-moderate ventricular dys-
function. The outlet part, in contrast, shows a
consistently and markedly decreased ejection
fraction irrespective of the nature of the overload.
In post-repair TOF, although the surgical subjects
have lower RVOT ejection fraction and higher
indexed volumes, most show reserved inlet ejec-
tion fraction [80]. The pulmonary infundibulum
may be essential for right ventricular ejection and
for maintaining pulmonary valve competence.
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Fig. 7.29 Transaxial and long-axis MRI of a stenotic
bicuspid pulmonary valve (PV) (arrow) with jet flow (dou-
ble arrows) and post-stenotic dilatation of the left pulmo-
nary artery (LPA) are shown in upper row. Systolic flow
turbulence and increased peak velocity (PVc) of 3.5 m/s by

Transannular patching gives excellent relief of
the RVOT obstruction but invariably causes pul-
monary insufficiency, hypokinesis and aneurysm
of the RVOT, and fibrosis (Fig. 7.30). Surgical

PVc=3.5m/s
RF=35%

phase velocity mapping were seen. Flow profile, mL/s ver-
sus time (ms), is shown. There was moderate (free) pulmo-
nary valve insufficiency with regurgitant fraction (RF)
35 %. The regurgitant fraction is defined as regurgitant
volume divided by the stroke volume. AA ascending aorta

attempts to preserve pulmonary valve compe-
tence by limiting the patching to the ventricular
area below the pulmonary valve may not protect
patients from the late deleterious consequences
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Fig. 7.30 Post-repaired tetralogy of Fallot showing free
flow regurgitation at pulmonary valve level best shown on
phase image (arrows). Flow profile, mL/s versus time
(ms), shows moderate to severe pulmonary valve insuffi-
ciency with a regurgitant fraction (RF) of 46 %. Peak
velocity (PVc) was 2.1 m per second (m/s). Time-flow
volume curve is recorded reverse with forward flow

F. Saremi et al.

PVc=2.1 m/s
RF=46%

shown in negative direction. Note mild late diastolic for-
ward flow due to forced atrial contraction related to
impaired relaxation of the right ventricle. Documentation
of severe pulmonary regurgitation, exercise limitation,
and excessive right ventricular dilatation, defined by a
RV/LV ratio of 2:1 by MRI, has been used as criteria for
valve replacement
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Fig. 7.31 Time-flow curves, phase-contrast magnitude
views, and volume-rendered MR angiography of pulmonary
arteries are shown. Status after tetralogy of Fallot repair with
larger right pulmonary artery (RPA) compared to the left pul-
monary artery (LPA). Differential regurgitant fraction (RF)

of RV dilatation [81]. It is possible that the source
of global RV dysfunction in repaired TOF is
because of the dyskinesis of the infundibulum
and dyssynchrony of RV contraction [82]. There
is a close relationship between the degree of pul-
monary insufficiency and RV diastolic dimensions
and stroke volume. Adverse ventricular—ventric-
ular interaction could be an important mecha-
nism in which RV dilatation and dysfunction lead
to LV dysfunction. In phase-contrast analysis of
the outflow tract regurgitation, both regurgitant
volume and fraction values are equally important
and should be reported [83]. Regurgitant fraction
(regurgitant volume x 100/forward flow volume,
in %) can be artificially high in the presence of
low RV systolic function but modest amount of
regurgitant volume. It is also important to mea-
sure differential regurgitant fraction of the left
and right pulmonary artery branches. In the

of the RPA and LPA is shown. Despite larger size of RPA, the
net flow to both RPA and LPA is almost equal due to larger
RF of the RPA. The elevated RPA-RF may be related to
elevated right-sided pulmonary vascular resistance. BF back-
ward flow, MPA main pulmonary artery, FF forward flow

absence of stenosis or marked dilatation of one
vessel, regurgitant fraction is usually higher on
the left side and may be related to increased
peripheral vascular resistance [84] (Fig. 7.31).
Indications of pulmonary valve replacement
include in moderate to severe insufficiency, RV/
LV diameter or end-diastolic volume ratio >2,
RV end-diastolic volume index >150-160 mL/
m?, RV and/or LV dysfunction, and large RVOT
aneurysm. Cardiac MR is the ideal method
for longitudinal follow-up in patients with
repaired TOF. Following percutaneous valve
replacement, end-diastolic and end-systolic
volumes decrease by 30—40 %, and tricuspid
regurgitation improves, although global RV sys-
tolic function (measured as ejection fraction)
remains unchanged. The RV size may not return
to normal in preoperative end-diastolic volume
index >170 mL/m? [79].
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Detailed information about three-dimensional
(3D) hemodynamics and flow alterations occur-
ring in the RVOT and the entire pulmonary vascu-
lar system in post-repair TOF are important before
valve surgery. Time-resolved 3D phase-contrast
MRI with three-directional velocity encoding, also
known as flow-sensitive 4D-MRI, has introduced
as a valuable method for comprehensive analysis
of RVOT function [72]. Routine phase-contrast
methods can be used to quantify differential pul-
monary flow in order to assess the significance of
a branch pulmonary stenosis. A severe discrep-
ancy in pulmonary blood flow (>35 %) requires
treatment of the branch pulmonary stenosis before
repair of the RVOT [79]. Identification of residual
intracardiac shunt with cardiac MR is also impor-
tant before percutaneous pulmonary valve replace-
ment. For example, in the presence of a moderate
pulmonary regurgitation (35 % regurgitant frac-
tion) and RV dilatation, even a small shunt (i.e.,
<1.3 pulmonary-to-systemic flow ratio) can be
problematic and should be treated.

RVOT Function in Systemic RV

In patients with ccTGA and post-atrial switch
TGA, the RV functions as the systemic pumping
chamber. In these condition the infundibulum is
very short and underdeveloped, and RV dysfunc-
tion and tricuspid regurgitation are common
(Fig. 7.24). A shift in the systemic RV myostruc-
ture from longitudinal to circumferential shorten-
ing is seen as an adaptive response to the systemic
load when compared with the normal RV.
However, in contrast to the normal LV, ventricu-
lar torsion is essentially absent and strain rate is
reduced [85-87]. It seems that ventricular hyper-
trophy, the design of the respective atrioventricu-
lar valve, the lack of torsion, reduced strain rate,
and possibly myocardial ischemia might be fac-
tors responsible for accelerated failure of the sys-
temic RV [86—-89]. Generally, the goals of MRI
after an atrial switch procedure include evalua-
tions of the function and size of the ventricles,
careful assessment of the intra-atrial baffle for
leak and stenosis, atrioventricular valves for
regurgitation, and outflow tracts for obstruction.
The number of adult patients with ccTGA who
need CT or MRI for early detection of complica-
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tions has been increasing, due to better imaging
techniques as well as increasing life expectancy
of these patients. A small percentage of patients
with ccTGA have no intracardiac defect and may
remain asymptomatic until age 40-50. The role
of MRI or CT in these cases is mainly in the
assessment of systemic RV function and associ-
ated tricuspid regurgitation. CT may be advanta-
geous over MRI in delineation of the coronary
anatomy origin before surgery or in patients with
an endocardial pacer.

RVOT Myocardial Scar

Detection of myocardial scar in MR or CT exam
of adult congenital heart malformations is not
uncommon and most of the time is located at areas
of patch repairs or ventriculostomy (Fig. 7.32).
Scar tissue and/or patch material in the RVOT can
adversely affect RV mechanics after TOF repair.
In post-repair TOF, regional functional abnormali-
ties and hyperenhancement are most common in
the RVOT [90]. Hyperenhancement frequently
extends to the anterior RV free wall and neighbor-
ing segments. Typical sites of hyperenhancement
include anterior wall of RVOT (99 %), VSD patch
area (98 %), moderator band (24 %), site of apical
vent insertion in the LV (48 %), and inferior (80 %)
and superior (24 %) insertion points [90]. Delayed
myocardial enhancement in the systemic RV
(TGA with atrial switch and ccTGA) is not uncom-
mon and has direct correlation with patient age,
myocardial wall thickness, and end-systolic vol-
ume of the RV and may be associated with cardiac
arrhythmia and sudden death [85]. Enhancement
patterns include localized full-thickness RV ante-
rior wall enhancement, small patchy areas of
enhancement, and VSD closure site. It is impor-
tant to remember that in the presence of subendo-
cardial or transmural enhancement in a vascular
territory, coronary artery disease should be
excluded. Enhancement at RV free-wall insertion
to interventricular septum is a common finding
and seems more characteristic of continuous pres-
sure overload [85]. RVOT wall enhancement in
arrhythmogenic right ventricular cardiomyopathy/
dysplasia (ARVD/C) is not uncommon [91].
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Fig.7.32 Common locations of RVOT myocardial scars.
In tetralogy of Fallot (TOF), scars at surgical repair site,
around VSD patch, and ventriculostomy site are the most
common locations. The right ventricle (RV) free wall can
easily be involved in systemic RV (red arrows) as shown
in this 41-year-old patient with truncus arteriosus and

RVOT and Cardiac Arrhythmias

The RVOT is generally a common source of car-
diac arrhythmias. The embryonic OFT consists of
slowly conducting tissue until it is incorporated
into the ventricles and develops rapid conducting
properties. It is suggested [92] that remnants of
the embryonic OFT phenotype and expression
profile in the adult RVOT determine the electro-
physiological and structural characteristics that
make the RV more vulnerable for arrhythmias.
Patients with TOF have higher rate of atrial and
ventricular arrhythmias [93]. Potential risk factors
for ventricular tachycardia (VT) include aneurys-
mal dilation of the RVOT, RV dilatation, and pul-
monary regurgitation. Ventricular arrhythmias are
usually localized to the RVOT act, and the scars at
infundibulotomy, VSD patch repair, or ventricu-
lostomy may increase the risk [93].
Morphological changes of the RV free wall
are described in patients with idiopathic RVOT
tachycardia using MRI including fat deposition,
wall thinning, saccular aneurysm, and dyskinesis
in up to 60—65 % of cases [94, 95]. VT is also a
common complication in patients with arrhyth-
mogenic right ventricular cardiomyopathy/dys-
plasia (ARVD/C) and may arise from the RVOT
[96]. Currently, RVOT ventricular tachycardia
ablation is guided by traditional electrophysio-

runcus

single ventricle. Enhancing sites at the RV free-wall inser-
tion sites to the septum are benign findings (green arrows).
The left ventricle wall is involved in middle image (red
arrow). Scars in RVOT may predispose to cardiac arrhyth-
mias. LV left ventricle, VSD ventricular septal defect

logic and electroanatomic methods. CT and MR
can help in demonstrating myocardial scar, vas-
cular integrity of the RVOT, and better localizing
the source of arrhythmia by image fusion tech-
niques. The relationship of coronaries with
RVOT can nicely be depicted with CT scan.
When distance between the coronary arteries and
the ablation sites is found to be less than 5 mm,
cryoablation or 4-mm-tip catheters may be con-
sidered to avoid short- and long-term damage to
the coronary arteries [97]. Fat deposition in the
RV and RVOT wall is not limited to idiopathic
VT or ARVD [98]. It is seen in 25 % asymptom-
atic general population and increases with age
[99, 100]. Fat can develop at the site of any myo-
cardial scar including the site of surgery (i.e.,
Ross procedure). The relation of RV fat with RV
function or OFT arrhythmias is not clear.

Rare Causes of RVOT Obstruction

Extrinsic RVOT obstruction has been recognized
as a possible cause of hemodynamic instability
after cardiac surgery and should be reported in
postoperative chest CT scans [81]. Extrinsic
compression can occur from an aortic or pulmo-
nary artery aneurysm or postoperative mediasti-
nal hematoma [101]. Intrinsic obstruction is
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mainly related to congenital heart disease.
Hypertrophic cardiomyopathy and ventricular
non-compaction may rarely cause RVOT obstruc-
tion [102, 103].

Post-Ross Outflow Tract

The Ross procedure is aortic valve replacement
with the autologous pulmonary valve which

. Qeoaorta
AN

)

Fig.7.33 A 29-year-old male with congenital heart disease,
status post Ross procedure, and pulmonary homograft revi-
sion. MR images show dilated aortic root (pulmonary auto-
graft) and severe aortic regurgitation with regurgitant fraction

eliminates problems with aortic prosthetic valve
or allograft replacements especially in children
[104]. It is a procedure of choice in children
with severe anomaly of the aortic valve and/or
left ventricular outflow tract obstruction [105].
The main concern after surgery is dilatation of
the neoaortic root leading to progression of aor-
tic regurgitation, especially in the settings of
geometric mismatch of the aortic and pulmo-
nary roots and regurgitant valve (Fig. 7.33).

of 45 %. The bioprosthetic pulmonary valve (PV) showed
mild stenosis and regurgitation. Note fatty degeneration of
right ventricle outflow tract (RVOT) and intramyocardial scar
of the left ventricle (LV). AA ascending aorta
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Fig. 7.34 Axial and coronal CT images. Bjork surgery
showing right atrium (RA) to RVOT (upper row) versus
total cavopulmonary connection with extracardiac lateral

Problems with the homograft used in recon-
struction of the RVOT are not usually signifi-
cant, although mild regurgitation is common
and up to about 20 % of patients tend to have
mild gradients which can be relieved with bal-
loon dilatation [105].

Fontan tunnel (bottom) for tricuspid atresia. Note mark-
edly dilated right RA in Bjork. RV right ventricle, RVOT
right ventricle outflow tract, VSD ventricular septal defect

Bjork Surgery

The procedure involves right atrium to RV con-
nection and has been done in the past for tricus-
pid atresia (Fig. 7.34). The usual surgical
approach for tricuspid atresia is Blalock—Taussig
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shunt or pulmonary artery band soon after birth,
followed by Glenn surgery (bidirectional cavo-
pulmonary shunt) at 3-6 months of age, and
finally Fontan surgery at 2—3 years of age [106].

Conclusion

Detailed information about the embryology
and anatomy of RVOT provides a better
understanding of the spectrum of diseases
involving this important area and helps to nar-
row differential diagnosis of malformations
involving this important structure. CT and MR
can provide most of the data regarding ana-
tomical, functional, and pathological changes
of the RVOT.
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