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The second edition of Congenital Diseases of the
Heart was published in 2001. Since then, there have
been remarkable advances in our understanding of
many aspects of etiology, pathophysiology, clinical
manifestations and management of congenital 
cardiovascular malformations.

Although the association of congenital cardiac
lesions with many chromosomal anomalies had
been recognized, specific gene defects responsible
for cardiovascular anomalies have now been iden-
tified. One example is the NOTCH 1 gene mutation
found in individuals with bicuspid aortic valve, as
well as in those with hypoplastic left heat syndrome
and aortic coarctation.

The extensive use of ultrasound examination for
prenatal screening has facilitated diagnosis of con-
genital cardiovascular malformations in fetuses in
utero. Previously it was thought that these lesions
had little adverse effect during fetal life. However,
the ultrasound studies are defining the influences 
of these anomalies on blood flow patterns and on
development of the cardiac chambers and great
vessels. This has stimulated efforts to relieve obstruc-
tion of the aortic valve to attempt to prevent the
development of hypoplastic left ventricle. Further-
more, the effects of normal changes in the circula-
tion during fetal development, on the hemodynamic
changes associated with congenital cardiac lesions,
are being defined.

Management of many congenital cardiovascular
malformations has changed dramatically in recent
years. Interventional cardiac catheterization tech-
niques with percutaneous approach have largely
replaced surgical thoracotomy to relieve obstruc-
tions and, in many instances, to close communica-
tions between the left and right sides of the heart.

The low risk of these procedures and avoidance 
of thoracotomy has resulted in the temptation to
close small defects and relieve minor obstructions,
raising issues regarding the indications for these 
procedures.

These advances, as well as increasing know-
ledge of the hemodynamic changes associated with 
fetal and postnatal development, prompted me to
embark on the preparation of this Third Edition. As
in the previous editions, I have not attempted to
provide a detailed discussion of all aspects of con-
genital cardiovascular disease, but have discussed
the anomalies from the perspective of their impact
at various stages of development – from fetus to
neonate to child and adolescent. Because ultra-
sound examination and other techniques are largely
replacing cardiac catheterization for diagnosis, I
was tempted to drastically reduce the discussion of
the procedure. However, at the urging of many 
of my colleagues I have retained these sections,
because they felt they added to the understanding
of the pathophysiology.

I am most grateful to Dr Norman Silverman,
with whom I frequently have discussions about
effects of congenital cardiac malformations on the
fetus. His vast experience with echocardiography of
fetuses has contributed enormously to assisting me
to appreciate fetal hemodynamics. I also greatly
appreciate the contributions of Dr. Charles Kleinman;
he reviewed the manuscript and his comments,
criticisms and suggestions have been most helpful.

I dedicate this edition to my wife, Rhona. She
died soon after I embarked on this venture. She 
had always been most supportive and I sensed her
enthusiastic encouragement throughout the pre-
paration of this book.

Preface
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Color Plate 18.1 Circulation in the normal fetal lamb
showing the patterns of blood flow and oxygen saturations
in the cardiac chambers and vessels. Oxygen saturation is
higher in the ascending aorta than the descending aorta.

Pulmonary arterial oxygen saturation is quite low. For a
detailed description see the text. From Rudolph [5] with
permission.
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Color Plate 18.2 Patterns of blood flow and oxygen
saturations in cardiac chambers and vessels in the fetus
with aortopulmonary transposition. Assumptions of
volumes of blood flow were used in calculating oxygen
saturations in the main vessels. The pulmonary artery 
arises from the left ventricle; pulmonary arterial oxygen

saturation is considerably greater than normal. The aorta
arises from the right ventricle and oxygen saturation in the
ascending aorta is less than normal. Descending aortic
blood oxygen saturation is similar to that in the normal
fetus. From Rudolph [5] with permission.
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Color Plate 18.11 Patterns of blood flow and predicted
oxygen saturations in cardiac chambers and vessels in the
fetus with aortopulmonary transposition after closure of
the ductus venosus. Assumptions of volumes of blood flow
were used in calculating oxygen saturations in the main

vessels. The pulmonary artery arises from the left ventricle.
Compared with Figure 18.2, the oxygen saturation of blood
perfusing the lungs and ductus arteriosus is reduced
considerably and ascending aortic blood oxygen saturation
is increased. From Rudolph [5] with permission.
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variations in the degree of maturity at the time of
birth. The rat and the rabbit are relatively immature
at birth, whereas the guinea pig is very mature at
birth; the lamb is relatively mature and the human
infant somewhat less mature. Furthermore, in con-
sidering distribution of the circulation, there are
marked differences in body proportions. Whereas
the brain in the mature lamb fetus is only about 
3% of body weight, the human brain comprises
about 12% of body weight in the term fetus. Despite
these differences, observations we have made in pre-
viable human fetuses and ultrasound studies in the
human fetus indicate that the course and distribu-
tion of the circulation are similar to those in the
fetal lamb. However, as discussed below, the quan-
tities of blood ejected by the ventricles and the 
volumes distributed to various organs differ con-
siderably in human and lamb fetuses.

Because gestational period varies in different
species, it is convenient, in making comparisons, to
express gestation as a fraction of the normal period
for the species. Thus, in the lamb with a 150-day
gestation, 100 days is denoted as 0.66 gestation.

Postnatal circulation

Postnatally, respiratory gases enter and leave the
body through the lungs, and energy sources are
provided from the gastrointestinal tract, entering
the portal venous system to be distributed to the
liver. The adult circulation is characterized by 
serial flow of venous blood into the right atrium
(Figure 1.1). It is ejected by the right ventricle into
the pulmonary circulation to be oxygenated in the
lungs and returns to the left atrium and ventricle to
be ejected into the aorta for distribution to body
organs. Carbon dioxide is removed and oxygen
taken up in the lungs; a variable proportion of 
oxygen is extracted, and carbon dioxide and

CHAPTER 1

The fetal circulation

1

The circulation in the fetus differs from that in the
adult. Knowledge of the course and distribution of
the fetal circulation is important to our under-
standing of the manner in which various congenital
heart lesions influence the normal circulation. The
circulation undergoes continuous maturation dur-
ing gestation, both morphologically and function-
ally, and these changes during development may be
greatly influenced by congenital cardiac lesions.
Furthermore, we now recognize that the clinical
manifestations of congenital heart disease are inti-
mately related to postnatal changes in the circula-
tion. At birth, dramatic changes occur as the gas
exchange function is transferred from the placenta
to the lungs.

The presence of congenital heart lesions may
profoundly affect the alterations in the circulation
necessary for adaptation and postnatal survival. In
this chapter I review current knowledge of the fetal
circulation and its distribution and the changes that
occur postnatally. The pulmonary circulation and
the changes it undergoes after birth are described in
Chapter 5 and fetal function and perinatal changes
of the ductus arteriosus are discussed in Chapter 6.

Most of the information regarding the fetal cir-
culation has been derived from the sheep, which
has a gestational period of about 150 days as com-
pared with the human of about 280 days. However,
with the advent of ultrasound techniques, know-
ledge of the circulation of the normal fetus and 
of fetuses with congenital heart lesions has been
increasing. It cannot be assumed that development
in different species is the same at similar stages of
gestation. This is not only because of inherent
species differences but also because there are wide

1
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2 CHAPTER 1

metabolites are added to blood by the tissues. Apart
from minor amounts of bronchial venous blood
that may enter the pulmonary vein and coronary
venous blood that may empty directly into the left
ventricular cavity, there is essentially no mixing of
pulmonary venous and systemic arterial blood with
poorly oxygenated systemic venous and pulmonary
arterial blood. Postnatally, metabolic substrates,
absorbed from the gastrointestinal tract into the
portal venous system, are first delivered to the liver
and then enter the systemic venous system and pass
through the lungs before being delivered to tissues
by the arterial circulation.

Circulation in the fetal lamb

Course of blood flow
The course of the circulation in the fetus is shown
in Figures 1.2 and 1.3. Blood is oxygenated in 
the placenta and returns to the fetus through the
umbilical veins, which enter the body through the
umbilicus and join the portal vein. Umbilical venous
blood has a Po2 of about 32–35 mmHg when the
mother is breathing ambient air and its oxygen 
saturation is about 80–85%. The umbilical vein

200 200

200 200

Figure 1.1 Course of blood flow in the adult circulation.
The volumes of blood ejected by each ventricle and
returning to each atrium are similar postnatally.
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Figure 1.2 The general course of the mammalian fetal
circulation. Ao, aorta; DA, ductus arteriosus; DV, ductus
venosus; LA, left atrium; LV, left ventricle; PA, pulmonary
artery; RA, right atrium; RV, right ventricle.
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Figure 1.3 Course of blood flow in the region of the porta
hepatis. Umbilical venous blood is distributed to the left
lobe of the liver. The ductus venosus arises from the
umbilical vein, which then arches to the right to join the
portal vein. Portal venous blood is largely distributed to the
right liver lobe and only a small proportion passes through
the ductus venosus. IVC, inferior vena cava; LHV, left
hepatic vein; RHV, right hepatic vein; SVC, superior vena cava.
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The fetal circulation 3

passes from the umbilicus to the hilum of the liver;
it provides branches to the left lobe of the liver 
and then divides into the ductus venosus and a
large arcuate branch, which courses to the right in 
the hilum, where it is joined by the portal vein
(Figure 1.3). Branches to the right lobe of the liver
arise beyond this junction. The ductus venosus
passes dorsally and cephalad through the liver
parenchyma to join the inferior vena cava immedi-
ately beneath the diaphragm. The left hepatic vein
joins the ductus venosus at its entry into the infer-
ior vena cava, so there is a common entry orifice. 
In the sheep fetus this orifice is partly covered by a
thin, valve-like membrane on its caudal edge [1].
The right hepatic vein enters the inferior vena cava
separately, and the orifice is partly covered by a
valve-like structure caudally. The function of these
valve-like membranes is not known, but we have
conjectured that they may facilitate directional flow
of the various venous streams entering the inferior
vena cava at this site. Previously, it was generally
believed that umbilical and portal venous blood
mixed in the porta hepatis and was then distributed
to the left and right liver lobes and through the 
ductus venosus. However, Lind et al. [2] obtained
umbilical venous angiograms in human fetuses im-
mediately after delivery and suggested that um-
bilical venous blood passes preferentially to the left
liver lobe and through the ductus venosus.

Using radionuclide-labeled microspheres, we
were able to define not only the patterns of blood
flow in the fetal liver but also the quantities of blood
flowing through various channels in the fetal sheep
[3]. Umbilical venous blood is distributed to the
left lobe of the liver, through the ductus venosus,
and via the arcuate branch, to the right liver lobe.
Almost all portal venous blood is distributed to the
right liver lobe. Only a small proportion, about
5–10% or less, passes through the ductus venosus
and none is delivered to the left lobe. Thus the left
lobe of the fetal liver receives well-oxygenated
umbilical venous blood and a small supply from the
hepatic artery. The right lobe receives a mixture of
poorly oxygenated portal venous and umbilical
venous blood, as well as a small amount from the
hepatic artery. This accounts for the fact that the
oxygen saturation of left hepatic venous blood is
higher than that of right hepatic venous blood [4]
(Figure 1.4).

The distributions of ductus venosus blood,
blood from the distal inferior vena cava, and blood
from the left and right hepatic veins have also been
examined using radionuclide-labeled microspheres
in fetal sheep [5]. Umbilical venous blood passing
through the ductus venosus into the inferior vena
cava is preferentially directed across the foramen
ovale into the left atrium and left ventricle; only a
small proportion passes into the right atrium and
through the tricuspid valve. Abdominal inferior
vena cava blood, in contrast, preferentially streams
across the tricuspid valve into the right atrium and
right ventricle and only a relatively small propor-
tion crosses the foramen ovale to the left atrium.
Blood from the left hepatic vein tends to follow 
the course of the ductus venosus stream, being 
preferentially distributed across the foramen ovale,
whereas right hepatic venous blood preferentially
streams across the tricuspid valve, following the
course of abdominal inferior vena cava blood (see
Figure 1.3). This preferential distribution of blood
to the foramen ovale or the tricuspid valve suggests
that there is streaming within the inferior vena 
cava between the liver and the heart. This can be
observed directly in the fetal lamb when a right 
thoracotomy is performed. Observation of the 
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Figure 1.4 Blood oxygen saturations are shown in vessels in
the region of the liver in the fetal lamb. DAo, descending
aorta; DV, ductus venosus; IVC, inferior vena cava; LHV, left
hepatic vein; P, placenta; PS, portal sinus; PV, portal vein;
RHV, right hepatic vein; UV, umbilical vein.
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4 CHAPTER 1

thoracic portion of the inferior vena cava 
reveals well-oxygenated and poorly oxygenated
blood streams. The anterior and right portion of
the vessel is seen to have a poorly oxygenated
stream, but blood flowing in the posterior and left
portion is clearly well oxygenated. The streaming
patterns in the inferior vena cava have also been
observed by color flow Doppler studies. The ductus
venosus stream has a velocity of about 55 cm/s 
and is directed largely through the foramen ovale,
whereas distal inferior vena cava blood has a con-
siderably lower velocity of about 15 cm/s and
streams across the tricuspid valve. It is likely that
the high velocity of the ductus venosus stream con-
tributes to maintaining its preferential distribution
across the foramen ovale. Ultrasound examination
of human fetuses have also shown similar differ-
ences in ductus venosus and distal inferior vena
cava velocities, and similar preferential streaming
patterns.

The inferior margin of the atrial septum separ-
ates the entrance of the inferior vena cava from the
left atrium, but the crescentic edge of the superior
portion of the atrial septum, the crista dividens,
overlies the inferior vena cava (see Figure 1.3). The
posterior left portion of the inferior vena cava thus
connects directly through the foramen ovale to the
left atrium. During phases of the cardiac cycle, the
eustachian valve and the lower portion of the atrial
septum move in unison, either to the left to facili-
tate movement of blood through the foramen
ovale, or to the right to enhance flow through 
the tricuspid valve [6]. The preferential streaming 
of ductus venosus and left hepatic venous blood
through the foramen ovale distributes blood of
higher oxygen saturation to the left atrium and ven-
tricle and thus into the ascending aorta. Blood 
of lower oxygen saturation from the abdominal
inferior vena cava and the right hepatic vein is pre-
ferentially distributed into the right ventricle and
pulmonary artery.

The ductus venosus serves as a partial bypass of
the hepatic microcirculation for umbilical venous
blood. It may reduce the impedance to umbilical
venous return by avoiding the need for all the blood
to pass through the liver. Although it does facilitate
passage of well-oxygenated blood to the left side of
the heart, the proportion of umbilical venous blood
that passes through the ductus varies greatly, both
in the lamb and the human fetus, from about 20 to

90% [3,7]. In some species, such as the horse and
the pig, the ductus venosus is not detectable in the
latter part of gestation. The importance of the duc-
tus venosus in the fetus is thus questionable, but it
may be important in initiating some of the effects of
aortopulmonary transposition on development of
the pulmonary circulation (see Chapter 18).

Superior vena cava blood is largely directed by
the tubercle of Lower to the tricuspid valve and is
distributed into the right ventricle. Only about 5%,
or less, flows through the foramen ovale into the
left atrium in the normal fetus. Ultrasound exam-
ination of the fetal lamb indicates that the small
amount of superior vena cava blood that enters the
foramen ovale does so indirectly, by first flowing
retrograde into the upper portion of the inferior
vena cava and then entering the foramen. This 
phenomenon is markedly accentuated during fetal
hypoxemia [6].

Right ventricular blood is ejected into the pul-
monary trunk, and the larger proportion passes
through the ductus arteriosus to the descending
aorta, with the remainder entering the pulmonary
circulation (Figure 1.5). Blood that passes from the
pulmonary trunk through the ductus arteriosus is
directed to the descending aorta; none passes retro-
gradely across the aortic isthmus to the ascending
aorta and its branches. The left atrium receives blood
from the foramen ovale and pulmonary veins, and
then empties into the left ventricle, which ejects
into the ascending aorta. Most ascending aortic
blood is distributed to the coronary circulation,
head and cerebral circulation, and upper extremit-
ies; only a small proportion passes across the aortic
isthmus into the descending aorta. The major pro-
portion of descending aortic blood is distributed to
the umbilical–placental circulation and the remain-
der to the abdominal organs and the tissues of the
lower trunk and lower extremities.

Admixture of oxygenated and systemic
venous blood
In the adult circulation, there is essentially no mix-
ing of oxygenated pulmonary venous and systemic
venous blood. In the fetus, there are several sites of
mixing. Portal and umbilical venous bloods enter
the vessels in the porta hepatis. Blood from the 
ductus venosus, left and right hepatic veins, and
abdominal inferior vena cava all enter the thoracic
portion of the inferior vena cava. Admixture occurs
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The fetal circulation 5

in the left atrium, where blood entering the fora-
men ovale from the inferior vena cava is joined 
by pulmonary venous blood. As mentioned above, 
the preferential streaming of blood partly separates 
the well-oxygenated and poorly oxygenated blood,
favoring distribution of oxygenated blood into the
left ventricle and ascending aorta and providing
blood with a higher oxygen content to the heart,
brain, and other upper body tissues. Systemic venous
blood is preferentially directed into the right ven-
tricle, pulmonary trunk, and ductus arteriosus to
the descending aorta and its branches to the lower
body, as well as to the placenta.

Because umbilical venous and vena cava blood is
mixed, the blood delivered to the fetal body and the
placenta contains varied proportions of oxygenated
and systemic venous blood. Hence some umbil-

ical venous blood is returned to the placenta after
passing through the ductus venosus and foramen
ovale or ductus arteriosus shunts without first
being delivered to fetal tissues to permit oxygen
uptake. This situation is equivalent to that occur-
ring postnatally with some congenital heart lesions
(e.g., atrial or ventricular septal defect), in which
oxygenated blood passes from the left atrium or 
left ventricle into the right side of the heart to be
recirculated to the lung. This, termed a left-to-right
shunt, imposes an additional workload on the heart.
Similarly, with congenital heart lesions in which
systemic venous blood is shunted through an
abnormal communication into the left side of the
heart to be distributed back to the body tissues
without passing through the lung, a right-to-left
shunt occurs. The blood returning to the heart from
the superior and inferior vena cava that is dis-
tributed to the fetal tissues without first being 
delivered to the placenta for oxygenation is effec-
tively a right-to-left shunt. This effective right-to-
left shunt contributes to inefficiency of the fetal
circulation. In the sheep fetus under normal con-
ditions, right-to-left shunt represents about 45% 
of superior vena cava and 53% of inferior vena 
cava blood [8]. Umbilical venous blood that passes
through the ductus venosus and foramen ovale or
ductus arteriosus and which is distributed back to
the placenta is an effective left-to-right shunt. This
represents about 22% of umbilical venous blood,
and the combined left-to-right and right-to-left
shunts constitute about 33% of the combined ven-
tricular output of the fetal heart.

Intravascular pressures in the fetus
In the postnatal animal or human, it is customary
to express pressures with reference to atmospheric
pressure as the zero. However, the fetus is sur-
rounded by amniotic fluid in the uterus within the
abdomen, and all pressures are subjected to an
increase from the environmental pressure. This
changes if the intraabdominal pressure is increased
by straining, distension with gas or feeding, and
also by postural change; uterine contraction also
produces an increase in all fetal intravascular pres-
sures. It is therefore now customary to relate all fetal
pressures to intraamniotic rather than to atmo-
spheric pressure. The pressures shown in Figure 1.5
are expressed in relation to intraamniotic pressure.
In the quietly standing ewe, intraamniotic pressure

55
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Figure 1.5 Course of the circulation in the heart and great
vessels in the late-gestation fetus. The figures in circles
within the chambers and vessels represent percent oxygen
saturation levels. The figures alongside the chambers and
vessels are pressures in mmHg related to amniotic pressure
level as zero. m, mean pressure. The aortic arch and its
branches are shown for both the  human and the lamb. In
the lamb, a single vessel, the brachiocephalic trunk, gives
rise to carotid and subclavian arteries. In the human, the
innominate and left carotid and subclavian arteries arise
separately.
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6 CHAPTER 1

usually is about 8–10 mmHg above atmos-
pheric pressure. When considering effective filling 
pressures of the cardiac ventricles, it is more appro-
priate to measure transmural pressure, or intraven-
tricular minus pericardial pressure. Pericardial
pressure is generally similar to intrapleural pres-
sure, which is negative (i.e., lower than atmospheric
pressure) postnatally. Mean pressure in the super-
ior and inferior vena cava and the right atrium 
is about 2–3 mmHg. The a and v waves are about
4–5 mmHg, with the a wave only slightly higher.
Left atrial pressures have a phasic contour similar
to that of the right atrium, and the mean pressure 
is only 1–2 mmHg lower than right atrial pressure.
Mean pressure in the portal sinus is 5–6 mmHg.
Umbilical venous pressure is about 7–8 mmHg
near the umbilical ring, and 2–3 mmHg higher near
the placenta. Systemic arterial pressure increases
with gestational age in the lamb fetus, from a mean
level of 25–30 mmHg at about 60 days’ gestation to
55–60 mmHg close to term. Figure 1.5 shows the
pressures measured in various cardiac chambers in
the late gestation fetal lamb in utero. The ductus
arteriosus, connecting the pulmonary trunk with
the descending aorta, has a diameter that, through
most of gestation, is large enough to equilibrate
pressures in the great arteries. The similarity of the
systolic and diastolic pressures in the aorta and pul-
monary artery has been observed in fetal lambs as
young as about 60 days’ gestation and to near term
at about 145 days’ gestation [9]. However, there is a
tendency for systolic pressure in the pulmonary
trunk to exceed that in the aorta by 5–8 mmHg
during the last 10–14 days of gestation, presumably
as a result of mild ductus arteriosus constriction.
Left and right ventricular systolic pressures are sim-
ilar to those in the ascending aorta and pulmonary
trunk, and end-diastolic pressures are similar to the
height of the a waves in the left and right atrium
respectively.

Blood gases and oxygen saturation
Maternal arterial blood in the pregnant ewe has 
a Po2 of 90–100 mmHg and a Pco2 of about 
35 mmHg. There is a large Po2 gradient across the
placenta, with a Po2 of 32–35 mmHg in umbilical
venous blood. Umbilical venous blood Pco2 is
about 40 mmHg and pH is 7.40. Because the P50

(the Po2 at which hemoglobin is 50% saturated

with oxygen) for fetal blood in the sheep is con-
siderably lower (~19 mmHg) than that of adult
blood (~31 mmHg), umbilical venous blood has 
an oxygen saturation of 80–85% (see Chapter 3).
The left lobe of the liver receives blood from the um-
bilical vein with an oxygen saturation of 80–85%, 
and about 10% of its blood supply is derived from
hepatic arterial blood with a saturation of 50–55%
(see Figure 1.4). The right lobe of the liver receives
its supply from the umbilical vein, the portal vein
with a blood oxygen saturation of about 35%, and a
small amount from the hepatic artery. The fact that
the right lobe of the liver receives blood of consid-
erably lower oxygen saturation probably explains
the frequent presence of a larger number of
hemopoietic cells in the right as compared with the
left lobe of the liver. The oxygen saturation of blood
in the right hepatic vein is about 65%, whereas that
in the left hepatic vein is about 75%.

Superior vena cava blood and inferior vena cava
blood distal to the entrance of the ductus venosus
and hepatic veins both have a Po2 of about 12–
14 mmHg and an oxygen saturation of 35–40%.
The Po2 of right ventricular and pulmonary arterial
blood is 18–20 mmHg and oxygen saturation is
about 50%. Left ventricular and ascending aortic
blood have a Po2 of about 25–28 mmHg and an
oxygen saturation of about 65%, whereas descend-
ing aortic blood has a Po2 of 20–23 mmHg and an
oxygen saturation of about 55%. Systemic arterial
blood has a Pco2 of 43–45 mmHg and a pH of
about 7.38–7.39. The values for blood gases and
oxygen saturations in the human fetus in utero are
not well defined but are discussed below.

Effects of administering oxygen to the mother
Administering 100% oxygen to the ewe raises arte-
rial oxygen saturation to 100% and the Po2 to more
than 400 mmHg. Fetal arterial Po2 increases to only
30–35 mmHg with an oxygen saturation of about
80%. Umbilical venous blood Po2 increases to
40–50 mmHg and oxygen saturation reaches 95–
100% (see Chapter 3).

Cardiac output and its distribution
In the adult, the circulation passes in series through
the right atrium, right ventricle and pulmonary
artery, returning to the left heart and being ejected
into the aorta and peripheral circulation. The 
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The fetal circulation 7

cardiac output in the postnatal individual is
expressed as the volume of blood flowing through
the heart per unit time, and represents the volume
of blood ejected by each ventricle. In the fetus,
blood distributed to the various parts of the body
and to the placenta is derived from the systemic
venous return as well as the umbilical venous
return, and the ventricles effectively act in parallel;
blood to many organs is derived from both ventri-
cles. Also, the outputs of the left and right ventricles
are different in the fetus. It has therefore become
customary to express the output of the heart as
combined ventricular output (CVO), the sum of
the volumes ejected by the two ventricles.

The CVO has been studied in human fetuses
using ultrasound techniques, but measurements
vary considerably (see below). Most reliable infor-
mation is from studies in the sheep. In chronic-
ally instrumented fetal lambs during the latter
months of gestation (term is about 145 days), 
CVO is about 450–500 mL/min per kg fetal body

weight [9]. Umbilical–placental blood flow is about 
200 mL/min per kg body weight, and blood flow to
the fetal body is about 250–300 mL/min per kg.
The right ventricle ejects about two-thirds and the
left ventricle about one-third of CVO in the fetal
lamb (Figures 1.6 and 1.7).

The umbilical–placental flow of about 200 mL/min
per kg represents 40–45% of CVO. Umbilical
venous blood entering the porta hepatis is dis-
tributed either to the liver or through the ductus
venosus. Although the proportions vary, on aver-
age about 55% (range 20–90%) passes through the
ductus venosus and 45% through the hepatic cir-
culation. Thus about 110 mL/min per kg passes
through the ductus venosus. The liver receives
about 90 mL/min per kg fetal body weight of blood
from the umbilical vein. Portal venous blood flow
is about 30 mL/min per kg; most of this blood
enters the right lobe of the liver. Inferior vena cava
blood distal to the entrance of the hepatic veins and
ductus venosus (abdominal inferior vena cava) is
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Figure 1.6 Percentages of combined ventricular output
that return to the fetal heart, that are ejected by each
ventricle, and that flow through the main vascular
channels. Figures represent values for late-gestation lambs.

300 150

115

265

110 200

Placenta

31019590

35

15 35

45

90

15

310

Figure 1.7 Volumes of blood (mL/min per kg body weight)
flowing through cardiac chambers and great vessels in the
late-gestation fetal lamb.
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8 CHAPTER 1

derived from the lower body organs and the lower
extremities as well as the lower portion of the trunk.
In the fetal lamb, this represents about 30% of CVO
or about 140–150 mL/min per kg.

The blood entering the heart from the inferior
vena cava includes ductus venosus, left and right
hepatic venous, and abdominal inferior vena cava
blood and constitutes about 70% of CVO, or about
315–350 mL/min per kg (Figures 1.6 and 1.7).
About 115–125 mL/min per kg or about 25% of
CVO passes through the foramen ovale to the left
atrium; this blood is derived predominantly from
the ductus venosus. Venous return from the super-
ior vena cava is 90–95 mL/min per kg and repre-
sents about 21% of CVO. Most of this blood, as well
as about 200 mL/min per kg of inferior vena cava
blood passes through the tricuspid valve into the
right ventricle. In addition, coronary venous blood
enters the right ventricle. The right ventricle ejects
about 300–325 mL/min per kg or about 66% of
CVO. Only about 10–15% of the blood ejected by
the right ventricle into the pulmonary trunk enters
the pulmonary circulation; this constitutes about
8% of CVO or about 35–40 mL/min per kg fetal
weight. The remainder, about 265–300 mL/min
per kg, or about 60% CVO, passes through the duc-
tus arteriosus.

The left ventricle receives about 115 mL/min per
kg of blood passing through the foramen ovale and
the 35 mL/min per kg from pulmonary venous
return. It ejects about 150–170 mL/min per kg, or
about 33% of CVO. Less than one-third of the
blood ejected by the left ventricle passes across 
the aortic isthmus to the descending aorta. This

represents about 10% of CVO or about 45 mL/
min per kg. About 3% of CVO enters the coronary
circulation and about 20% of CVO or about 90–
100 mL/min per kg is distributed to the head, 
brain, upper extremities, and upper portion of the
trunk. The proportions of CVO traversing the
major arteries are reflected in the relative diameters
of these vessels. The pulmonary trunk is very large,
and the ascending aorta somewhat narrower; the
descending aorta is also very wide, whereas the isth-
mus of the aorta is much narrower than the ascend-
ing or descending aorta and the ductus arteriosus.
These features are discussed in Chapter 12. The
blood flows to various fetal organs is shown in
Table 1.1.

Hepatic flow is derived from the umbilical vein,
portal vein and hepatic artery; flow to the left lobe is
about 350 mL/min per 100 g tissue weight, whereas
the right lobe receives about 450 mL/min per 100 g
[4]. The proportions of the CVO distributed to 
the fetal organs and the placenta change with
advancing gestation (Figure 1.8). There is a gradual
reduction in the proportion of CVO directed to the
placenta, from about 45% at 75–90 days (0.5–
0.6 gestation) to 38–40% at term. The percentage
of CVO distributed to the brain increases progres-
sively, from about 2.2% at 0.5 gestation to 3% at
term. The percentages of combined output to the
lungs and gastrointestinal tract are fairly constant
until about 120 days (0.8) gestation, but then
increase rapidly [9]. The changes in actual blood
flow per unit mass of tissue are shown in Figure 1.9.
There are quite striking increases in flow per 100 g
organ weight to the brain, gut and lungs, starting at

Table 1.1 Percent of combined ventricular output (%CVO) and actual blood flows distributed to organs in late-gestation

lambs in utero.

Blood flow %CVO1 mL/100 g tissue mL/kg fetal weight

Brain 4.2 100 20

Heart 3.3 200 16

Liver 25.2 380 120

Kidney 2.9 190 14

Gut 5.2 55 25

Lung 5.2 95 25

Skin, muscle, bone 29.4 20 140

Placenta 39.4 180

1 Totals of %CVO are greater than 100 because a large proportion of liver blood flow is derived from umbilical–placental

flow via the umbilical vein.

c01.qxd  12/22/08  11:30  Page 8



The fetal circulation 9

about 0.75 gestation (110 days). The cause of the
increase in flow to these organs is not known; 
it could be related to increase in the size of the 
vascular bed, due to growth of new vessels, or to
increased metabolic activity with vasodilatation, or
a combination of these factors.

Oxygen delivery and oxygen
consumption
One of the important functions of the circulation is
to provide oxygen to the tissues. In the adult, oxy-
gen delivery to the body is the product of arterial
oxygen content and systemic blood flow, or cardiac
output. In the fetus, calculation of oxygen delivery
to the body is more complex. Umbilical–placental
blood flow represents the volume of blood being
presented to the site of oxygenation, whereas 
CVO minus umbilical–placental blood flow is the 
volume of blood delivered to the whole fetal body.
Umbilical–placental blood flow determines oxygen
uptake, and fetal body blood flow determines 
oxygen delivery to the fetus. However, the oxygen
content of blood distributed to the organs supplied
from the ascending aorta and to those supplied
from the descending aorta are different. Oxygen
delivery to an organ or tissue is determined by the
oxygen content and the blood flow (see Chapter 3).
In the fetus, pressures in the aortic and pulmonary
arteries are almost identical, so blood flow to vari-
ous fetal organs and to the umbilical–placental cir-
culation is determined by local vascular resistance.
This is influenced by the size, or cross-sectional
area, of the vascular bed and by the degree of 
vascular constriction or dilatation. Oxygen delivery 
and oxygen consumption in various organs and 
tissues in the late-gestation lamb fetus are shown 
in Table 1.2.

Circulation in the human fetus

Studies in previable human fetuses have demon-
strated that the general course of the circulation in
the human fetus is similar to that in the lamb [7].
Figure 1.10 and Table 1.3 show average values for
distribution of CVO and volumes of blood flow in
the human fetal circulation, based on numerous
studies [11–17].

Using ultrasound techniques, blood flow has been
estimated in human fetuses based on measurement

300 

250 

200 

150 

100 

50

Fl
o

w
 (

m
L/

m
in

 p
er

 1
00

 g
)

Heart

Kidneys

Brain
Lungs

Gut

Trunk

0.5 0.6 0.7 0.8

Gestation

1.00.9
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of blood flow velocities and vessel diameter. There
is considerable potential for error in these measure-
ments and this may explain the variation in reported
values for blood flows in published reports. Blood
flows have been estimated at various sites; left and

right ventricular outputs have been calculated from
flow measurements across the mitral or tricuspid
valves [10,11], or in the pulmonary trunk or
ascending aorta [12–16]. Flows have also been
measured through the ductus arteriosus and the
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Figure 1.10 (a) Percentages of combined ventricular output
that return to the fetal heart, that are ejected by each
ventricle, and that flow through the main vascular channels

Table 1.2 Oxygen consumption by tissues and organs in the late-gestation fetal lamb as a percentage of total

consumption, as consumption per 100 g tissue weight, and as consumption per kg fetal weight.

Blood flow Percent of total mL/100 g tissue mL/kg fetal weight

Brain 12 4.0 2.4

Heart 12 8.0 0.8

Liver 23 4.0 1.35

Kidney 4 2.6 0.5

Gut 5 0.4 0.4

Lung 4 0.6 0.25

Skin, muscle, bone 40 0.4 2.8

Total 8.5

for the late-gestation human fetus. (b) Volumes of blood
flowing through cardiac chambers and great vessels for the
late-gestation human fetus (mL/min per kg body weight). 
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The fetal circulation 11

common umbilical vein [17]. From these measure-
ments it has been possible to calculate various other
flows. Thus CVO is the sum of right ventricular
output (RVO) and left ventricular output (LVO).
Pulmonary blood flow is represented by RVO
minus ductus arteriosus flow. Pulmonary blood
flow has also been calculated from direct measure-
ment of right and left branch pulmonary arteries in
some studies [14,16]. Flow through the foramen
ovale has been estimated from LVO minus pul-
monary blood flow, because blood entering the left
ventricles is derived from blood entering the left
atrium through the foramen ovale and from pul-
monary venous return.

Volume of blood flow (A) is determined from
the product of average flow velocity (Vm) and
cross-sectional area (πD2). Because diameter (D) of
the vessel is measured by ultrasound, the flow is cal-
culated as:

A = Vm × πD2/4

It is apparent that, because the diameter is squared,
small errors in measuring diameter could create
major errors in calculation of flow. This would be a

particular problem if vessel diameter is small. Also,
in making these calculations, it is assumed that the
diameter is constant throughout the cardiac cycle.
An additional potential error is that the velocity
should be recorded from the center of the vessel at
an appropriate angle of insonation; this may be
difficult to accomplish because of the position 
of the fetus in the maternal abdomen. When ex-
pressing blood flows in relation to fetal weight, it is
necessary to use various formulae, based on age or
various fetal measurements to estimate fetal weight
and considerable error could be introduced into
these calculations.

Table 1.3 shows a comparison of CVO and blood
flow per kilogram of fetal weight, in the sheep and
human fetus at about 0.8 gestation.

Left and right ventricular output
Estimates of CVO in the human fetus are similar to
values measured in sheep fetuses. In the latter third
of gestation CVO is about 400–450 mL/kg per min,
whereas in earlier gestation it is somewhat higher.
This compares with the fetal sheep levels of about
450–500 mL/kg per min. However, the proportions

Table 1.3 Comparison of the distribution of blood flows in the sheep and human fetus as percent combined ventricular

output (%CVO) and as actual blood flows (mL/min per kg fetal weight).

Sheep1 Human2

%CVO mL/min/kg %CVO mL/min/kg

Combined ventricular output 100 450 100 450

Left ventricular output 34 150 45 202

Aortic isthmus 10 45 8 36

Brain 3.5 16 24 107

Upper trunk, forelimbs 20.5 90 13 59

Right ventricular output 66 300 55 248

Ductus arteriosus 58 260 30 135

Pulmonary circulation 8 36 25 113

Descending aorta 68 305 38 171

Umbilical–placental circulation 40 180 26 112

Hepatic circulation 18 80 14 68

Ductus venosus 22 100 11 44

Lower body organs, hindlimbs 28 125 12 60

Superior vena cava 24 108 37 165

Inferior vena cava + umbilical flow 68 305 38 172

Foramen ovale 25 115 20 90

1 The values for sheep represent those obtained in fetuses in the latter part of gestation [9].

2 The values for human fetuses in the third trimester were obtained by ultrasound [10–17]; in view of the considerable

variation in reported measurements, I have selected those I considered most appropriate.
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of combined output ejected by the left and right
ventricles are quite different in the human. In the
sheep, the ratio of right to left ventricular output is
almost 2:1, whereas in the human, measurements
vary from 1.2:1 to 1.5:1. The relatively higher 
proportion of blood ejected by the left ventricle
appears to be related to the higher pulmonary
blood flow in the human fetus and is important in
providing the higher cerebral blood flow in the
human fetus.

Cerebral blood flow
The relative weights of some organs are very dif-
ferent in the human compared with the lamb and
thus the proportions of CVO distributed to body
organs differ. Perhaps the most important factor is
brain size; in the mature human fetus the brain
constitutes 12% of body weight, as compared with
3% in the late-gestation lamb. It is reasonable to
assume that the organ blood flow related to weight
is similar in the two species. Near term, both human
and sheep fetal body weights are about 3.5 kg, and
brain weights are about 65 g in the sheep and 350 g
in the human [18]. If it is assumed that blood flow
to the brain is similar in relation to tissue weight
(120 mL/min per 100 g), total brain flow would be
about 80 mL/min in the sheep and about 420 mL/
min in the human, or 22 and 120 mL/min per kg
respectively in the term fetus (Table 1.4). Study of
the proportions of CVO distributed to the brain 
in the primate versus the sheep show an enormous
difference: 16% in the rhesus monkey versus 3–4%
in the sheep fetus [19]. In the human fetus it is 
estimated that, in the third trimester, the brain
receives about 24% of CVO. If LVO is 40–45% of
CVO, about 25–30% of combined output is avail-
able for the peripheral circulation of the head and

upper extremities and to traverse the ductus arte-
riosus to the descending aorta. Thus the propor-
tion of combined output passing across the aortic
isthmus is probably about 8%, similar to that in 
the lamb.

Because cerebral blood flow is much higher in
the human fetus, the volume of blood returning to
the heart via the superior vena cava is proportion-
ately considerably greater. In the lamb, about 24%
of CVO returns via the superior vena cava, but in
the human fetus superior vena cava flow probably
represents about 37% of CVO ventricular output.

Umbilical–placental blood flow
In fetal lambs, umbilical–placental blood flow con-
stitutes about 38–45% of CVO and is about 180–
220 mL/min per kg fetal body weight The higher
values are noted in younger fetuses at 0.5–0.75 ges-
tation and the values decrease toward term [9]. 
A mean of about 55% of umbilical venous blood
passes through the ductus venosus, but there is a
wide range (20–90%) [3].

Umbilical–placental blood flow is much lower in
the human than in the lamb fetus. In fetuses under
32 weeks’ gestation it was reported to be about 32%
of CVO, but after 32 weeks it fell to only about 21%.
Flow was about 130–135 mL/min per kg estimated
fetal weight before 32 weeks, but only about 90–
100 mL/min per kg after 32 weeks [20]. In another
report, umbilical blood flow was higher near term,
about 117 mL/min per kg [21]. In the human fetus
a mean of only 25–40% of umbilical venous blood
passes through the ductus venosus, but there is also
a wide range in the proportion [22].

Oxygen consumption in the human and lamb
fetus is similar at about 7–9 mL/min per kg fetal
weight. Umbilical venous oxygen saturations are
about 80–85% in both the lamb and human fetus
and umbilical arterial oxygen saturations are also
similar at about 50%. The ability of the human
fetus to maintain the same oxygen uptake per kilo-
gram as the lamb when umbilical blood flow is
about half as great is related to the much higher
hemoglobin concentration and oxygen capacity in
human fetal blood. Hemoglobin concentration 
in the human is about 16.5 g/dL with an oxygen
capacity of 22.5 mL/dL near term compared with
hemoglobin concentration of 8–9 g/dL and oxygen
capacity of about 11–12 mL/dL in the sheep.

Table 1.4 Comparison of body weight, brain weight, 

and brain blood flow in the late-gestation lamb and 

human fetus.

Lamb Human

Body weight (g) 3500 3500

Brain weight (g) 65 350

Brain blood flow (mL/min per 100 g) 120 120

Total brain blood flow (mL/min) 78 420

Brain flow per kg body weight 22 120
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Pulmonary blood flow
In fetal lambs less than 0.8 gestation (120 days),
only 3.5–4.0% of CVO is distributed to the lungs;
after this there is a gradual increase to 7–9% at term
(~145 days). Actual flow to the lungs is about 18–
20 mL/min per kg fetal weight below 0.8 gestation
and about 35–40 mL/min per kg at term. Reported 
values for pulmonary blood flow in human fetuses
vary considerably. As mentioned above, in most
reports pulmonary flow has been estimated as the
difference between RVO and ductus arteriosus
flow. Therefore possible errors in measurement of
RVO or ductus arteriosus flow would tend to create
variability in pulmonary flow. In those studies in
which both left and right branch pulmonary artery
flow was measured, errors in measurement in the
two arteries could result in variability in estimation
of total flow. It is thus not surprising that the mag-
nitude of pulmonary blood flow in the human fetus
has been reported to range from about 11% [15] to
as much as 22–25% [12,14] of CVO. An increase in
the proportion of CVO distributed to the lungs
with advancing gestation has been reported [14]. In
human fetuses less than 20 weeks’ gestation, only
about 13% entered the lungs, but after 32 weeks the
lungs received 25% of CVO. Reported actual blood
flow values would thus vary between 45 and about
120 mL/min per kg fetal weight.

Foramen ovale blood flow
Because of the complex velocity flow contour and
the inability to define diameter of the foramen
ovale, blood flow cannot be measured accurately by
ultrasound in the human fetus. Foramen ovale
flow, estimated from LVO minus pulmonary blood
flow, constitutes about 30% of CVO in the fetal
lamb [23]; it is slightly lower in younger fetuses and
slightly higher in older fetuses. Reports in human
fetuses vary considerably. In one study foramen
ovale flow was about 30–33% of CVO in fetuses at
all gestational ages [16]. However, in other reports
it was about 18% of combined output before 20
weeks, but about 34% of combined output after 32
weeks’ gestation [15].

Ductus arteriosus blood flow
In the lamb fetus about 90% of blood ejected by the
right ventricle is directed through the pulmonary
trunk and ductus arteriosus to the descending

aorta. Thus more than half of CVO passes through
the ductus. In the human, only about 55% of RVO
passes through the ductus. RVO is also relatively
lower than in the lamb so the proportion of CVO
traversing the ductus is only about 30%.

Thus the major differences between the sheep
and human fetus are more evident in the latter
period of gestation and are characterized by 
the much greater cerebral and pulmonary blood 
flows and much lower umbilical–placental blood
flow relative to fetal weight. The high cerebral flow
accounts for the greater LVO in the human;
because umbilical blood flow is derived largely
from blood passing across the ductus arteriosus to
the descending aorta, the low umbilical flow in the
human accounts for the smaller flow across the
ductus arteriosus and the lower RVO compared
with the lamb.

Hepatic and ductus venosus 
blood flows
The pattern of flow in the liver region appears to be
similar in the human and lamb fetus. Ultrasound
examination of fetal lambs showed a blood flow
velocity of 55–60 cm/s in the ductus venosus,
whereas abdominal inferior vena cava velocity was
only about 16 cm/s [6]. The ductus venosus stream
was directed preferentially through the foramen
ovale (see above). In the human fetus, blood flow
velocity in the ductus venosus has been reported to
be 65–75 cm/s, and the ductus venosus stream also
flows preferentially through the foramen ovale [24].

Factors affecting perinatal 
cardiac output

Cardiac ventricular output is the product of heart
rate and stroke volume. Stroke volume is deter-
mined by preload, afterload, and myocardial con-
tractility. In isolated myocardial strips, the initial
length of the myocyte, which determines sarcomere
length, influences the force of muscle contraction.
In the intact heart, ventricular volume at end 
diastole determines sarcomere length and the force
of contraction and is the basis of the Frank–Starling
mechanism. An increase in initial length or increase
in end-diastolic ventricular volume increases the
force of contraction of the muscle and, in the intact
heart, increases stroke volume if other factors are
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unchanged. Afterload, or load on the muscle dur-
ing development of active force, determines the
degree of shortening. In the intact circulation,
afterload is influenced by several factors (e.g., arte-
rial pressure, compliance of the arterial system, and
peripheral vascular resistance). In isolated myocar-
dial strips, the greater the load on the muscle, the
less the degree of muscle shortening. In the intact
heart, an increase in afterload results in a reduction
in stroke volume. Contractility is the intrinsic force
of contraction of the muscle; with isolated muscle,
increased contractility increases force developed
and, in the intact heart, increases stroke volume, or
developed pressure. In the cardiovascular system, a
change in one factor influencing ventricular output
may affect other parameters. It is therefore import-
ant to consider possible changes in these other
parameters when assessing the effects of alteration
of one regulatory factor.

Effects of heart rate
In the adult, cardiac output is relatively constant
over a wide range of heart rates. Increasing heart
rate to 150/min or decreasing it to 50/min from a
resting rate of about 70/min does not alter output.
Greater increases in heart rate may decrease cardiac
output because the reduction in diastolic filling
time does not permit adequate filling to maintain
stroke volume. With very slow heart rates, stroke
volume is increased to maintain cardiac output, but
when maximal diastolic filling has been achieved,
further slowing results in a decrease of ventricular
output.

In studies in fetal sheep, spontaneous increases
in heart rate above the resting level of about
160/min are associated with increases of ventricular
output of up to 15–20%, and spontaneous decreases
in heart rate results in a fall in output [25]. Because
the cause of the spontaneous heart rate change was
not known, it cannot be assumed that heart rate
variation alone was responsible for the changes 
in ventricular output. For example, an increase in
heart rate may be related to fetal activity or the
onset of fetal respiratory movement. This may
induce changes in sympathetic nervous activity that
may affect myocardial contractility as well as heart
rate. The effects of electrical pacing of the right or
left atrium to increase rates to 240–300/min were
studied in fetal lambs [25]. Pacing the atrium

resulted in an increase in LVO of up to 15%, with
only a small increase or no change in RVO. At rates
above 300–320/min, ventricular output fell pro-
gressively with increasing rate, presumably because
diastolic filling time is markedly reduced. RVO
increased when the left atrium was paced, but LVO
fell, often dramatically, by 50% or more. Normally
the pressure pulses of the right and left atria are
similar in the fetus, with a dominant a wave in both
chambers; right atrial is slightly higher than left
atrial pressure in all phases of the cardiac cycle.
During pacing the left atrial pressure pulse is altered
so left atrial pressure exceeds that in the right
atrium during some phases of the cycle and inter-
feres with flow through the foramen ovale into 
the left atrium, reducing left ventricular filling and
output.

Vagal stimulation decreases both RVO and 
LVO; when heart rate falls from a resting level of
160/min to about 120/min, output decreases by
15–20%. Stroke volume increases slightly, but not
adequately to maintain output as rate falls. Vagal
stimulation results in an increase in systemic 
arterial pressure and a rise in intrapleural pressure
in the fetus. The increase in arterial pressure causes
an elevation of afterload and the increase in intra-
pleural pressure could reduce venous return to the
heart. Thus the fall in ventricular output may not
be the result of the bradycardia but of the associ-
ated changes.

Effect of preload and afterload
Preload and afterload are discussed together because
there is usually an interaction between them in 
the intact circulation. If afterload is increased, the
volume ejected by the ventricle during systole is
reduced and residual ventricular volume increases.
If ventricular filling is maintained, preload is greater
with the next beat. In utero studies of fetal lambs
have been performed to assess the role of preload
on cardiac output. In most of these studies, ventricu-
lar end-diastolic or atrial pressures have been used
as an index of preload. However, pressure measure-
ments may not be a reliable indicator of volume,
because ventricular compliance determines the
volume at any particular pressure. Studies in iso-
lated myocardium and intact hearts have shown
that fetal myocardium is less compliant than that 
of the adult.
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Several investigators have studied the effects of
decreasing or increasing preload in fetal lambs in
utero. The preload was decreased by reducing fetal
blood volume by removal of blood and increased
by rapid intravenous infusion of electrolyte solu-
tion. A fall in right atrial and right ventricular end-
diastolic pressure resulted in a marked decrease 
in ventricular output. Output rose when ventricu-
lar end-diastolic or atrial pressure increased by 
2–4 mmHg above resting levels, but further increases
in filling pressure did not result in greater output 
by the ventricle [26] (Figure 1.11).

This response is distinctly different from that of
the adult heart, in which increases in atrial pressure
to 15–20 mmHg are associated with a progressive
increase in ventricular output. Based on these stud-
ies, it was proposed that the fetal heart is normally
operating near the top of its ventricular function
curve, so that a fall in preload results in a decrease
in output. However, the rise in output associated
with an increase in preload is limited because
myocardial performance, or contractility, is rela-
tively poor in the fetus.

In these studies, the effects of rapid infusion 
of electrolytes on arterial pressure were not con-
sidered. Associated with the infusion, fetal arterial
pressure also increased and thus affected afterload.
We examined the effects of changing preload at
various constant levels of arterial pressure. Arter-
ial pressure elevation dramatically reduced left 

ventricular stroke volume at all levels of mean 
atrial pressure [27] (Figure 1.12). At constant arterial
pressure levels, progressive elevation of left atrial
pressure increased left ventricular stroke volume
even with atrial pressures as high as 10–15 mmHg.
This study demonstrated that the fetal heart does
respond to increases in preload by increasing its
output. It did not, however, resolve whether per-
formance of the fetal and adult myocardium are
comparable.

Myocardial contractility
Studies of isolated myocardium from fetal and
adult sheep have demonstrated that fetal myo-
cardium develops less active tension than adult
myocardium at similar muscle lengths. The max-
imal force that can be generated is considerably
lower for fetal than for adult myocardium. Several
differences in morphological and biochemical para-
meters of myocardium have been described that
could account for the lesser contractility of fetal
myocardium. Friedman [28] suggested that fetal
myocardium contains fewer sarcomeres, or con-
tractile units, in each myocyte. Also, as mentioned
above, the parallel orientation of the myofibrils has
not developed during early gestation.

Another factor that may be important is the
development of the sarcoplasmic reticulum, which
regulates movement of calcium ions essential 
for myocardial contraction. The fetal myocardial 
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sarcoplasmic reticulum is well developed, but the
T-tubular system, representing the extension of the
sarcoplasmic reticulum to provide closer relations
with the contractile elements, is either poorly
developed or absent in immature myocardium.
Not only are there structural differences in sar-
coplasmic reticulum, but in studies with isolated
sarcoplasmic reticulum vesicles calcium uptake was
found to be impaired in fetal myocardium [29].

Local release of norepinephrine at sympathetic
nerve endings is an important mechanism for
increasing myocardial contractility. Morphological
studies of fetal hearts using monoamine oxidase
fluorescence have demonstrated absent or poor
sympathetic innervation of the immature myocar-
dium. The abundance of sympathetic nerve end-
ings varies greatly at different periods of gestational
and postnatal development among species. In the
guinea pig, myocardial sympathetic innervation is
almost fully developed at birth, whereas in the rab-
bit and rat there is almost no innervation at birth (it
develops within 14–21 postnatal days). The sheep
fetus has no detectable sympathetic innervation at
75 days (mid-gestation), but innervation begins to
appear at 90–100 days and is abundant but not yet
fully developed just before birth.

In addition to the difference in sympathetic
innervation, possible differences in β-adrenergic
receptor concentration in fetal and adult myocardium
have been postulated. Although these differences in
sympathetic innervation and β-adrenoceptor con-
centration may not be important in the resting fetal
heart, they could influence the ability to respond 
to stress.

Circulatory regulation in the fetus

In the adult the systemic and pulmonary circula-
tions are separate. Each ventricle is subjected to
potentially different preload and afterload, and the
stroke volume of each ventricle could vary greatly.
The Frank–Starling mechanism is useful for adjust-
ing the outputs of the two ventricles so that over a
short period the ventricles eject similar volumes. 
A reduction in venous return to the right atrium
reduces filling pressure and end-diastolic volume
of the right ventricle, resulting in a decrease in
stroke volume. Pulmonary blood flow and venous
return to the left atrium and ventricle is reduced

and stroke volume falls. An increase in systemic
arterial pressure will restrict left ventricular stroke
volume; end-diastolic volume will increase so that,
with the next beat, greater force is generated to
increase stroke volume.

In the fetus the presence of the foramen ovale
tends to make right and left atrial pressures equal
throughout the cardiac cycle. The ductus arteriosus
provides a large communication between the aorta
and pulmonary artery, which causes the pressures
to be almost identical. In view of the similar atrial
pressures and similar aortic and pulmonary arterial
pressures, the differences in stroke volumes of the
left and right ventricles in the fetal lamb are difficult
to explain. Differences in afterload of the two ven-
tricles could explain this. The aortic isthmus, which
in the fetus is narrower than the ascending and
descending aorta, might functionally separate the
upper and lower body circulation to some extent.
The left ventricle ejects into the ascending aorta and
the vessels of the head and neck, a circulation that
would be poorly compliant and have a relatively
high vascular resistance. The right ventricle ejects
into the pulmonary trunk and directly through the
large ductus arteriosus into the descending aorta
and its branches. This circulation would have a
higher compliance and a lower resistance because it
includes the umbilical–placental vasculature. This
functional separation of the aorta at the isthmus
has been demonstrated in fetal lambs. Rapid reduc-
tion in peripheral vascular resistance in the lower
body circulation induced by a vasodilator causes 
a decrease in descending aortic pressure and an
increase in right ventricular stroke volume for 
several beats, whereas ascending aortic pressure
and LVO do not change. Similarly, injection of a
vasodilator into the ascending aorta causes an
evanescent decrease of ascending aortic pressure
and increase in left ventricular stroke volume.

Baroreflex regulation
In the adult the arterial baroreflex modulates arte-
rial pressure over a fairly narrow range. When arte-
rial pressure is increased, the aortic and carotid
baroreceptors respond, inducing reflex brady-
cardia, depression of myocardial contractility, 
and peripheral vasodilatation, all of which tend 
to decrease arterial pressure. When the aortic and
carotid baroreflexes are abolished by bilateral 
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section of the aortic and carotid afferent nerves,
there is initially an increase in resting heart rate and
arterial pressure, but within 1–2 days these para-
meters return to average levels present during the 
pre-denervation period. Wide swings of arterial
pressure and heart rate occur around the average
pressure and rate, in association with stimuli that
produce small changes in the normal animal [30].
Arterial baroreceptors are functional in the fetus
relatively early in gestation. In the fetal lamb,
baroreflex sensitivity increases with gestational age
from about 80 days’ gestation; near term, it is as
sensitive as in the neonate and adult in terms of 
the bradycardia induced by arterial pressure
increase [31]. In fetal lambs, sinoaortic denervation
results in the same wide variation in heart rate and
blood pressure observed in adult animals. The vari-
ability is similar in fetal lambs and adult sheep,
indicating that the baroreflex is fully operative in
regulating arterial pressure in the late-gestation
fetal lamb.

Chemoreflex regulation
Based on studies in acutely exteriorized lambs, it
was proposed that the aortic and carotid chemore-
ceptors are relatively inactive in the fetus. However,
more recent studies in fetal lambs have shown that
they are active, at least in the latter third of gestation
[32]. Responses to carotid chemoreceptor stimula-
tion are much greater than to aortic receptor stimu-
lation. The chemoreceptors are stimulated by
hypoxemia and can be activated experimentally by
intravascular injection of small doses of sodium
cyanide. The cardiovascular response dominates,
with bradycardia and immediate hypotension, but
respiratory gasps are noted. The bradycardia can be
abolished if the lambs are pretreated with atropine,
indicating that the bradycardia is induced by vagus
nerve stimulation. Confirmation that the cyanide
response is the result of chemoreceptor stimulation
was obtained by demonstrating the loss of the car-
diovascular and respiratory responses in fetal lambs
in which sinoaortic denervation had been accom-
plished [32].

In the adult, chemoreceptor stimulation may be
associated with reflex peripheral vasoconstriction.
This response has not been studied adequately in
the fetus, but it can be inferred that the marked
vasoconstriction induced in the peripheral circula-

tion during hypoxia in fetal lambs (see below) is
partly the result of chemoreceptor stimulation. It 
is apparent from studies in the fetal lamb that
chemoreflex responses are different from those 
in the adult. The respiratory response in the adult
animal dominates, whereas only minor and unsus-
tained respiratory response results in the fetus.
Whether it is due to a difference in chemoreceptor
response or a difference in central response has not
been resolved.

Fetal circulatory response to
reduced oxygen delivery

The mechanisms responsible for decreased oxygen
supply to the fetus and the effects on oxygen uptake
and delivery are discussed in Chapter 3.

Heart rate and blood pressure response
In fetal lambs beyond about 110 days’ gestation
(term about 145 days), acute hypoxemia results in
bradycardia and arterial hypertension. In one study
a change of 4–5 mmHg in carotid arterial blood
was necessary to produce bradycardia. Boekkooi 
et al. [33] have shown that the magnitude of the
bradycardia is directly related to the degree of 
fall in oxygen saturation of carotid arterial blood.
The bradycardia induced by hypoxemia can be
abolished by atropine administration, indicating
that it is induced reflexly through vagal stimula-
tion. With extreme changes in Po2 to levels below
about 12 mmHg, the bradycardia cannot be com-
pletely prevented by atropine. It has been proposed
that severe hypoxemia has a direct depressant effect
on the heart that causes bradycardia. The hypo-
thesis had been proposed that hypertension was 
the primary change, related to catecholamine-
induced vasoconstriction, and that the bradycardia
was a baroreflex response. However, as has been
mentioned above, the bradycardia is the result of
chemoreceptor stimulation. In chronic sinoaortic
denervated fetal lambs, hypoxemia does not induce
bradycardia even though it results in progressive
hypertension.

With prolonged fetal hypoxemia, heart rate
gradually increases although it does not usually
achieve control values. The mechanism for this
recovery is not defined, but it could be due to reset-
ting of chemoreceptor sensitivity.
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Cardiac failure in the fetus

Prior to the examination of fetuses in utero by ultra-
sound, it was thought that some stillborn fetuses
with gross edema had cardiac malformations. With
the advent of ultrasound it is now recognized that
hydrops fetalis is frequently due to cardiovascular
disturbances. Although decreased ventricular ejec-
tion, suggesting impaired cardiac function, can be
recognized by ultrasound examination, the diagno-
sis of cardiac failure is usually made when the fetus
is seen to have hydrops. Many conditions other
than cardiovascular disturbances are associated with
hydrops fetalis, including erythroblastosis fetalis
due to Rh or other incompatibilities, severe anemia,
hepatic dysfunction, and genetic conditions such as
Turner syndrome. Cardiovascular factors associ-
ated with hydrops fetalis are listed in Table 1.5.

The hemodynamic feature common to all these
causes of fetal hydrops is an increase in systemic
venous pressure. We have shown experimentally in
fetal lambs that acute constriction of the ductus
arteriosus elevates right atrial and vena cava pres-
sures. Increases in ventricular output associated
with volume loading are also associated with an
increase in right atrial pressure. Electrical pacing of
the left or right atrium in fetal lambs alters the pres-
sure contour and also raises right atrial and venous
pressures. Bradycardia induced by stimulation 
of the vagus nerve is also associated with raised
venous pressure.

It is of interest that, postnatally, the usual mani-
festation of cardiac failure is respiratory distress
resulting from elevated pulmonary venous pressure

and increased fluid transudation into the lungs.
However, in the fetus, pulmonary edema is an
unusual manifestation of cardiac failure. This can
be accounted for by several factors.
• Pulmonary arterioles are markedly constricted
and limit pulmonary blood flow as well as trans-
mission of arterial pressure into the capillaries.
• A rise in left atrial pressure is limited by the pres-
ence of the foramen ovale. If left atrial pressure
should tend to increase, flow through the foramen
ovale would be reduced, thus preventing significant
elevation of left atrial pressure.
• The intrathoracic pressure is positive in the fetus
because intraamniotic pressure is transmitted to
the fluid-filled lung. Postnatally, intrapleural pres-
sure becomes negative, thus increasing the pressure
differences across capillaries and favoring fluid
transudation.

Increased fluid accumulation in the lung of the
fetus is manifested as pulmonary lymphangiectasia.
This occurs only in those conditions in which pul-
monary venous pressure can be raised to high 
levels, such as total pulmonary venous drainage with
obstruction and aortic or mitral atresia with a small
or closed foramen ovale.

Factors contributing to hydrops in 
the fetus
The fetus is greatly affected by even small increases
in venous pressure. This is due to several features
that favor accumulation of fluid in fetal tissues, as
compared with postnatally. Body water content is
considerably greater in the fetus than in the adult.
Furthermore, the proportion of extracellular fluid
is much larger in the fetus. The lower the gesta-
tional age, the greater the relative amount of body
water, as well as the proportion of extracellular
fluid (Figure 1.13). The extracellular space in the
fetus is capable of accommodating a much greater
volume as compared with postnatally, with a lower
tissue pressure, because tissue turgor is less.

The factors regulating movement of fluid between
the circulation and the extravascular or extracellu-
lar space are expressed in the Starling law of the
capillary:

Qs = Kf[(Pc − Pi) − σ(πc − πi)]

where Qs represents fluid movement across the
capillary, Kf fluid filtration coefficient (mL/min per

Table 1.5 Cardiovascular disturbances associated with the

development of fetal hydrops.

Obstructive lesions

Small or closed foramen ovale

Constricted ductus arteriosus

Atrioventricular valve insufficiency

High cardiac output states

Sacrococcygeal teratoma

Parasitic fetus

Twin-to-twin transfusion

Anemia

Decreased myocardial function

Arrhythmias
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mmHg), Pc capillary hydrostatic pressure, Pi inter-
stitial hydrostatic pressure, σ reflection coefficient,
πc capillary osmotic pressure, and πi interstitial
osmotic pressure.

In the adult, pressure at the arterial end of the
capillary is about 45 mmHg and at the venous end
about 15 mmHg. No measurements are available
for the fetus, but based on arterial and venous pres-
sures, they can be estimated to be about 30 mmHg
at the arterial end and about 5 mmHg at the venous
end of the capillary (Figure 1.14). Colloid osmotic
pressure is largely related to plasma albumin con-
centration, which is considerably lower in the fetus
than postnatally. The albumin concentration
increases with gestational age so that the younger
the fetus, the lower the colloid osmotic pressure. 
In Figure 1.14 the osmotic pressure in the fetus is
depicted as being considerably lower in the fetal
than the adult capillary.

Tissue turgor in the fetus is not known, but it is
considerably lower than postnatally; it has been
assumed to be 2 mmHg in Figure 1.14. In the adult
capillary, there is a balance of hydrostatic and
osmotic pressures so that most fluid transferred to
the tissue space at the arterial end returns to the
intravascular space at the venous end (Figure 1.14).
Only a small volume is removed from the extracel-
lular fluid by the lymphatic system. However, in the
fetus, based on information regarding the volume
of lymph flow (see below), a relatively large amount
is removed by this means. It is therefore likely that
there is a net movement of fluid out of the capillary
into the extracellular space.

The filtration coefficient (see Chapter 1) is deter-
mined by the capillary membrane; in the fetus, the
capillary is more permeable not only to fluid but
also to protein. An elevation of venous pressure will
increase the force driving fluid into the tissue space,
which has a very large capacity in the fetus. In addi-
tion, the low colloid osmotic pressure may be fur-
ther reduced by movement of albumin across the
capillary membrane into the tissue space. Com-
pared with the adult, where the difference in hydro-
static and colloid osmotic pressure is about 15
mmHg, the difference in the fetus is less. Therefore,
elevation of venous pressure by only 2–3 mmHg,
which does not appear to be very significant, may
have a profound influence in increasing extracellu-
lar fluid volume.

An additional mechanism by which increased
venous pressure may exaggerate the amount of
extracellular fluid is by reducing lymphatic flow. 
In the adult sheep, left thoracic duct lymph flow is
about 50 mL/kg per 24 hours; in the fetal lamb, it is
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about 250 mL/kg per 24 hours. Elevation of venous
pressure has a much greater effect in reducing
lymph flow in the fetus than in the adult. This has
been well demonstrated by Brace and is depicted 
in Figure 1.15. Not only does a similar increase in
venous pressure have a more dramatic effect in
reducing lymph flow in the fetus, but flow ceases 
at venous pressures of about 15 mmHg, whereas in
the adult flow stops at pressures of 25–30 mmHg
[34,35].

Thus any cardiovascular disturbance that increases
fetal systemic venous pressure is likely to induce
fetal edema. The factors that contribute to the
development of hydrops as a manifestation of fetal
cardiac failure are shown in Table 1.6.

Hormonal factors may also play a role in the
increase in extracellular fluid volume. An increase

in fetal venous pressure induces elevation of plasma
arginine vasopressin (AVP) and atrial natriuretic
peptide (ANP) concentrations. The reduction in
arterial pressure that may occur if fetal cardiac out-
put falls results in elevation of plasma AVP and
angiotensin II concentrations. AVP decreases urin-
ary output and, in the late-gestation fetus, reduces
lung fluid production. ANP increases urinary out-
put, but increases capillary permeability. Angio-
tensin II increases fetal fluid accumulation.

Congenital cardiovascular
malformations and the fetal
circulation

It has long been recognized that congenital cardio-
vascular malformations may influence the develop-
ment of the fetal circulation. In recent years
ultrasound examination has provided the oppor-
tunity to assess the changes in circulatory develop-
ment associated with advancing gestation. It has
also become apparent that gestational changes in
development and responses of the fetal circulation
may affect the influence of various cardiovascular
anomalies. The principal mechanisms by which
congenital cardiovascular anomalies may affect
fetal circulatory development are discussed in this
section. Detailed considerations of these effects are
presented in the chapters dedicated to individual
lesions.

Cardiovascular malformations may:
• cause hydrops fetalis by increasing venous pres-
sure (discussed above);
• change the volume or direction of blood flow;
• cause obstruction to blood flow;
• alter the oxygen saturation of blood delivered to
various organs.

Changes in blood flow
Ventricular development
Interference with blood flow into or out of the left
or right ventricle has for some time been thought to
interfere with its development. Restriction of the
foramen ovale or mitral orifice reduces blood flow
into the left ventricle and results in hypoplasia as a
result of the decreased volume in the chamber.

Experimental reduction of inflow of blood into
the left ventricle of the fetal lamb for at least several
days interferes with growth of the chamber [36].
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Table 1.6 Factors contributing to edema formation in 

the fetus.

High compliance of interstitial space: allows

accommodation of large volume at low tissue pressure

High capillary filtration coefficient: allows large water flux

at low vascular pressure

Low colloid osmotic pressure: reduces fluid movement from

interstitium to capillary

High capillary permeability to protein: reduces fluid

movement from interstitium to capillary

Sensitivity of lymphatic drainage to increased venous

pressure: decreases removal of fluid from interstitium via

lymphatic channels
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Obstruction of outflow from a ventricle postnatally
restricts ejection and induces enlargement as a
result of the increased end-systolic volume. Atrial
filling pressure increases and this helps to maintain
stroke volume of the ventricle. Hypertrophy then
ensues but ventricular volume is not significantly
different from normal. In the fetus, the foramen
ovale provides a large communication between the
right and left atria. Aortic or pulmonary stenosis
interferes with outflow of the left or right ventricle
respectively and restricts the stroke volume of the
affected chamber. Ventricular muscle mass increases
in response to the increased systolic pressure.
However, unlike postnatally, left or right atrial
pressure does not increase significantly because of
the presence of the foramen ovale. Venous return is
diverted away from the ventricle with obstructed
outflow and preferentially enters the ventricle with
the greater diastolic compliance.

The total CVO can be maintained at normal levels,
but ejection is increased from the normal ventricle
and reduced from the obstructed chamber. We
induced outflow obstruction of the left ventricle in
fetal lambs by placing a constriction around the
ascending aorta; this resulted in increased left ven-
tricular muscle mass but a substantial reduction in
the size of the left ventricle within just a few days
[36]. These studies are discussed in Chapter 10. We
induced pulmonary stenosis in fetal lambs at about
60 days’ gestation by placing a band around the
pulmonary trunk. The lambs were allowed to
develop in utero and studied at about 120 days’ ges-
tation. Right ventricular muscle mass was greatly
increased but, in the majority of fetuses, the size of
the cavity of the ventricle, as well as the diameter of
the tricuspid valve, were markedly reduced. The
findings are reviewed in detail in Chapter 15.

Ascending aorta and aortic arch development
In fetal lambs, the left ventricle ejects about one-
third of CVO, and about two-thirds of blood enter-
ing the ascending aorta is distributed to the brain
and upper body. Thus only about 10% of CVO
passes through the aortic isthmus. The relatively
low blood flow through this segment is reflected by
the fact that the diameter of the isthmus is only
about half that of the ascending aorta.

In the human fetus, the left ventricle ejects about
45% of CVO. The volume passing through the aor-

tic isthmus is not known, but it appears to be sim-
ilar to that in the lamb and thus accounts for the fact
that the diameter of the isthmus is also about 75%
of that of the ascending aorta.

The diameter of the ascending aorta is affected
by the magnitude of blood flow. Thus in the fetus
with aortic atresia, no blood enters the aorta from
the left ventricle, but flow occurs retrograde from
the ductus arteriosus across the arch to the ascend-
ing aorta. The flow conducted by the ascending
aorta is only that passing to the coronary cir-
culation and the vessel is quite hypoplastic (see
Chapter 11).

In the fetus with pulmonary atresia, no blood can
be ejected by the right ventricle. All blood returning
to the right side is directed through the foramen
ovale and joins pulmonary venous return to the left
atrium. Thus the total CVO is ejected into the
ascending aorta. In the lamb, this would represent a
flow about three times normal and in the human
fetus a flow somewhat higher than twice normal.
This high flow is associated with an aortic diameter
considerably greater than normal (see Chapter 15).

Ductus arteriosus size and orientation
Normally, almost 60% of CVO traverses the 
ductus arteriosus from the pulmonary trunk to 
the descending aorta in the fetal lamb. In the late-
gestation human fetus, flow is also exclusively from
the pulmonary trunk to the descending aorta,
although only about 30% of CVO passes through
the ductus. Because a large volume is ejected by 
the right ventricle, the pulmonary trunk is large
and, as a result of the direction of flow through the
ductus, the inferior angle between the ductus and
the descending aorta is oblique.

When RVO is markedly reduced, or completely
obstructed, as with pulmonary atresia, flow into the
pulmonary trunk is relatively low and is supplied by
retrograde flow from the descending aorta across
the ductus arteriosus. This results in poor develop-
ment of the main pulmonary artery, and possibly
the ductus arteriosus and the direction of flow in
the ductus results in an acute inferior angle of the
ductus with the descending aorta.

Conversely, severe reduction or curtailment of
LVO, as in the presence of aortic atresia, results in
hypoplasia of the ascending aorta (see above). If
LVO is completely obstructed, the right ventricle
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ejects a much larger volume than normal, equival-
ent to the CVO. The blood flow through the ductus
arteriosus is markedly increased, because the total
cardiac output, excluding that distributed to the
pulmonary circulation, passes through the ductus
to provide both systemic and umbilical–placental
flows. The ductus is large and connects with the
descending aorta with a wide oblique inferior angle
(see Chapter 6).

Effect of obstruction
The effect of obstruction of left or right ventricular
output on blood flow into and out of the ventricle
and on development of chamber size has been dis-
cussed above. Two other sites of obstruction that
may affect fetal development are in the ductus arte-
riosus and in the aortic arch proximal to the ductus.

Ductus arteriosus obstruction and the
pulmonary circulation
Pulmonary arterial and aortic pressures are similar
in the fetus. Studies in fetal lambs have shown that
constriction of the ductus arteriosus elevates pul-
monary arterial pressure. This may result from
constriction by mechanical means [37,38]. We
have also shown that persistent compression of the
ductus arteriosus in fetal lambs induces an increase
in the medial smooth muscle layer of small pul-
monary arteries, resulting in increased pulmonary
vascular resistance [39]. The increased smooth
muscle development may interfere with the normal
fall in pulmonary vascular resistance after birth;
studies in lambs have confirmed these observations
[37,38].

Constriction of the ductus arteriosus in utero
may result from administration of nonsteroidal
antiinflammatory agents to the mother. One of the
mechanisms that maintains patency of the ductus
in the fetus is the relaxant effect of prostaglandin on
ductus smooth muscle. Nonsteroidal antiinflam-
matory agents inhibit prostaglandin production
and have been shown to constrict the ductus in
both the sheep and human fetus (see Chapter 6).
The resulting induction of an increase in the
amount of pulmonary vascular smooth muscle
could interfere with the postnatal fall in pulmonary
vascular resistance and be responsible for the syn-
drome of persistent pulmonary hypertension of the
newborn infant.

Constriction of the ductus reported in some
fetuses with aortopulmonary transposition is dis-
cussed in Chapter 18.

Aortic arch obstruction and cerebral 
blood flow
In fetuses with aortic atresia, there is no blood
ejected from the left ventricle into the ascending
aorta. Blood flow to the head is derived from blood
traversing the ductus arteriosus and then passing
retrogradely across the aortic arch to the carotid
arteries. Aortic atresia is frequently associated 
with coarctation of the aorta adjacent to the duc-
tus arteriosus. As discussed in Chapter 12, it has
been proposed that the coarctation is a result of 
the very high flow through the ductus; the junc-
tion between the aortic isthmus and the ductus
arteriosus acts as a branch point and narrow-
ing results at this site. Infants with aortic atresia
have been reported to show a high incidence of
neurodevelopmental problems as well as cerebral 
lesions on imaging and it has been suggested that
reduced cerebral blood flow during fetal life may 
be responsible.

Effects of changes in blood 
oxygen content
Increased oxygen saturation of pulmonary
arterial blood
Several congenital cardiovascular malformations
alter the pattern of blood flow in the circulation in
the fetus. These changes in the course of the circula-
tion could potentially modify the oxygen saturation
of blood delivered to various organs. In the normal
fetus, well-oxygenated umbilical venous blood
passing through the ductus venosus is preferen-
tially directed through the foramen ovale to the left
atrium and ventricle, which ejects it into the
ascending aorta. However, in the fetus with aorto-
pulmonary transposition, the pulmonary artery
arises from the left ventricle. I previously specu-
lated that the pulmonary circulation is exposed to
blood with a higher oxygen content than normal
and, because it is very reactive to small changes in
oxygen, pulmonary vascular resistance and vascu-
lar development could be affected [40]. Jouannic 
et al. [41] reported that infants with transposition
who had developed serious clinical deterioration
soon after birth were identified to have had a 
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small foramen ovale and/or a constricted ductus
arteriosus during fetal life.

I have proposed that the observations of the
abnormal foramen ovale and ductus could be
related to the high oxygen saturation of blood
entering the pulmonary circulation. The increased
oxygen saturation will induce pulmonary vasodila-
tation, increase pulmonary blood flow, and result
in increased pulmonary venous return to the left
atrium. This will elevate left atrial pressure and tend
to shift the flap of the foramen ovale to the right,
thus reducing the size of the foramen. With the
increase in LVO passing through the pulmonary
circulation, a smaller proportion would be avail-
able to traverse the ductus arteriosus; this could
account for the smaller ductus observed in some
fetuses with transposition. Also, because the ductus
is exposed to blood passing from the pulmonary
trunk to the descending aorta, in the fetus with
transposition it is subjected to a higher Po2, which
may further contribute to the constriction. These
changes in the circulation in the fetus with aorto-
pulmonary transposition are discussed in detail 
in Chapter 18.

Decreased oxygen saturation of ascending
aortic blood
In the normal fetus, ascending aortic blood is
derived from the left ventricle and has an oxygen
saturation of about 65%. However, with aortopul-
monary transposition, the aorta arises from the
right ventricle and ascending aortic blood oxygen
saturation will be considerably lower, probably
about 45–50%. Whether this lower oxygen satura-
tion will affect the cerebral circulation is open to
speculation. Ultrasound studies have indicated that
cerebral vascular resistance is decreased [42], sug-
gesting that cerebral blood flow is increased to
compensate for the lower oxygen saturation and
thus maintain oxygen delivery. It is possible,
though, that if the fetus is subjected to intrauterine
stress, oxygen supply to the brain would be more
readily compromised than in the normal fetus (see
Chapter 18).
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in awake, resting neonatal lambs is about 300–
425 mL/min per kg. The values in newborns are
determined to a large extent by environmental tem-
perature; cardiac output is higher in lower temper-
atures. Postnatally, cardiac output represents the
volume of blood flowing through the pulmonary
and systemic circulation in series. Therefore the
combined output of the right and left ventricles 
is 600–850 mL/min per kg. This represents a 30–
80% increase over fetal values. Left ventricular out-
put increases dramatically by threefold to fivefold.
The mechanisms responsible for this marked
increase in cardiac output after birth have not been
fully defined.

The immediate events occurring at the time of
birth include delivery of the fetus, ventilation, and
separation of the umbilical–placental circulation.
The process of ventilation includes physical expan-
sion of the lung with air and removal of the fluid in
the airways, as well as an increase in alveolar oxygen
concentration. Because the events at birth occur
almost simultaneously, it has been difficult to define
the importance of individual processes in inducing
perinatal circulatory changes. The separate roles 
of lung expansion, increased alveolar oxygen con-
centration, and elimination of the placental circu-
lation have been examined in fetal lambs that were
not delivered from the uterus [1,2]. We studied 
the lambs in utero after recovery from surgery to
implant vascular catheters, a tube in the trachea,
and an occluding balloon around the umbilical
cord. Rhythmic expansion of the lungs with 3%
oxygen and 5% carbon dioxide did not significantly
change fetal blood gases (descending arterial Po2 of
∼21 mmHg and Pco2 of ∼40 mmHg). Subsequent
ventilation with oxygen raised fetal arterial Po2 to
40–60 mmHg. Then, while ventilating with oxygen
the umbilical cord was occluded.

CHAPTER 2

Perinatal and postnatal 
changes in the circulation

25

After birth, the process of gas exchange is trans-
ferred from the placenta to the lungs. An adequate
pulmonary blood flow must be established to pro-
vide for oxygen uptake and carbon dioxide removal
when the umbilical–placental circulation is abolished.
The separation of the systemic and pulmonary cir-
culation, characteristic of the postnatal circulation,
is achieved by closure of the ductus arteriosus and
foramen ovale. During fetal life, the mother main-
tains fetal body temperature, but after birth the
neonate must increase metabolism to maintain
temperature. Measurements in fetal and neonatal
lambs have demonstrated that fetal oxygen con-
sumption is 6–8 mL/min per kg body weight. After
birth it increases to 15–20 mL/min per kg, the value
depending on environmental temperature. Cardiac
output tends to be closely related to metabolism,
reflected by oxygen consumption; in the lamb there
is a considerable increase in cardiac output after
birth (see below). In comparing postnatal cardiac
output with fetal cardiac output, it should be appre-
ciated that cardiac output in the fetus is usually
expressed as combined ventricular output, whereas
postnatal cardiac output represents the output of
one ventricle. This must also be considered when
expressing organ blood flow as a proportion of 
cardiac output.

Changes in cardiac output

Combined ventricular output in fetal lambs in
utero is about 450 mL/min per kg body weight;
about 300 mL/kg is ejected by the right ventricle
and 150 mL/kg by the left ventricle. Cardiac output

2
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26 CHAPTER 2

Lung expansion with no change in arterial blood
gases resulted in a marked decrease in pulmonary
vascular resistance and an increase in pulmonary
blood flow (Figure 2.1). The changes in the course
of blood flow and the amounts flowing through
various chambers and great vessels are shown in
Figure 2.2. The proportion of right ventricular out-
put distributed to the lungs increased and the
amount traversing the ductus arteriosus to the
descending aorta fell. Flow through the foramen
ovale into the left atrium decreased. Although pul-
monary vascular resistance decreased, pulmonary
arterial pressure did not fall; this suggests that the
ductus arteriosus remained widely patent. Left 

ventricular output increased and was only slightly
lower than right ventricular output.

During ventilation with oxygen, pulmonary vas-
cular resistance decreased further and the rise in
pulmonary blood flow was greater. Almost all the
blood ejected by the right ventricle entered the 
pulmonary circulation and only a small amount
passed through the ductus arteriosus. A small shunt
from the aorta to the pulmonary artery through the
ductus arteriosus could be detected. Left ventricu-
lar output now exceeded right ventricular output,
as a result of the small left-to-right shunt through
the ductus arteriosus. Flow across the foramen
ovale was completely eliminated; this was probably
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Figure 2.1 Changes in (a) pulmonary
vascular resistance and (b) pulmonary
blood flow resulting from physical
expansion of the lung, ventilation with
oxygen, and umbilical cord occlusion in
fetal lambs in utero.
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Figure 2.2 Effects of birth events on the proportions on
combined ventricular output flowing through the cardiac
chambers and great vessels in fetal lambs. (a) Control fetal
circulation; (b) effect of ventilation (physical expansion 
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of the lungs with no change of blood gases); (c) effect of
ventilation with oxygen; (d) effect of umbilical cord
occlusion.
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due to a 2–3 mmHg increase in left atrial pressure,
resulting in closure of the foramen. Pulmonary
arterial pressure fell progressively, probably as a
result of gradual constriction of the ductus arterio-
sus. Subsequent occlusion of the umbilical cord
eliminated umbilical–placental blood flow. This
resulted in no further changes in pulmonary blood
flow, but caused a rise in arterial pressure with a
small increase in the flow from the aorta into the
pulmonary artery through the ductus arteriosus.

Thus it is apparent that the circulatory adjust-
ments associated with birth are largely the result of
ventilation-induced decrease in pulmonary vascu-
lar resistance. The mechanisms by which physical
expansion of the lung alone and ventilation with
oxygen affect the pulmonary circulation are dis-
cussed in detail in Chapter 5. Closure of the fora-
men ovale results from the rise in left atrial pressure
due to the increase in pulmonary blood flow and
pulmonary venous return to the left atrium. The
decrease in umbilical venous return associated with
elimination of the placental circulation is not neces-
sary for functional closure of the foramen ovale.

Closure of the ductus arteriosus proceeds slowly
in the lamb, as well as in the human infant. During
the early neonatal period, small shunts through the
ductus may occur before it closes completely. The
mechanisms involved in closure of the ductus arte-
riosus are discussed in Chapter 6.

However, in these studies, the combined ventricu-
lar output did not increase significantly. Left ven-
tricular output increased from about 140 mL/min
per kg to about 210 mL/min per kg; this was associ-
ated with a fall in right ventricular output, so that

combined ventricular output did not change
(Figure 2.3). At birth, the fetus is removed from the
warm temperature in the uterus, into the cooler
environment of room air. The possibility that the
change in environmental temperature after birth
could account for the increase in cardiac output
was examined by delivering the lamb fetus into a
water bath while allowing placental circulation to
be maintained. Combined, as well as left and right,
ventricular output did not change significantly
when the bath temperature was 39 or 25°C, indicat-
ing that environmental temperature alone is not
responsible for the increase in output [3].

The hypothesis has been proposed that fetal car-
diac output is restricted because cardiac filling is
limited by a high pericardial pressure, resulting from
compression of the fetal chest by the uterus and
maternal abdomen. Following the onset of spontan-
eous ventilation, a negative pressure develops in 
the pleural and pericardial spaces that facilitates
venous return and increases output. Experimental
studies in fetal lambs indicate that this may have
some role in explaining an increase in cardiac output
after birth, but it is not known whether it can account
fully for the postnatal increase in output [4].

In the studies of the role of ventilation and envir-
onmental temperature change at birth, the fetuses
were delivered by cesarean section 1–2 weeks prior
to term gestation. In the sheep, fetal plasma triiodo-
thyronine (T3) and cortisol concentrations increase
prior to delivery. The fetuses had therefore not
been exposed to the increase in circulating concen-
trations of these hormones. Plasma T3 concentra-
tion normally rises rapidly after birth and because
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Figure 2.3 Effects of simulated birth
events on combined ventricular output
and on right and left ventricular output
in fetal lambs in utero.
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T3 administration increases cardiac output in adults,
it was hypothesized that the postnatal increase in
cardiac output could be the result of the rise in T3

concentration. Studies were conducted in three
groups of lambs, all of which had surgery at about
130 days’ gestation [5]. In the control group noth-
ing further was done; in the second group thyroi-
dectomy was performed at the time of surgery; and
in the third group, the thyroid was removed at the
time of delivery. In the control group, plasma T3

concentration increased from 1 to 3–4 ng/mL within
30–60 min after birth. Left ventricular output
increased from about 170 mL/min per kg in the
fetus to about 340 mL/min per kg and oxygen con-
sumption rose to 23 mL/min per kg within 60 min
after birth. In the group that had thyroidectomy at
130 days’ gestation, T3 was not detectable in fetal
plasma, or after birth; neither cardiac output nor
oxygen consumption increased after delivery. In
the lambs in which the thyroid was removed imme-
diately before delivery, plasma T3 concentration
was about 1 mg/mL but did not increase after 
delivery. Cardiac output and oxygen consumption
increased to the same levels as in the control group.
These studies demonstrate that the normal post-
natal increase in T3 concentration is not responsible
for the increase in cardiac output, but that prenatal
thyroid action is necessary for cardiac output and
oxygen consumption to increase after birth. Lack 
of T3 could affect myocardial function through 
several mechanisms.

The myocardium of the lambs that underwent
thyroidectomy about 2 weeks prior to birth had
about half the normal number of β-adrenoceptors
and showed a greatly reduced adenylate cyclase
response to isoproterenol. Thyroid hormone is also
known to increase Na+/K+-ATPase activity and to
modify cardiac heavy-chain myosin. It is apparent
that prenatal activity of thyroid hormone is neces-
sary for the postnatal increase in cardiac output,
but the exact mechanism of action is still not
defined.

The possibility that cortisol may affect myocar-
dial development and function also has to be con-
sidered. Fetal plasma cortisol concentration increases
dramatically a few days before normal delivery of
the lamb. Cortisol does affect myocardial growth as
manifested by its effect on DNA and protein con-
centrations in fetal myocardium (see below).

Following the initial increase in cardiac output in
the lamb, the cardiac output then falls in relation to
body weight, paralleling the decrease in oxygen
consumption relative to weight. Oxygen consump-
tion falls from about 16–20 mL/min per kg imme-
diately after birth to about 6–8 mL/min per kg by
8–10 weeks. Cardiac output falls from about 300–
425 mL/min per kg to about 150–170 mL/min 
pr kg over the same period. This can be partly
explained on the basis of the changes in surface area
relative to body weight, because oxygen consump-
tion is related to body surface area (see Chapter 3).
The changes are likely to be less significant in the
human infant because the changes in growth and
body habitus are less striking in the postnatal
period.

Another factor that may account for the relative
decrease in cardiac output over the first few postna-
tal weeks is a change in sympathetic nerve activity.
Myocardial contractility has been shown to fall
over the first four to five postnatal weeks in the
lamb and this is associated with a progressive in-
crease in response to β-adrenoceptor stimulation
[6]. This suggests that immediately after birth the
myocardium is being subjected to high resting
inotropic stimulation by catecholamines and that
as the resting inotropic stimulation recedes myocar-
dial contractility is reduced but the response to β-
adrenoceptor stimulation increases.

The relatively high resting cardiac output in the
early neonatal period reduces the reserve of the
heart to respond to increased requirements. In fetal
lambs, cardiac output per kilogram body weight
increases by about 35% in response to volume load-
ing, whereas in the 6–8-week-old lamb, cardiac
output increases by about 65–70% above resting
levels [7]. The actual cardiac output per kilogram
achieved in the older lamb is no greater than in the
neonate, but the resting output per kilogram is con-
siderably lower. Thus there is greater reserve in the
older animals.

Ductus venosus and hepatic 
blood flows

Following birth, elimination of umbilical venous
return drastically reduces flow to the liver and
through the ductus venosus. The mechanisms
involved in closure of the ductus venosus have not
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yet been fully defined. A sphincter has been described
at the origin of the ductus venosus from the umbil-
ical vein, and it has been suggested that some degree
of constriction of this sphincter is responsible for
the high flow velocity in the vessel. There is little
evidence for the role of a sphincter. It has been sug-
gested that the ductus reacts passively to the intra-
luminal pressure, and that closure after birth is
merely the result of the fall in blood flow associated
with removal of umbilical venous return. However,
contemporary research has shown that the ductus
venosus is affected by prostaglandins. Administra-
tion of the prostaglandin synthesis inhibitor in-
domethacin to fetal lambs results in constriction of
the ductus venosus; this can be reversed by infusion
of PGE1 [8,9]. It is thus possible that the patency of
the ductus venosus in the fetus is maintained by cir-
culating prostaglandins. The ductus venosus in the
human is also regulated by PGE; infusion of PGE
results in relaxation of the ductus in infants with
total anomalous pulmonary venous drainage to the
portal vein (see Chapter 13). In studies in both the
lamb and the human infant, the ductus venosus has
been shown to be patent for as long as 6–11 days
after birth. In the early postnatal period, consider-
able amounts of portal venous flow traverse the
ductus but by 3– 4 days the amounts are negligible.

Associated with the elimination of umbilical
venous return, hepatic blood flow falls rapidly, and
then increases as gastrointestinal flow is established
[10]. In the lamb, hepatic flow falls from the fetal
level of 420 to about 100 mL/min per 100 g liver
weight after delivery. Portal venous flow in the fetus
is about 55 mL/min per 100 g liver weight. By 2
hours it increased to 140 mL/min per 100 g liver
weight and by 10 hours to 300 mL/min per 100 g
liver weight. Associated with the increase in portal
venous flow, ductus venosus flow into the inferior
vena cava increased to 150 mL/min per 100 g liver
weight. Hepatic flow progressively increases after
birth and by 7 days after birth reaches levels of
about 250 mL/min per 100 g liver weight; by this
time there is no flow through the ductus venosus.

Changes in organ blood flows

While in utero, the fetus is bathed in amniotic fluid
at maternal body temperature. Fetal temperature
is, in fact, slightly higher than maternal tempera-

ture, because heat is produced by the fetus and is
transferred to the mother, perhaps through the
amniotic fluid by conduction and convection but
probably largely through the placental circulation.
Because environmental temperature is high and no
evaporation from the skin surface occurs, skin tem-
perature is high and the arterioles, as well as the
veins, are dilated. After birth, surface temperature
decrease in environmental temperature and evapo-
ration from the skin surface results in peripheral
vasoconstriction of arteries and veins, with an in-
crease in systemic vascular resistance.

The postnatal rise in systemic arterial Po2 also 
has a marked effect on the vascular resistance in
several organs. The coronary circulation is very sensi-
tive to changes in Po2. Before birth, the coronary
vessels are perfused by blood with a Po2 of about
25–28 mmHg, whereas after birth Po2 of arterial
blood rises to 80–90 mmHg. In lambs myocardial
blood flow falls rapidly to 50% or less of the prenatal
level. Fetal myocardial flow is about 200–250 mL/
min per 100 g of muscle, and in the newborn lamb
is about 100–125 mL/min per 100 g. However, des-
pite the decrease in coronary blood flow, oxygen
delivery to the myocardium is similar because, with
the rise in arterial oxygen saturation from about
60–65% in the fetus to greater than 90% after birth,
oxygen content increases [11].

Oxygen consumption per unit weight of myocar-
dium is similar in the fetal and adult heart; it is
somewhat higher in the neonatal period, probably
due to high resting sympathetic activity. During
fetal life the myocardium utilizes carbohydrate
almost exclusively as an energy source [11]. The
metabolic substrates are predominantly glucose
and lactate and a small amount of pyruvate. In the
adult, fatty acids constitute a major source of
energy for the myocardium. It is not known when
after birth the change in substrates used by the
myocardium occurs. Nor is it known whether the
fetal myocardium does not utilize fatty acid because
fetal arterial concentrations of fatty acids are low,
or because myocardial enzymes that assist in
metabolism are not yet well developed in the fetus.

The cerebral circulation is also sensitive to
changes in Po2 of perfusing blood. In fetal lambs,
hypoxemia increases cerebral blood flow and 
raising arterial Po2 by ventilating the lamb with
oxygen results in a marked decrease in cerebral
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blood flow. However, because oxygen content of
the perfusing blood increases, oxygen delivery is
maintained or even increased.

Changes in hemoglobin and tissue
oxygen delivery

In the human, the higher hemoglobin level com-
pared with maternal blood facilitates oxygen uptake
by the fetus in the placenta. Most hemoglobin in
the fetus is of fetal type (HbF). The oxygen dissoci-
ation curve of fetal red cells is shifted to the left
compared with adult red cells (see Chapter 3). In
the sheep, this difference in dissociation curves is
related to the different affinities of HbF and adult
hemoglobin (HbA) for oxygen. In the human, the
dissociation curves for HbF and HbA are similar.
However, there is a difference in the dissociation
curves of intact red cells. This is related to the fact
that HbF has much less affinity for organic phos-
phates such as 2,3-diphosphoglycerate (2,3-DPG)
and ATP than does HbA. These phosphates, which
are present in red blood cells, compete with oxygen
for binding to hemoglobin. The difference in bind-
ing of fetal and adult hemoglobin is important in
facilitating oxygen transfer from mother to fetus in
the placenta.

In adult red cells, the preferential binding of 2,3-
DPG to hemoglobin tends to release oxygen, which
in the placenta readily binds to HbF. The affinity of
reduced hemoglobin for 2,3-DPG is greater than
that of oxyhemoglobin. At the tissue site, where
oxygen diffuses from the capillary, hemoglobin is
reduced and the binding of 2,3-DPG facilitates
removal of oxygen from the blood to be available
for the tissues. Because HbF does not have a high
affinity for 2,3-DPG, this effect is less significant.

The human newborn infant has a high hemo-
globin level (∼16 g/dL), so that oxygen capacity is
quite high, and the total amount of oxygen that can
be transported to the tissues is large. However,
because HbF levels are still high, the facilitation of
oxygen delivery at the tissue site by 2,3-DPG is not
as great as in adults. The lower extraction of oxygen
would result in a relatively low arteriovenous oxy-
gen difference across the systemic circulation, with
a mixed venous oxygen saturation higher than in
the adult. High levels of HbF in the newborn period
may be disadvantageous in infants with heart dis-
ease who have a decrease in the amount of oxygen
being transported to tissues as a result of reduced
systemic blood flow or low arterial oxygen satura-
tion (see Chapter 3).

Over the first 8–10 weeks after birth, hemo-
globin concentration falls to 10–11 g/dL. This is
accompanied by loss of HbF and almost 100% of
hemoglobin is of the adult type. The decrease in
hemoglobin concentration reduces oxygen delivery
to the tissues, but HbA facilitates removal of oxygen
so that extraction is increased (see Figure 3.5).

Myocardial growth before and
after birth

Morphological studies of fetal and adult heart mus-
cle show considerable differences in the myocytes,
as well as in the extracellular tissue and capillaries.
The adult myocardium shows little interstitial 
tissue between myocytes, and the myocytes are
organized in a parallel arrangement. The diameter
of the myocyte in the adult sheep is about 15–
25 μm (Table 2.1). The nucleus is relatively small
and polyploidy is quite frequently noted. In the
fetal heart, however, there is more intercellular

Table 2.1 Myocyte size and numbers and the estimated total number of myocytes in the left ventricular free wall in the

fetal lamb at 0.8 and 0.98 gestation and in the adult sheep.

Fetus 0.8 gestation Fetus 0.98 gestation Adult

Myocyte diameter (μm) 5.1 5.5 15.5

Cross-sectional area (μm2) 22 30 168

Length (μm) 25 25 50

Volume (μm3) 550 750 8400

Left ventricular free wall 

Weight (g) 5.5 8.0 65

Total cell number 1 × 1010 1.1 × 1010 7.7 × 109
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space between the myocytes and the cells are less
well organized; the nuclei are large and polyploidy
is unusual. The diameter of the myocyte in the fetal
sheep heart is only 5–7 μm. The diameter of the
myocyte increases by only a small amount during
gestational development, so that the increase in
muscle mass during prenatal growth is almost
exclusively the result of increase in cell numbers, or
hyperplasia. Following birth there is a rapid decrease
in myocyte mitosis; a small increase in cell number
occurs during the first few weeks after birth, but
beyond this early neonatal period, essentially all
myocardial growth is the result of increase in
myocyte size, or hypertrophy. In addition to the dif-
ferences in myocyte size, the arrangement of the
sarcomeres changes during development. In the
adult, the sarcomeres are well organized and par-
allel with each other. In the early-gestation fetus,
the longitudinal orientation of the sarcomeres is
more random, and with advancing gestation they
align in a more parallel arrangement [12].

In addition to the morphological changes, 
the concentrations of DNA and protein in the
myocardium reflect the changes in pattern of
growth before and after birth. In the fetus the con-
centration of DNA is relatively high and the con-
centration of protein relatively low as compared
with adult myocardium. This indicates a relatively
large number of nuclei in fetal myocardium. The
factors involved in the change in myocardial
growth after birth have not been fully defined, but
cortisol is at least one factor that has a significant
role. Administration of cortisol into the coronary
artery of fetal lambs resulted in a decrease in
myocardial DNA concentration, and relative increase
in protein concentration, simulating the changes
occurring normally after birth [13].

Recently it has been proposed that the change in
myocyte growth begins to occur to a limited extent
from about 120 days’ (0.8) gestation in the sheep.
This is based on the observation that binucleate
myocytes are seen in greater number [14]. Since
polyploidy suggests that the myocytes have termi-
nally differentiated, it appears that the increase in
myocardial mass is at least partly due to increase in
size of differentiated myocytes. This process is quite
limited, so that increase of myocardial mass in the
latter part of gestation is still largely due to hyper-
plasia of myocytes.

Since left ventricular output increases by about
25% after birth and systemic arterial pressure is
similar to the prenatal level, the work of the left
ventricle increases. However, the right ventricle
ejects about 30% less volume after birth; also, as
pulmonary vascular resistance falls, pulmonary
arterial and right ventricular pressures decline, so
that the work of the right ventricle drops rapidly.
These changes in right and left ventricular work are
reflected in changes in muscle development. The
left ventricle increases rapidly in thickness and in
weight. Right ventricular output and pressure fall
after birth, so there is less stimulus for right ventric-
ular myocardium to develop. It was thought that
the right ventricle actually undergoes a decrease 
in muscle mass, so-called physiological atrophy.
However, more recent studies in both the pig and
the human have shown that right ventricular mass
does not decrease but remains stationary for about
a week after birth. However, the ratio of left to right
ventricular weight increases rapidly due to left 
ventricular growth. After about a week, associated
with growth, both left and right ventricular weights
increase.

Postnatal circulatory changes in
the premature infant

Little information is available regarding the circula-
tion and its responses in the infant born prema-
turely. As mentioned above, the term lamb shows
some increase in systemic arterial pressure as a
result of the rise in systemic vascular resistance
associated with removal of the low resistance
umbilical–placental circulation. Also, the increase
in pulmonary blood flow and venous return to the
left atrium and ventricle raises left ventricular out-
put after birth. Thus the level of arterial pressure
cannot be assumed to reflect the magnitude of sys-
temic blood flow. Arterial pressure is determined
by both vascular resistance and blood flow.

It is well recognized that preterm infants have
lower arterial blood pressures than infants born at
term. The pressure is also related to the gestational
age at the time of birth; the earlier the gestation, 
the lower the pressure. However, there are no
established standards for actual pressures, but it 
has been commonly assumed that a mean blood
pressure below 30 mmHg represents hypotension.
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Subsequently, it was suggested that the level of
mean arterial blood pressure that can be considered
to be normal is equal to the gestational age in weeks
[15]. This is somewhat arbitrary and has not been
confirmed by any reliable observation. The concept
was also commonly held that arterial mean pres-
sures below the conceived norms were related to
inadequate left ventricular output and reduced
flow to various fetal organs. This was thought to
contribute to mortality and also to the high inci-
dence of cerebral insults in very premature infants.

In attempts to raise arterial pressure and left ven-
tricular output, fluids with either electrolytes or
volume expanders (e.g., albumin or plasma) were
administered and catecholamines, particularly
dopamine or dobutamine and less commonly
epinephrine, were infused. In a review, Dempsey
and Barrington [16] found no evidence that blood
volume was reduced in preterm infants with blood
pressures considered to be low, and stated that “the
routine use of fluid boluses in hypotensive preterm
babies in the first days of life is not supported by
any empirical data, has no physiologic basis and is
associated with worse outcomes.”

Recognizing that arterial pressure is determined
by both vascular resistance and blood flow, Evans
[17] has attempted to examine systemic blood flow
as well as arterial pressure in preterm infants.
Several difficulties are encountered in measuring
systemic flow in the early neonatal period in
preterm infants. A major problem is that left ventri-
cular output, as measured by ultrasound assess-
ment of ascending aortic velocity, frequently does
not represent systemic blood flow, as left-to-right
shunt through the ductus arteriosus also con-
tributes to left ventricular output. Although right
ventricular output, which would measure systemic
venous return, is more likely to represent systemic
blood flow, it also may not be reliable, particularly
if a large ductus left-to-right shunt is present. The
enhanced venous return to the left atrium will raise
left atrial pressure and if the foramen ovale is
incompetent, or is stretched, an atrial left-to-right
shunt may raise right ventricular output to levels
above those of systemic venous return (see Chapter
4). In view of the great concern that circulatory
compromise in the preterm infant may result in
cerebral damage, Evans has measured superior
vena cava (SVC) flow in these infants to reflect 

systemic blood flow to the brain and upper body.
Kluckow et al. [18] have reviewed these observa-
tions. It is estimated that about 75% of SVC flow 
is derived from the brain. About one-third of all
infants born at less than 30 weeks’ gestation had
SVC flows below the estimated normal levels
recorded within 24 hours of birth, predominantly
in the postnatal period of 5–12 hours. In their stud-
ies there was a poor relationship between systemic
arterial hypotension and the magnitude of SVC
flow. There was, however, an excellent relationship
between the observation of reduced SVC flow and
the development of periventricular/intraventricu-
lar hemorrhage. Evidence of the cerebral lesions
were first noted during or after the increase of SVC
flows to normal levels.

The factors responsible for the reduced SVC flow
in these preterm infants have not been fully delin-
eated. The lower the gestational age of the infant,
the more likely is SVC flow to be low; other asso-
ciations are lung disease requiring high positive-
pressure ventilation, which may interfere with 
systemic venous return, and persistent patency of
the ductus arteriosus. The possibility that the left
ventricle of the preterm infant of less than 30 weeks
is immature and not able to sustain an increase in
output after birth has been suggested. We have
shown in fetal lambs that the left ventricle is very
sensitive to afterload and that at constant filling
pressure, elevation of aortic pressure results in a
dramatic fall in stroke volume [19]. It was sug-
gested that preterm infants had decreased left 
ventricular contractility soon after birth and that
this would limit their ability to increase output with
increased filling pressure [20]. However, in studies
in prematurely delivered lambs in which the ductus
arteriosus was maintained patent by formalin
injection of the wall, left ventricular output was
dramatically increased because a large left-to-right
shunt developed after the lungs were ventilated
[21]. However, systemic blood flow was reduced
and blood flow to many organs was compromised.

Based on the above discussion, it appears likely
that the ductus arteriosus has a major role in the
cardiovascular compromise in the early postnatal
period in very premature infants. Ventilation
results in a fall of pulmonary vascular resist-
ance and if the ductus is patent, a left-to-right 
shunt develops. Possibly the pulmonary vascular 
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resistance falls to very low levels in the very imma-
ture infant, facilitating the ductus shunt. To main-
tain systemic blood flow, the ventricular output has
to increase dramatically to compensate for the
shunt; this places a large volume load on the ven-
tricle. If the ventricle is not capable of sustaining 
the increased output, systemic blood flow will be
reduced, because blood is preferentially directed to
the low resistance pulmonary circulation. Systemic
arterial pressure may be maintained if systemic vas-
cular resistance increases, but if systemic flow is
severely compromised, pressure will fall.

Numerous therapies have been used to treat
these infants. As mentioned above, fluid infusions,
as either boluses or continuous administration,
have been used almost routinely, although there is
no evidence that they are effective and they possibly
have adverse effects. Several catecholamines have
been administered. Dopamine has been favored to
increase arterial pressure and systemic blood flow.
When infused at a rate of 5 μg/kg per min or more,
it induces peripheral vasoconstriction; although it
may raise arterial pressure, systemic flow may fall
even though left ventricular output may be main-
tained but left-to-right shunt will increase. Dobuta-
mine, which has an inotropic effect on the heart 
but does not induce significant peripheral vasocon-
striction, may increase systemic flow a small amount,
but does not raise arterial pressure. Epinephrine,
which has been used less frequently, appears to
induce a small increase in both systemic flow 
and pressure. In reviewing the results of the cate-
cholamine infusions, Dempsey and Barrington
[16] came to the same conclusion as they did for the
effects of intravascular fluid infusions, namely that
they did not appear to have any beneficial effect and
could in fact be harmful. Corticosteroids, which
have been known to produce a modest increase in
arterial pressure, have also been recommended,
although there is no convincing evidence that they
are effective and potentially could have adverse
effects.

Recently Paradisis et al. [22] instituted pilot
studies to assess the effect of prophylactic adminis-
tration of milrinone to prevent the fall in SVC
blood flow they had recorded in the very preterm
infants. Milrinone is a phosphodiesterase type III
inhibitor with a positive inotropic effect on the
myocardium; it is also a vasodilator. It had been
shown to have some beneficial effect in improving

cardiac output in patients with low output follow-
ing surgery. Although initial observations of the
effects of milrinone in preterm infants were
encouraging, this has not been confirmed and it
does not appear to have a beneficial effect.

Although less attention is being directed to blood
pressure values in the very premature infant, one
consideration of possible importance is the effect of
low pressure on coronary blood flow. Myocardial
perfusion of the left ventricle occurs predominantly
in diastole, and flow is related to the pressure differ-
ence in the aorta and the intraventricular pressure
during diastole. In the presence of a patent ductus
arteriosus with a large left-to-right shunt, the left
ventricle is handling a large volume load and pres-
sure in the atrium and ventricle in diastole may be
increased, With the large ductus shunt, aortic dias-
tolic pressure may be reduced considerably and
thus coronary blood flow may be compromised.
This may be of particular importance because, with
the increased workload on the left ventricle, oxygen
requirements will be greater and, if coronary flow is
reduced, ventricular function could be affected.

In considering the possible approaches to car-
diovascular compromise in these very preterm
infants, it would seem that if the shunt through the
ductus arteriosus could be reduced, systemic blood
flow could be enhanced. This could be accom-
plished by reducing the size of the ductus, increas-
ing pulmonary vascular resistance, or reducing
systemic vascular resistance. The problem with
attempting to increase pulmonary vascular resist-
ance is that in the preterm infant, pulmonary ves-
sels appear to be less reactive than in term infants.
Reducing systemic vascular resistance by use of
vasodilators could be readily accomplished, but a
major concern would be that coronary flow could
be compromised. Current methods of pharmaco-
logical closure of the ductus with nonsteroidal
antiinflammatory agents have the drawback that
they are often not effective in very preterm infants
and may not act rapidly enough, because the main
fall in SVC flow has been observed at about 5–12
hours after birth.

Changes in childhood and
adolescence

After the rapid adaptations of the circulation in the
perinatal period, more gradual adjustments occur
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in relation to changes in body size and configura-
tion, and exertion. Based on reported measure-
ments in humans, the changes in heart rate, cardiac
output, and blood pressure during infancy, child-
hood and adolescence are shown in Figures 2.4 and
2.5. Resting heart rate decreases progressively 
and cardiac output increases and is fairly linearly
related to body surface area over the whole age
spectrum. The actual level of cardiac output at rest
is about 3.5 L/min per m2 of body surface. In view

of the disproportion between body weight and
body surface area, cardiac output is not directly
related to body weight. During the first few years,
cardiac output expressed as mL/min per kg body
weight falls fairly rapidly. Immediately after birth,
cardiac output is about 200 mL/min per kg; it first
falls rapidly and then more slowly, reaching a level
of about 100 mL/min per kg at rest in the adoles-
cent age group. This decrease in cardiac output per
kilogram of body weight while cardiac output per
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(CO), heart rate (HR), and stroke volume
(SV) during infancy, childhood and
adolescence.
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square meter of body surface area is constant can be
explained on the basis of a change in body con-
figuration. Associated with body growth there is an
increase in stroke volume.

Figure 2.4 shows that stroke volume increases
relatively more than cardiac output in relation to
age. This is due to the fact that heart rate decreases
with advancing age. Because cardiac output is lin-
early related to body surface area, but heart rate
decreases with increasing age, stroke volume per
square meter of body surface also increases with
growth.

Systemic arterial pressure increases with growth,
and systemic vascular resistance also increases
when related to body surface area.
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[1]. Spectrophotometric methods for measuring
oxygen capacity are reliable and simpler than 
the manometric method. They are based on the
measurement of hemoglobin level. One method
consists of diluting a small, accurately measured
volume of blood with a solution of potassium cyanide,
potassium ferrocyanide, and sodium bicarbonate
(Drabkin solution), which converts all hemoglobin
to cyanmethemoglobin. The concentration of hemo-
globin is determined by spectrophotometry from
standard curves at a wavelength of 540 nm. Estimates
of the maximal amount of oxygen that can be
attached to hemoglobin vary from about 1.34 to
1.39 mL/g hemoglobin [2].

It is now customary to multiply hemoglobin
concentration in g/dL by 1.36 to determine oxygen
capacity. Since all hemoglobin, including methe-
moglobin, is converted to cyanmethemoglobin, the
oxygen capacity measured by this method may pro-
vide a falsely high reading if significant quantities of
abnormal hemoglobins which do not have the
usual high affinity for oxygen are present.

Oxygen content
Oxygen content is a term that indicates the 
amount of oxygen present in a blood sample. It is
expressed as mL/dL (vol%) or as mL/L of blood,
and refers to the total quantity, both combined
with hemoglobin and dissolved in plasma. When
oxygen is extracted from a blood sample and its
quantity measured by the manometric method of
Van Slyke and Neill, by the volumetric method 
of Roughton and Scholander or by gas chromato-
graphy, the volume of oxygen per unit volume of
blood is obtained; this provides a true measure 
of oxygen content. Because these techniques are
cumbersome and time-consuming, oxygen content
is usually determined from the measurement of
hemoglobin concentration and oxygen saturation

CHAPTER 3

Oxygen uptake and delivery

37

Oxygen in blood

Disturbances in oxygen uptake in the lungs, or in
supply of adequate amounts of oxygen to the tis-
sues, are common features of many congenital
heart lesions. In this chapter, I review some of the
factors influencing the amount of oxygen in the
blood and the oxygen content in different locations
in the circulation. The uptake of oxygen and its 
distribution to the tissues both prenatally and 
postnatally is described, and the effects of oxygen
deprivation are considered. Also the potential
advantages and disadvantages of oxygen adminis-
tration are considered.

Oxygen capacity
Oxygen capacity refers to the maximal amount of
oxygen that can be taken up by hemoglobin in
blood. Traditionally, it has been measured by the
manometric method of Van Slyke and Neill. A vol-
ume of blood is exposed to air and rotated gently
for several minutes to allow the hemoglobin to
combine with the maximal amount of oxygen. The
amount of oxygen in the blood is then measured by
the manometric method. The volume of oxygen
dissolved in solution in blood is subtracted, thus
providing a measure of the amount of oxygen com-
bined with hemoglobin. Oxygen capacity is expressed
as mL/100 mL (vol% or mL/dL) or sometimes as
mL/L of blood. It should be appreciated that if any
abnormal hemoglobins, such as sulfhemoglobin 
or methemoglobin, which do not have the same
affinity for oxygen, are present, the oxygen capacity
will not be representative of total hemoglobin con-
tent when measured by the manometric method

3
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and addition of the amount of dissolved oxygen
(see below).

Oxygen saturation
Oxygen saturation is a measure of the ratio of oxy-
gen actually combined with hemoglobin to the total
amount of oxygen that can be taken up by hemo-
globin in a blood sample. It usually is expressed as a
percentage. It is important to appreciate that the
terms “oxygen saturation” and “oxygen capacity”
concern only oxygen attached to hemoglobin and
do not consider dissolved oxygen. The relationship
between oxygen saturation, oxygen content and
oxygen capacity is as follows:

O2 saturation (%) = × 100

The importance of the quantity of dissolved oxygen
in this equation will be discussed further in relation
to hemoglobin levels and oxygen tension.

Oxygen saturation can be calculated by meas-
uring oxygen content and capacity manometric-
ally and using the above equation. This is very 
time-consuming and it has become customary to
use a spectrophotometric method. This is based 
on the different spectral curves for oxyhemo-
globin and reduced hemoglobin. At a wavelength 
in the red range of about 630–660 nm, the trans-
mission of light by similar concentrations of 
oxyhemoglobin and reduced hemoglobin is quite 
different. However, at wavelengths in the green range
(∼510 nm) and in the infrared range (805 nm),
transmission is similar for the two hemoglobins.
Most methods currently used measure optical 
density of blood at about 650–660 nm to indicate
the ratio of oxyhemoglobin to reduced hemo-
globin, and optical density at 805 nm for total
hemoglobin. From these readings, the amount 
of oxyhemoglobin as a percentage of total hemo-
globin can be calculated, and this represents oxygen
saturation.

There are several different methods by which this
basic principle may be applied. When optical den-
sity is measured in a spectrophotometer by trans-
mission of light of a specific wavelength through a
cuvette containing the solution (absorbance spec-
troscopy), it is necessary to hemolyze blood so that
red cells do not interfere with light transmission.

O content dissolved O

O capacity
2 2

2

    

 

−

This may be accomplished by rapid freezing and
rethawing, but is accomplished more effectively
with a saponin–NaOH solution or by a detergent
solution. Triton X100 solution has been used quite
extensively. If reflected light is used, however, the
presence of intact red cells does not interfere with
the measurements and thus whole blood can be
used. The reflectance oximeter is simple to operate,
and oxygen saturation can be measured on small
blood samples (0.2 mL).

Oxygen saturation can also be derived quite
accurately from measurement of oxygen tension
(Po2), pH and Pco2 and hemoglobin or hematocrit
levels; these measurements can all be made on less
than 0.5 mL of blood. This method is based on the
relationship between oxygen partial pressure and
oxygen saturation of hemoglobin, designated the
oxygen dissociation curve.

Oximetry
Oxygen saturation can be measured noninvasively
by the use of oximeters. The same principles are
used as for measuring saturation in blood samples.
An oximeter probe consists of two diodes emitting
light at wavelengths of 660 and 805 nm, with the
amount of light transmitted or reflected being mea-
sured by photoelectric detectors on the opposite
side of the probe. Most oximeters currently used
measure transmittance and the probe is applied to a
finger, toe, earlobe, or in small infants the palm of
the hand. Reflectance oximeters have the emitting
diodes and the photosensors next to one another
and can therefore be applied to a flat surface, 
such as the scalp. To try to avoid the effects of
absorbance by tissues other than blood, only the
variation of absorption with the surge of arterial
blood during each heart beat is measured, hence
the description “pulse oximeter” is applied to this
instrument. If an adequate pulse is not present, as
in patients with poor perfusion due to shock, or
obstruction to flow as in infants with aortic coarc-
tation, the measurements may not be possible or
may be unreliable.

Measurement of arterial oxygen saturation by
oximetry is most reliable at higher levels of satura-
tion; with decreasing oxygen saturation levels, the
measurement is less reliable. Thus at oxygen satura-
tion levels above about 90%, the saturation varies
by about 2%. At levels of 70–90%, variation is
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3–4%, whereas below 70%, variability may be 5%
or even higher.

Arterial oxygen saturation 
in infants

Prior to the introduction of noninvasive oximetry,
little information was available regarding arterial
oxygen saturation in normal infants. It was gener-
ally accepted that beyond 2 days after birth, arterial
oxygen saturation was above 95%, but that within
the first 2 days saturations of 92–93% were accept-
able. This was believed to be the result of inade-
quate expansion of the lungs, or small right-to-left
shunts through the foramen ovale or ductus arte-
riosus. In a study of 50 normal newborn infants in
whom right upper and lower extremity oxygen sat-
urations were measured using pulse oximetry, Toth
et al. [3] found that, at 2 min after birth, mean oxygen
saturations in the right arm were 73% (range
44–95%) and in the right leg 67% (range 34–93%).
Oxygen saturations were greater than 95% in the
right arm within 12 min (range 2–55 min) and in
the right leg within 14 min (range 3–55 min). Rabi
et al. [4] found that oxygen saturations in the right
arm were 87% (range 80–95%) at 5 min after vagi-
nal delivery and 81% (range 75–83%) in infants
delivered by cesarean section. A median oxygen 
saturation above 90% was reached in both groups
by 8 min after birth.

Based on these and other observations, oxygen
saturations in quietly resting infants breathing
room air are above 92% within 10 min and above
97% by 24 hours after birth in both right arm and
lower extremities.

Oxygen saturation differences between
right arm and legs
It has long been recognized that oxygen saturation
may be lower in the legs than in the arms in new-
born infants as a result of shunting of poorly satur-
ated pulmonary arterial blood through the ductus
arteriosus into the descending aorta. This right-to-
left shunt through the ductus occurs because pul-
monary vascular resistance has not yet achieved
postnatal levels, so the pulmonary arterial pressure
is still somewhat elevated and the ductus arteriosus
has not closed. Although the ductus right-to-left
shunt results in lower saturation in the lower

extremities compared with right and left arms, not
infrequently the left arm oxygen saturation level is
between that in the right arm and the leg. This is
explained by the fact that the left subclavian artery
arises from the descending aorta just above the
junction of the ductus arteriosus. A small amount
of the shunted blood may enter the subclavian
artery, thus reducing left arm oxygen saturation
somewhat compared with that in the right arm.
Because the right subclavian artery arises from 
the brachiocephalic trunk (innominate artery), it
receives blood only from the ascending aorta. In
detecting differences it is therefore preferable to
measure right arm and leg oxygen saturations.
Noninvasive oximetry in the newborn infant has
become standard procedure in many medical cen-
ters in the USA, but it is not standard practice to
measure oxygen saturation in both the right arm
and the legs. Routine measurement of oxygen satura-
tion in both right arm and a leg should be encour-
aged because detection of a difference may be very
helpful in assessment. Technically, it is preferred
that both right arm and leg saturations be measured
simultaneously. If a difference is detected, the
oximeters and probes should be interchanged to
confirm that the difference is real and not due to
technical error. As mentioned above, oximetry 
is more reliable at higher oxygen saturations; at 
saturations above 80–85% a 2–3% difference is
suspicious and a 5% difference is significant. At 
saturations below 80%, a 5% difference is suspi-
cious and a 10% difference is significant.

Only recently has it been appreciated that, in
normal babies, this difference is not apparent beyond
about 10 min after birth. A difference detected
beyond this time usually denotes the presence of
pulmonary or cardiovascular abnormality. When a
difference is detected, most commonly the right
arm saturation is higher, but occasionally the lower
limb saturation is higher than that in the right arm.
A lower saturation in the leg results from shunting
of less well oxygenated pulmonary arterial blood
across the ductus arteriosus to the descending
aorta. This may result from maintenance of a high
pulmonary vascular resistance and pulmonary
arterial pressure after birth with persistent patency
of the ductus arteriosus. A higher oxygen satura-
tion in the legs can only occur if oxygen saturation
in the pulmonary artery is higher than that in the

c03.qxd  1/13/09  11:23  Page 39



40 CHAPTER 3

ascending aorta and is diagnostic of congenital car-
diovascular malformation. The causes of arterial
saturation differences between the right arm and
lower extremity are shown in Table 3.1.

Alveolar hypoxia resulting from poor expan-
sion, atelectasis, consolidation or airway obstruc-
tion may induce pulmonary vasoconstriction and 
pulmonary arterial hypertension with shunting of
pulmonary arterial blood through the ductus arte-
riosus and thus reduce oxygen saturation in the
descending aorta. Persistent pulmonary hyperten-
sion of the newborn is also associated with elevated
pulmonary vascular resistance as a result of prena-
tal influences (see Chapter 5). The magnitude of the
difference in oxygen saturation depends on several
factors, including the degree of elevation of pul-
monary vascular resistance, the size of the ductus
arteriosus, and the oxygen saturation of blood in
the ascending aorta and pulmonary artery. Thus,
even if there is a large shunt of pulmonary arter-
ial blood into the descending aorta, there may be a
relatively small difference in saturation if ascend-
ing aortic blood saturation is reduced. This may 
occur with lung disease because pulmonary venous 
oxygen saturation is low, or with both lung disease

and persistent pulmonary hypertension of the new-
born as a result of right-to-left shunting through
the foramen ovale. The saturation difference may
be exaggerated in infants with lung disease by
administering oxygen, because pulmonary venous
and thus ascending aortic oxygen saturation may
be increased.

Blood flow to the ascending aorta in infants with
interruption of the aortic arch is provided by ejec-
tion from the left ventricle, but descending aortic
flow is provided exclusively from the pulmonary
artery through the ductus arteriosus. In infants
with coarctation of the aorta, although saturation
differences between the right arm and the legs may
occur, they are usually small, because the postnatal
development of aortic obstruction is associated
with constriction of the ductus arteriosus and thus
the ductus diameter is relatively small when the
clinical features become manifest (see Chapter 12).
Infants with severe aortic stenosis, as well as some
with poor left ventricular function, have a reduc-
tion of flow into the ascending aorta, with adequate
flow into the ascending aortic branches, but
reduced flow across the aortic isthmus. Blood to the
lower body is provided through the ductus arterio-
sus into the descending aorta and thus a saturation
difference often occurs. Because the oxygen satura-
tion difference depends on the saturation of pul-
monary arterial and ascending aortic blood, under
some circumstances, even though the shunt across
the ductus is quite large, only a small difference
may be detected because pulmonary arterial oxy-
gen saturation is increased. This frequently occurs
in infants with aortic arch interruption because an
associated ventricular septal defect allows a large
left-to-right shunt, increasing pulmonary arterial
saturation. It may also occur in infants with aortic
stenosis or aortic coarctation as a result of elevation
of left atrial pressure, stretching of the foramen
ovale, and left-to-right shunt at the atrial level (see
Chapter 12). An unusual circumstance in which
there may be a large difference between oxygen 
saturations in the ascending and descending aorta,
but with no detectable difference between right 
arm and leg, is when the right subclavian artery
originates from the descending aorta, so that it does
not reflect ascending aortic saturation.

A higher oxygen saturation in the legs than in 
the right arm indicates that pulmonary arterial 

Table 3.1 Oxygen saturation differences between the right

arm and the lower extremities.

Oxygen saturation higher in right arm than in legs (result

of shunting of poorly oxygenated pulmonary arterial blood

through the ductus arteriosus to the descending aorta)

Elevated pulmonary vascular resistance

Lung disease with hypoxic pulmonary vasoconstriction

Persistent pulmonary hypertension of the newborn

Aortic arch obstruction

Aortic arch interruption

Coarctation of the aorta

Decreased left ventricular output

Aortic stenosis

Left ventricular dysfunction

Oxygen saturation higher in legs than in right arm (result

of shunting of highly oxygenated pulmonary arterial blood

through the ductus arteriosus to the descending aorta)

Aortopulmonary transposition

Taussig–Bing anomaly

Total anomalous pulmonary venous connection to superior

vena cava

Truncus arteriosus with interrupted aortic arch
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saturation is higher than that in the ascending
aorta. This is most commonly encountered with
aortopulmonary transposition (see Chapter 18).
Shunting from the pulmonary artery to the des-
cending aorta through the ductus arteriosus is 
most prominent in the early postnatal hours and is
unlikely to be detected after a few days. After birth,
while pulmonary vascular resistance is still some-
what elevated, pulmonary arterial pressure is also
maintained. If the ductus is still patent, bidirec-
tional shunting can be observed. During systole,
the kinetic force associated with systole directs
blood through the ductus to the descending aorta,
but during diastole, because pulmonary vascular
resistance has fallen to levels below systemic vascu-
lar resistance, blood shunts from the descending
aorta into the pulmonary circulation. Continuing
decrease in pulmonary vascular resistance results in
a further fall in pulmonary arterial pressure; if the
ductus remains open, blood is shunted only from
the aorta into the pulmonary artery.

Pulmonary arterial may be higher than ascend-
ing aortic oxygen saturation in Taussig–Bing
anomaly (double outlet right ventricle with the pul-
monary artery related to the ventricular septal
defect, so that blood ejected by the left ventricle
passes through the ventricular septal defect prefer-
entially into the pulmonary artery). If saturation in
the leg is higher than that in the right arm, the pres-
ence of a lower blood pressure in the leg than 
the right arm is helpful in distinguishing Taussig–
Bing anomaly from aortopulmonary transposition,
because aortic coarctation is often associated with
Taussig–Bing anomaly but not with transposition.
A higher oxygen saturation in the legs than in the
right arm has been observed rarely in two other
congenital cardiovascular malformations. In the
infant with total anomalous drainage of all the pul-
monary veins via the superior vena cava (SVC), 
the well-oxygenated blood will pass into the right
ventricle and pulmonary artery. Poorly oxygen-
ated inferior vena cava (IVC) blood may shunt
through the foramen ovale into the left atrium and
ventricle, leading to a lower saturation in the
ascending aorta and thus the right arm. In the
infant with truncus arteriosus and interrupted 
aortic arch, well-oxygenated blood from the left
ventricle may be directed preferentially to the 
pulmonary arteries and through the ductus 

arteriosus, resulting in a higher saturation in the leg
than the right arm.

If there is a small difference in oxygen saturation
between the right arm and leg, the difference may
be exaggerated by administration of oxygen. Also, if
oxygen saturation differences are small, measure-
ment of oxygen tensions during oxygen adminis-
tration may show large differences (see Chapter 3).

Relationship between oxygen
partial pressure (tension) and
oxygen saturation of hemoglobin:
the oxygen dissociation curve

Figure 3.1 shows the relationship between the Po2

to which a hemoglobin solution or blood is exposed,
and the degree of saturation of hemoglobin. They
are related in the form of an S-shaped curve, which
has a fairly flat portion in the upper ranges of oxy-
gen saturation, above about 85%. This permits
hemoglobin to be almost fully saturated in the
lungs even when there is a somewhat reduced Po2

due to inadequate ventilation. The curve is quite
steep in the mid-portion; this is advantageous for
release of oxygen at the tissue site, as small reduc-
tions in Po2 result in considerable release of oxygen
from hemoglobin.

It was believed for some time that there was a
marked difference in the curves for adult and fetal
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Figure 3.1 Oxygen dissociation curve for normal adult
human blood.
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hemoglobin, with the fetal hemoglobin curve being
steeper and to the left. This would result in a much
greater oxygen saturation at the same Po2, and thus
aid in uptake of oxygen by fetal blood from mater-
nal blood at the placental site. However, it has been
shown in recent years that the oxygen dissociation
curves for human fetal and adult hemoglobin are
almost identical when the hemoglobin is in solu-
tion. However, in other species, such as the sheep
and goat, there is a marked difference between the
dissociation curves of adult and fetal hemoglobin.

Recently, it has also been shown that the amount
of organic phosphate in the red cells has a profound
effect on the oxygen dissociation curve of hemo-
globin. These organic phosphates decrease the affinity
of hemoglobin for oxygen by competing with 
oxygen for binding to hemoglobin. 2,3-Diphos-
phoglycerate (2,3-DPG) is the more important
phosphate, being present in adult erythrocytes 
in a concentration of about 5 μmol/mL, whereas
adenosine triphosphate (ATP), which exerts a 
similar effect, is found in a concentration of 1
μmol/mL. An increase in 2,3-DPG in blood shifts
the oxygen dissociation curve to the right, thus
facilitating delivery of oxygen at the tissue site (see
Figure 3.2). The binding of 2,3-DPG is increased
when hemoglobin is in a reduced state. In the tis-
sues, hemoglobin becomes reduced by removal of
oxygen; this results in increased binding of 2,3-
DPG and thus facilitates release of oxygen.

Fetal hemoglobin has considerably less affinity
for 2,3-DPG than does adult hemoglobin. In human
blood, the affinity of fetal hemoglobin for 2,3-DPG
is only about 40% that of adult hemoglobin. This
makes fetal hemoglobin behave as if 2,3-DPG levels
are low; therefore, the oxygen dissociation curve is
shifted to the left. Although fetal red cells do con-
tain 2,3-DPG, the poor binding of 2,3-DPG by fetal
hemoglobin is an important factor in facilitat-
ing transport of oxygen across the placenta from
mother to fetus. On the maternal side of the pla-
centa, the reduction of hemoglobin effectively
shifts the curve to the right, increasing oxygen
release. On the fetal side, 2,3-DPG does not inter-
fere with the affinity of fetal hemoglobin for oxygen
and thus the uptake of oxygen by fetal erythrocytes.

The oxygen dissociation curve is shifted to the
left when H+ ion concentration is decreased (or if
pH is increased, i.e., alkalemia) and to the right

with increased H+ ion concentration (or decreased
pH, i.e., acidemia). It is also shifted to the left when
temperature is decreased and when Pco2 is reduced
and vice versa (Figure 3.2). Whether the effect of
the change in Pco2 is independent of the change in
pH which results from the increase or decrease in
Pco2 has not been resolved. Changes in Pco2 do
facilitate uptake or release of oxygen; this is known
as the Bohr effect. Thus, in the lungs, CO2 diffuses
from blood into the alveoli resulting in a fall in Pco2

and an increase in pH; this shifts the dissociation
curve to the left and tends to facilitate oxygen
uptake. In the tissues, CO2 enters the blood in the
capillaries and increases Pco2 and decreases pH,
thus moving the curve to the right and facilitating
oxygen release.

To express the position of the oxygen dissoci-
ation curve, the parameter “P50” has been used. This
indicates the Po2 at which hemoglobin is 50% satu-
rated with oxygen. The higher the P50 value, the
greater the shift to the right and the less the affinity
of hemoglobin for oxygen.

Although it has long been known that the oxygen
dissociation curve is shifted by changes in pH and
Pco2, the magnitude of the change with specific
alterations has not been appreciated. In 2004, in
studies of adult blood, Hamilton et al. [5] found
that there was a linear relationship between changes

100

80

60

40

20

20

H+ conc.

Pco2

Temperature

2,3-DPG

H+ conc.

Pco2

Temperature

2,3-DPG

PO2 (mmHg)
O

2 
sa

tu
ra

ti
o

n
 (

%
)

40 60 80 100

Figure 3.2 Effects of changes in H+ ion concentration, PCO2,
temperature, and 2,3-diphosphoglycerate (2,3-DPG)
concentration on oxygen dissociation curve of blood.

c03.qxd  12/22/08  11:31  Page 42



Oxygen uptake and delivery 43

in pH and the shift of the curve. When pH increased
from 7.40 to 7.47, the maximum decrease of P50

(leftward shift) was 6.4 mmHg (range 0.6–6.4),
whereas a decrease in pH from 7.40 to 7.24 was
associated with a maximum increase of P50 (right-
ward shift) of 7.5 mmHg (range 2.9–7.5).

Although these changes in P50 were substantial,
the effect on oxygen saturation varied greatly,
depending on the level of saturation. Thus in arte-
rial blood with high oxygen saturation levels, a shift
of P50 had only minor effects on oxygen saturation,
because the dissociation curves are fairly flat in this
range. However, at venous oxygen saturation levels,
shifts of P50 had dramatic effects on saturations.
Thus with a right shift of 7.5 mmHg at a pH of 7.24,
oxygen saturation was 13% lower at the same Po2.
In this report, the relationship between pH and
change in P50 was observed to be linear in the pH
range 7.2–7.5. If linearity extends below this pH
range, I have estimated that at pH 7.0 there would
be a shift of P50 of about 20 mmHg to the right
(Figure 3.3). These relationships between the actual
level of oxygen saturation and the effects of changes
in P50 are potentially of great importance in
patients with cyanotic congenital cardiovascular
malformations, because frequently arterial oxygen
saturations are similar to or lower than venous 
levels encountered in adults; in this range of oxygen
saturation an increase in P50 of 20 mmHg could
potentially reduce oxygen saturation at a blood Po2

of 25 mmHg from about 50% to about 25%. If arte-
rial oxygen saturation is considerably reduced, an

increase in P50 associated with acidemia could dra-
matically reduce oxygen saturation at any given Po2

and thus markedly reduce oxygen content of blood
delivered to the tissues.

It has also frequently been stated that an increase
in P50 associated with acidemia in an infant may be
beneficial, because it would facilitate release of oxy-
gen at the tissue site and provide higher oxygen
delivery. This would be correct if arterial blood is at
higher levels of oxygen saturation, because a high
P50 would not affect oxygen saturation significantly.
At the venous level, acidemia would significantly
reduce the oxygen saturation if pH is reduced and
thus oxygen extraction by tissues would be higher.
If, however, arterial blood has an oxygen saturation
that is greatly reduced, and the dissociation curve is
shifted to the right, there would be no advantage in
oxygen extraction and in fact extraction could 
be reduced because the curve would tend to be
flatter. The potential impact of the development 
of acidemia on oxygen delivery in infants with
cyanosis has not been fully appreciated. Whether
the effect of acidemia on P50 is the same for fetal as
for adult hemoglobin has not been determined.
This knowledge would be important because if the
behavior is similar, perhaps acidemia should be
treated aggressively in severely hypoxemic infants.

Relation between oxygen 
attached to hemoglobin 
and dissolved oxygen

The amount of oxygen dissolved in blood is related
to the partition coefficient, the partial pressure of
oxygen, and temperature. The solubility of oxygen
is 0.00003 mL/mL blood per mmHg at 37°C. A
convenient way to remember the amount of dis-
solved oxygen is that at a Po2 of 100 mmHg at 37°C,
there is 0.3 mL/dL. The amount dissolved is lin-
early related to Po2 (Figure 3.4). At the usual sys-
temic arterial Po2 of about 100 mmHg, most of the
oxygen in blood is attached to hemoglobin, which
is almost 100% saturated, and only 0.3 mL/dL is
present in dissolved form. The amount dissolved is
related to Po2 in a linear manner, so that at lower
Po2 levels, a quite insignificant amount of oxygen is
dissolved in plasma; in fetal arterial blood, where
Po2 is only 20–25 mmHg, there is a negligible
amount of dissolved oxygen. In terms of oxygen
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Figure 3.3 Relationship between change in P50 with change
in pH. The bold line shows the relationship described in Ref.
5. The broken line extension shows the change with further
reduction in pH, assuming the relationship is linear in this
pH range.
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transport and supply, the quantity of hemoglobin is
thus the most important factor. At low hemoglobin
concentrations, a greater proportion of the total
oxygen in blood is present in dissolved form, and 
at higher levels a much smaller proportion is 
dissolved.

When Po2 is increased by raising the oxygen frac-
tion of inspired air (Fio2), the amount of dissolved
oxygen is increased. Because hemoglobin is almost
fully saturated at a Po2 of 100 mmHg, insignificant
quantities of additional oxygen are taken up by
hemoglobin at levels above this. Thus, the propor-
tion of dissolved oxygen is much greater. At a Po2 of
600 mmHg, dissolved oxygen in the blood com-
prises 1.8 mL/dL.

In considering the availability of oxygen to the
tissues, it is important to take into account not only
oxygen saturation of blood but also the hemo-
globin concentration (oxygen capacity), because
this is crucial in determining the total amount of
oxygen that can be carried by each volume of blood.
The oxygen dissociation curve then may be drawn
as shown in Figure 3.4, using oxygen content rather
than oxygen saturation on the ordinate.

These important facts concerning oxygen supply
and delivery are depicted in Figures 3.4 and 3.5.
Figure 3.4 shows the effects of oxygen capacity

(hemoglobin level) on oxygen content and the
importance of dissolved oxygen as a proportion 
of total oxygen at different levels of Po2. When
hemoglobin is 15 g/dL at a Po2 of 100 mmHg and
full oxygen saturation, oxygen bound to hemo-
globin comprises 20.4 mL/dL and dissolved oxygen
about 0.3 mL/dL of plasma or about 1.5% of total
oxygen. If, however, hemoglobin is reduced to 
10 g/dL at a Po2 of 100 mmHg, oxygen bound to
hemoglobin comprises 13.6 mL/dL and dissolved
oxygen 0.3 mL/dL or about 2.5%.

If the oxygen concentration of inspired air is
increased so that Po2 is 600 mmHg, the amount 
of oxygen combined with hemoglobin does not
change significantly. However, dissolved oxygen
increases to 1.8 mL/dL, representing about 9% of
total oxygen when hemoglobin is 15 g/dL, but as
much as about 14% of total oxygen content when
hemoglobin is 10 g/dL.

In Figure 3.5 the effects of the shape of the oxy-
gen dissociation curve on oxygen delivery at the tis-
sues are shown. In the case of curve M, which
approximates a normal curve for adult (maternal)
blood, decreasing the Po2 from 100 mmHg (the
level usually present in arterial blood) to 40 mmHg
(the level in venous blood) results in a release of
oxygen amounting to about 5 mL/dL. If, how-
ever, the curve is shifted to the left, depicted by
curve F (fetal blood), a decrease in Po2 from 100 to
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Figure 3.4 Oxygen dissociation curves are expressed as
oxygen content rather than oxygen saturation in relation
to PO2, thus demonstrating the important influence of the
level of hemoglobin in determining the amount of oxygen
that can be taken up at any PO2. Also, the small amount of
oxygen physically dissolved is noted.
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Figure 3.5 Effect of shifting the oxygen dissociation curve
to the left or right on the amount of oxygen delivered at
the tissue site. Although at high PO2 the amount of oxygen
attached to hemoglobin is similar for both curves, at a
venous PO2 of about 40 mmHg, the amount of oxygen that
would be extracted in the case of curve F (fetal; shift to the
left) is considerably less than for curve M (maternal).

c03.qxd  12/22/08  11:31  Page 44



Oxygen uptake and delivery 45

40 mmHg results in a release of oxygen amounting
to only about 2 mL/dL.

This relationship may have very important
implications in the newborn period. If an infant at
birth has a large percentage of fetal hemoglobin, the
oxygen dissociation curve is shifted to the left, so
that oxygen delivery to the tissues is decreased. In
newborn infants with severe hypoxemia associated
with cyanotic congenital heart disease, if hypother-
mia develops, shifting the curve to the left may
result in a reduction in oxygen release at the tissue
site. Metabolic acidemia, which often develops in
these infants, would have the opposite effect of
shifting the curve to the right and would tend to
facilitate oxygen release at the tissue level.

Contrast medium used for angiography (organic
iodide solutions) has been shown to produce a shift
in the oxygen dissociation curve to the left. In vivo,
the effect is maximal within about 1 min after injec-
tion into the vascular system, but may last up to
about 15 min. This is not due to a direct effect 
of the contrast medium on hemoglobin, because 
contrast agents shift the curve to the right when
added to a hemoglobin solution. The shift to the
left in vivo could possibly interfere with oxygen
delivery to the tissues in cyanotic patients or in
patients with markedly reduced cardiac output
after angiography.

Levels of oxygen in cardiac
chambers and great vessels

Changes in oxygen levels in cardiac chambers were
used early in the experience with cardiac catheter-
ization to detect the level of shunts in patients with
congenital heart disease. Differences in oxygen
content were used in the evaluation but now it is
customary to compare oxygen saturations. It is
more reliable to compare oxygen saturation rather
than oxygen content in assessing shunts, because it
is not influenced by differences in oxygen capacity.

With a shunt of the same magnitude there is a
smaller increase or decrease in oxygen content, the
lower the oxygen capacity. Thus, at low oxygen
capacities, a small change in oxygen content may
not be considered a significant shunt, whereas at
high oxygen capacity, a fairly large change in oxy-
gen content may be considered indicative of a
shunt, but it may in fact not be significant.

However, the change in oxygen saturation due to 
a shunt is not dependent on the level of oxygen
capacity. This is easily demonstrated in the follow-
ing examples.

• If a volume of arterial blood with oxygen satu-
ration 100% is shunted so as to be added to an
equal volume of venous blood with an oxygen
saturation of 60%, it would raise the saturation
to 80%. This rise of 20% in oxygen saturation
would not be influenced by the oxygen capacity.
• However, when oxygen content differences
are measured, if oxygen capacity were 15 mL/dL,
the oxygen content of arterial blood would be 
15 mL/dL and of venous blood (60 × 15)/100 or
9 mL/dL. The oxygen content of mixed blood
would be (80 × 15)/100 or 12 mL/dL; thus, an
increase in oxygen content of 3 mL/dL would
occur.
• If oxygen capacity were 25 mL/dL, the oxygen
content of arterial blood would be 25 mL/dL, of
venous blood (60 × 25)/100 or 15 mL/dL, and
of the final mixture (80 × 25)/100 or 20 mL/dL,
and the difference in oxygen content would be 
5 mL/dL.

In considering oxygen saturation differences
between chambers, it is important to appreciate
that the amount of change that occurs is not only
related to the volumes of blood mixing but also to
the initial oxygen saturation levels of the blood.
Consider, for example, the case of a quantity of pul-
monary venous blood with an oxygen saturation of
100% being shunted so as to mix with an equal
quantity of venous blood. If the oxygen saturation
of venous blood is 40%, the oxygen saturation of
the mixture would be 70%, whereas if the oxygen
saturation of venous blood is 80%, the final satura-
tion would be 90%. For the same magnitude of
shunt there is a 30% increase in oxygen saturation
in the first instance and only a 10% increase in the
second. This principle is very important for detect-
ing left-to-right shunts from oxygen saturation 
differences in those patients who possibly have two
or more sites of shunting. If there is an increase in
oxygen saturation at one level and a small increase
at a second level, it may be difficult to determine the
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presence or absence of a second shunt. Again, an
example demonstrates the problem.

Vena cava oxygen saturation
The oxygen saturation in the IVC is variable, largely
due to the difficulty in obtaining a good mixed
venous sample. The oxygen saturation of renal
veins is relatively high whereas that of hepatic veins
is quite low. There is a short segment of IVC
between the right atrium and the hepatic veins, so
that there is not adequate distance for mixing to
occur. Even if repeated samples are withdrawn in
the IVC below the hepatic veins, variable oxygen
saturations may be obtained at the same level if the
catheter is rotated, because selective sampling from
different streams may occur. It has also been noted
that the oxygen saturations may be different in
inspiration and expiration.

SVC oxygen saturation is also variable, but usu-
ally is not subject to the wide variations noted in the
IVC. Right atrial blood refluxes a short distance
into the superior and inferior vena cava during
atrial systole. For this reason, it is useful to obtain a
sample in the high SVC just below the junction of
the left innominate vein and a low SVC sample just
above the right atrial–SVC junction.

SVC or IVC oxygen saturations are usually in the
range 65–75%, but saturations in the 75–80%
range are common in infants and in anxious older
children. In children, oxygen saturations below
65% are usually related to a low cardiac output,
severe anemia, or systemic arterial hypoxemia. If
the SVC oxygen saturation is greater than 80%, it is
advisable to explore further to obtain measure-
ments in the jugular vein and left innominate vein
in order to exclude the possibility of a shunt from
anomalous pulmonary venous drainage or arterio-
venous fistulae.

IVC samples are not particularly useful. How-
ever, if right atrial oxygen saturation is higher than
in the SVC, a high IVC oxygen saturation could
explain the rise in oxygen saturation at the atrial
level. In this circumstance, it may be necessary to
use other techniques to determine whether there is
a left-to-right shunt at the atrial level.

Hepatic venous oxygen saturation may be help-
ful in diagnosing total pulmonary venous return to
the portal veins. If there is no ductus venosus flow,
all the portal venous blood, including pulmonary
venous return, must pass through the liver and
return via hepatic veins. In infants with this
anomaly, hepatic venous oxygen saturation is the

If three volumes of pulmonary venous blood of
100% oxygen saturation are shunted to the right
atrium and mix with one volume of venous
blood of 72% saturation, the final oxygen 
saturation will be (3 × 100) + (1 × 72)/4 = 93%.
If, now, a ventricular left-to-right shunt also
occurs with one volume of left ventricular blood
of 100% oxygen saturation mixing with one vol-
ume of right atrial blood of 93% oxygen satura-
tion, the final saturation would be 96.5%. This
further increase of 3.5% oxygen saturation is in
the questionable range for indicating a shunt.

The above-mentioned considerations must there-
fore be taken into account in evaluating differences
in oxygen saturation between chambers or in
detecting shunts.

In evaluating oxygen saturation differences
between chambers, it is important to compare sam-
ples obtained as close in time as possible. Therefore,
it is rather pointless to compare samples taken an
hour or two apart, especially if medications have
been given between samplings or if the patient’s
status has changed. Similarly, comparing oxygen
saturations of samples obtained while an infant is
crying may be quite unreliable. Variability in oxy-
gen saturation may be due to changes in blood flow,
oxygen consumption, ventilation and other factors
in the patient; it may also be related to inaccuracy of
the method of measurement.

In comparing oxygen saturations between
chambers, it is usual to take all factors into account
in developing guidelines for what constitutes
significant differences. In view of the many factors
that may influence this, it is desirable to obtain
more than one sample from each site. Clearly, a 
difference in oxygen saturation would be more
significant if it were found in two or more sets of
comparisons rather than only in one. In general, in
considering left-to-right shunts, a similar small dif-
ference in oxygen saturation is more significant in
the higher ranges of saturation, in view of the
greater accuracy of the oximeter in this range and
since oxygen saturation is usually less variable in
the higher range.
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highest that can be obtained. In infants in whom
the diagnosis is entertained, the catheter should be
manipulated into a hepatic vein early in the pro-
cedure, as it is most valuable in excluding or
confirming the diagnosis immediately.

Right atrial oxygen saturation
Oxygen saturation is often variable in different
parts of the chamber due to inadequate mixing of
IVC, SVC, and coronary sinus streams. The most
consistent values are obtained by sampling in the
midlateral position, which is the midportion of the
atrium along the right cardiac border. A significant
increase in oxygen saturation in the right atrium, as
compared with the SVC, indicates a left-to-right
shunt. An increase of at least 8–10% can be con-
sidered to be significant in one set of samples. If 
two sets are compared, an increase of 6–7% is
significant. However, increases of as much as 10%
have been encountered at the right atrial level in the
absence of a left-to-right shunt detectable by other
means. This is particularly likely to be noted in
patients in whom SVC saturation is low.

An increase in right atrial oxygen saturation 
is most often due to a shunt across an atrial 
septal defect, but it may be associated with other
lesions. These include anomalous pulmonary
venous drainage to the right atrium or coronary
sinus, left ventricular to right atrial communica-
tion, sinus of Valsalva fistula to the right atrium,
and coronary arteriovenous fistula draining to the
right atrium. An increase in right atrial oxygen 
saturation is commonly found in patients with left-
to-right shunts at the ventricular level, with no
cause for atrial shunting, due to regurgitation of
blood across the tricuspid valve. This is particularly
likely to be noted in infants with large ventricu-
lar septal defects with cardiomegaly and cardiac
failure.

Complete admixture of pulmonary and systemic
venous returns may occur in the right atrium, in
which case oxygen saturations in the right atrium
and in both ventricles and the aorta and pulmonary
artery are all almost identical. This occurs when
there is total anomalous pulmonary venous con-
nection to the systemic venous system, although
differences in pulmonary and systemic arterial oxy-
gen saturations may occur due to selective SVC and
IVC streaming (see Chapter 13). It is also noted in

mitral atresia with or without a hypoplastic left
ventricle. If right atrial oxygen saturation is at sys-
temic levels, it is important to enter the left atrium.
In mitral atresia, left atrial oxygen saturation is
higher; also, left atrial pressure is higher than right
atrial pressure. In total anomalous pulmonary
venous drainage, left and right atrial saturations are
similar, and right atrial pressure is higher than left
atrial pressure. In cases of common atria, there may
be almost equal oxygen saturations in the right and
left atria, but usually left atrial saturation is slightly
higher, and also systemic arterial saturation is
slightly higher than pulmonary arterial oxygen 
saturation.

Right ventricular oxygen saturation
Oxygen saturation in the right ventricle often is
slightly lower (3–4%) than that in the midlateral
right atrium in normal individuals. This is probably
due to addition of coronary sinus blood, which 
has a low oxygen saturation (30–40%) and tends to
stream directly across the tricuspid valve. An
increase in oxygen saturation of about 6–8% on a
single set of samples and of 4–5% on two or more
sets of samples is considered significant. Right ven-
tricular samples should be collected from the body
of the right ventricle and from the outflow region
(infundibulum).

An increase in right ventricular oxygen satura-
tion is most commonly due to a left-to-right shunt
through a ventricular septal defect; however, it
could be associated with other lesions, such as sinus
of Valsalva fistula or rupture into the right ventricle
or a coronary arteriovenous fistula entering the
right ventricle. Not uncommonly, a large increase
in right ventricular oxygen saturation occurs in
patients with atrial left-to-right shunts due to
streaming into the right ventricle. This is especially
likely to occur in defects low in the atrial septum, in
which case only a small increase in oxygen satura-
tion may be noted in the midlateral right atrium;
the major increase is noted in the body of the right
ventricle. Also, in patients with ventricular septal
defects high in the septum, and particularly in sub-
pulmonary (supracristal) defects, there may be
only a small increase in oxygen saturation in the
body of the right ventricle but a large increase in the
outflow region. An increase in oxygen saturation in
the right ventricle, especially in the outflow region,
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may also be noted in the absence of any ventricular
shunt when there is a large left-to-right shunt into
the pulmonary artery and regurgitation into the
right ventricle across the pulmonary valve. This is
most likely to occur when there is pulmonary
hypertension with a large dilated pulmonary artery.

Pulmonary arterial oxygen saturation
Normally, most venous blood is quite well mixed
by the time the ventricle is reached; an increase of
3% or more in oxygen saturation in pulmonary
arterial compared with right ventricular blood is
significant. An increase in oxygen saturation in the
pulmonary artery is most commonly associated
with a patent ductus arteriosus. Other causes
include left-to-right shunts from other lesions,
such as aortopulmonary fenestration, coronary
arteriovenous fistula draining into the pulmonary
artery, or anomalous origin of the left coronary
artery from the pulmonary artery (due to collateral
flow from the right coronary arterial system). 
Not uncommonly, an apparent increase in oxygen
saturation in the pulmonary artery is associated
with a ventricular septal defect, especially if it is 
in the subpulmonary region. During systole, the
shunt is directed through the infundibulum and
pulmonary valve directly into the pulmonary
artery. If a right ventricular sample is obtained just
below the pulmonary valve, it will be quite obvious
that there is a large oxygen saturation increase at
this level, but if a sample is obtained in the ventricu-
lar body, it may appear that the shunt is at the pul-
monary arterial level. A similar problem frequently
occurs in patients with double-outlet right ventricle
with subpulmonary ventricular septal defect, in
whom left ventricular blood is preferentially ejected
into the pulmonary artery, where the oxygen 
saturation is considerably higher than in the right
ventricular body.

Oxygen saturations in the main and branch pul-
monary arteries are usually similar in patients with
no shunt or with atrial or ventricular shunts. They
may, however, differ by 2–3% or even as much as
5–6% in patients with patent ductus arteriosus. In
the main pulmonary artery, depending on the
direction from which the catheter enters the vessel,
variable measurements may be obtained. If the pul-
monary artery is catheterized retrogradely from the
aorta through the ductus arteriosus, the catheter tip

is directed toward the pulmonary valve, and the
sample obtained may give a falsely low oxygen 
saturation due to preferential sampling of the right
ventricular stream. In older patients, particularly
when the ductus arteriosus is not very large, there is
often preferential streaming of shunted blood into
the left pulmonary artery, so that a higher oxygen
saturation is measured in the left compared with
the main, or right, pulmonary artery. When the
catheter is passed into the main pulmonary artery
from the right ventricle, its tip may be directed to
the entrance of the ductus to measure an unusually
high oxygen saturation.

Pulmonary venous and left atrial
oxygen saturation and PO2
The oxygen dissociation curve is relatively flat in
the upper ranges of oxygen saturation, so that
changes in Po2 of considerable degree may not 
be appreciated from oxygen saturation measure-
ments. Therefore, it is advisable to routinely 
measure Po2 as well as oxygen saturation in samples
obtained from the left side of the heart and the sys-
temic arterial circulation.

It is not always possible to sample all the pul-
monary veins, and it is important to recognize that
there may be marked variation in Po2 in different
veins, depending on ventilation–perfusion rela-
tionships. In a pulmonary vein draining an atelec-
tatic lobe, Po2 may be reduced to near venous 
levels. Although these major differences are to be
expected in some individuals in whom there is
obvious evidence of major lung disease, smaller dif-
ferences are frequently noted in patients with car-
diac failure, with marked cardiomegaly and with
less obvious pulmonary problems. In infants with
large hearts and with large pulmonary arteries there
may be areas of atelectasis or hyperinflation due to
bronchial compression, which also produce large
differences in pulmonary venous Po2 and oxygen
saturation.

Pulmonary venous oxygen saturation is norm-
ally 97–100% and the Po2 90–105 mmHg in indi-
viduals at sea level, but at altitude they are lower
due to the lower partial pressure of oxygen in
inspired air. The Po2 may be reduced by various
pulmonary diseases, but also by disturbance in 
ventilation–perfusion relationships. If there is 
alveolar hypoventilation, as frequently occurs in
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patients who have been sedated, pulmonary venous
Po2 will be reduced, often to levels of 80–85 mmHg
and sometimes lower and oxygen saturation may
be 88–94%. In children with very large pulmonary
blood flows, as in large atrial septal defects, pul-
monary venous oxygen saturation is commonly
reduced to 92–94% and Po2 to 85–90 mmHg. This
is probably related to the high velocity of flow
across the pulmonary capillary bed which, with
normal alveolar ventilation, does not permit nor-
mal oxygen uptake.

Simultaneous measurement of Pco2 and H+ con-
centration in pulmonary venous blood is often also
helpful: when there is pulmonary disease or alveo-
lar hypoventilation, Pco2 and H+ concentration
may be increased.

Pulmonary venous Po2 may be reduced by 
an anatomic intrapulmonary shunt, such as with
pulmonary arteriovenous fistulae or some types of
destructive lung disease. Physiological shunting, in
which there are no abnormal arteriovenous con-
nections but perfusion occurs through unventi-
lated or poorly ventilated areas, can also reduce
Po2. It is often possible to differentiate the mechan-
ism for the reduced Po2 by administering 100%
oxygen for a period of 15 min. If the lowered Po2 is
due to hypoventilation, it will rise to normal levels
of 500–600 mmHg. However, it is important that
either a tight-fitting mask or a hood with a high
flow of oxygen be used for a period of 15 min in
order that all alveoli that are being ventilated have
the opportunity to equilibrate with the high oxy-
gen. Using this method it is not possible to differen-
tiate between true anatomic shunts and perfusion
of portions of the lung that are completely unventi-
lated, as in both these conditions Po2 will increase
but will not reach normal levels.

In newborn infants who have been sedated, pul-
monary venous Po2 is often only 80–85 mmHg and
oxygen saturation 90–94%; this may be due to
hypoventilation or inadequate expansion of some
areas of the lung. With 100% oxygen breathing, the
systemic arterial Po2 may not increase to more than
400–500 mmHg in apparently normal infants. In
older infants with cardiac failure, pulmonary
venous Po2 is often reduced to 80–90 mmHg, with
an oxygen saturation of 88–92%, and Pco2 is fre-
quently increased to 42–48 mmHg; pH may be
reduced to 7.25–7.35.

Pulmonary venous Po2 is often increased in
severely cyanotic infants with severe hypoxemia
while breathing room air. The systemic arterial
hypoxemia, often accompanied by an increase in
H+ ion concentration, stimulates the respiratory
center, resulting in hyperventilation. If pulmonary
perfusion is normal, but particularly if it is de-
creased, alveolar ventilation is increased relative 
to perfusion and pulmonary venous Po2 may be
increased to 110–115 mmHg. Pco2 is reduced,
sometimes to as low as 15–20 mmHg. Associated
with the lowered Pco2 there is respiratory alkalosis
of pulmonary venous blood, and pH may be
increased to 7.45 or more. There is a marked con-
trast between the low Pco2 and normal or increased
pH in the pulmonary venous blood and the normal
or slightly increased Pco2 and often reduced pH in
systemic arterial blood.

In normal individuals, left atrial oxygen satura-
tion and Po2 are similar to those in the pulmonary
vein. A lower oxygen saturation in the left atrium is
usually due to right-to-left shunting through an
atrial septal defect or patent foramen ovale, but it
may be caused by anomalous drainage of the supe-
rior or inferior vena cava into the left atrium. In
evaluating a small decrease in oxygen saturation at
the left atrial level, it should be appreciated that it
may not be due to atrial right-to-left shunting but
to differences in pulmonary venous oxygen satura-
tions. If the pulmonary vein or veins sampled have
normal oxygen saturations but other pulmonary
veins have a lower oxygen saturation, the left atrial
oxygen saturation could be reduced.

In certain congenital heart lesions there is com-
plete admixture of pulmonary and systemic venous
returns at the left atrial level. This occurs in tricus-
pid atresia or in pulmonary atresia, when all the
systemic venous blood crosses the atrial septum.
Under these circumstances, the oxygen saturations
are equal in the left atrium, the left ventricle, and
the pulmonary and systemic arteries.

Left ventricular oxygen saturation
Normally, oxygen saturation in the left ventricle is
similar to that in the pulmonary veins and the left
atrium. A decrease in oxygen saturation in the left
ventricle relative to the left atrium occurs as a result
of right-to-left shunting through a ventricular 
septal defect. A blood sample obtained at the left
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ventricular apex may not show a decrease in oxygen
saturation, but it is detected in the outflow region
or in the aorta. This is due to the fact that blood
shunted from the right ventricle through the ven-
tricular septal defect streams toward the aorta dur-
ing systole. With right-to-left shunting across the
atrial septum, left ventricular oxygen saturation is
often lower than that in the left atrium, due to the
lack of adequate mixing in the atrium. If a sample is
obtained near a pulmonary vein entering the left
atrium, this will show a higher oxygen saturation
than the left ventricular sample.

Systemic arterial oxygen saturation 
and PO2
Normally, systemic arterial oxygen saturation and
Po2 are similar to those in the pulmonary veins.
However, oxygen saturation may be 2–3% and Po2

2–5 mmHg lower, due to the fact that there is addi-
tion of a small amount of coronary venous blood in
the left ventricle through drainage of thebesian
veins. The discussion above concerning the effects
of ventilation–perfusion relationships on pulmon-
ary venous blood also pertains to systemic arterial
blood. A decreased systemic arterial Po2 or oxygen
saturation may be due to pulmonary factors or to
right-to-left shunting at the atrial or ventricular
level. Arterial oxygen saturation is commonly lower
than that in the left ventricle when there is systolic
streaming of right ventricular blood through a ven-
tricular septal defect into the aorta. This occurs in
lesions such as ventricular septal defect with severe
pulmonic stenosis or markedly increased pul-
monary vascular resistance. It is also noted when
the aorta arises from the right ventricle, as in 
double-outlet right ventricle, aortopulmonary trans-
position with ventricular septal defect, or truncus
arteriosus communis.

With aortopulmonary transposition and ven-
tricular septal defect, the aortic oxygen saturation is
reduced but higher than that in the right ventricle.
An aortic oxygen saturation higher than that in the
right ventricle and lower than that in the left ventri-
cle could be associated with a transposed aorta and
a high ventricular septal defect.

Differences between oxygen saturation or Po2

levels in the ascending aorta and its branches and
the descending aorta and its branches are noted 
frequently when there is right-to-left shunting

through a patent ductus arteriosus from the pul-
monary artery. When the aorta and pulmonary
artery arise normally from the ventricles, ductal
right-to-left shunting results in a lower oxygen 
saturation in the descending aorta (see above).

Bidirectional shunting may occur through the
patent ductus arteriosus when pulmonary vascular
resistance is somewhat lower than systemic vascu-
lar resistance, particularly in newborn infants. The
right-to-left shunting occurs during systole, when
right ventricular ejection tends to direct blood
through the ductus; also, the high velocity of flow in
the descending aorta may tend to create a Bernoulli
effect, favoring passage of blood from the pul-
monary trunk to the aorta. During diastole, left-to-
right shunting will predominate. This bidirectional
shunting occurs when the ductus arteriosus is widely
patent and pulmonary arterial pressure is elevated.
When the ductus is small, and pulmonary arterial
pressure low, shunting is exclusively left to right.

With aortopulmonary transposition, oxygen sat-
uration in the pulmonary artery may be higher than
that in the ascending aorta, and ductus right-to-left
shunting causes oxygen saturation in the descend-
ing aorta to be higher than that in the ascending
aorta. Po2 levels in the ascending and descending
aorta or their branches should be measured if 
ductus right-to-left shunting is suspected, as this is
more reliable in showing differences if arterial oxy-
gen saturations are relatively high. This is related to
the shape of the oxygen dissociation curve, which is
fairly flat at higher Po2; therefore, with only a small
difference in saturation, Po2 differences would be
much greater.

Oxygen supply and requirements

Oxygen requirements are determined by meta-
bolic activity. Basic cellular functions such as ionic
transport and electrical activity consume minimal
amounts of oxygen, and cardiac contraction and
normal respiration require relatively small amounts
of oxygen. In homeothermic animals, a large pro-
portion of oxygen consumption is directed toward
heat production to maintain body temperature.
Physical activity is also an important factor in
increasing metabolic activity and oxygen consump-
tion. Thus heavy exertion may increase oxygen
consumption as much as fivefold.
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In the fetus, body temperature is maintained in
the moist environment of the amniotic fluid by the
mother. There is therefore no oxygen consumption
necessary for metabolism for heat production. In
addition, although fetal breathing movements and
limb motion occur, they are intermittent and con-
tribute minimally to oxygen utilization. Fetal oxy-
gen consumption is therefore low compared with
postnatally: fetal lambs consume 7–8 mL/kg per
min compared with about 20 mL/kg per min in the
resting postnatal lamb [6].

Oxygen delivery
Oxygen is supplied to the fetus from the mother
across the placenta. As mentioned above, the high
percentage of fetal hemoglobin, with its low P50,
facilitates uptake of oxygen. For example, in the
sheep, at a Po2 of about 35 mmHg, umbilical
venous blood oxygen saturation is 85–90%, whereas
oxygen saturation of maternal uterine venous
blood is only about 40%. An important mechanism
employed by the fetus to increase oxygen delivery is
to raise hemoglobin concentration, which occurs as
a response to chronic hypoxemia.

Oxygen delivery is determined by umbilical
blood flow (Auv) and oxygen content of umbilical
venous blood (Cuvo2):

Fetal O2 delivery (mL/kg/min)
= Auv (dL/kg/min) × Cuvo2 (mL/dL)

In the sheep, with an umbilical venous flow of
about 200 mL/kg per min and an umbilical venous
oxygen content of about 10 mL/dL, oxygen delivery
is about 20 mL/kg per min. However, the oxygen
content of blood delivered to the tissues is lower,
because umbilical venous blood mixes with sys-
temic venous blood before being distributed to fetal
aorta. Also, because of shunting in the heart and
great vessels, the oxygen content of blood passing
to upper and lower body organs is different (see
Chapter 1).

Postnatally, sympathoadrenal stimulation pro-
duces a marked increase in brown fat metabolism
and in oxygen consumption. This is an important
mechanism for maintaining body temperature in
response to lowered environmental temperature.
Brown fat stimulation results from sympatho-
adrenal stimulation and is due to β-adrenoceptors.
However, there is a limitation in the ability of the

fetus to increase its oxygen supply. In the fetal
lamb, only a modest increase in oxygen consump-
tion of 15% results from maximal β-adrenoceptor
stimulation [7]. It has also been suggested that a
high circulating level of adenosine in the fetus 
limits the lipolysis and thus the rise in oxygen 
consumption with catecholamine stimulation [8].

Even though β-adrenoceptor stimulation pro-
duces only a 15% increase in oxygen consumption
in the fetal lamb, arterial hypoxemia with lactic
acidemia and a fall of pH results. β-Adrenoceptor
stimulation by infusion of isoproterenol increases
umbilical blood flow by 15%, but total oxygen
delivery to the fetus does not change because
umbilical venous oxygen content falls. There
appears to be a diffusion limitation for oxygen, 
so that when umbilical blood flow increases, the
decreased transit time in the placenta results in a
fall in oxygen uptake.

Postnatally, oxygen uptake occurs in the lungs.
The amount of oxygen taken up is dependent on
pulmonary blood flow (Ap) and pulmonary
venous oxygen content (Cpvo2):

O2 uptake = Ap (L/min) × Cpvo2 (mL/L)

Thus, in a 3.5-kg infant with a body surface area 
of 0.2 m2, pulmonary blood flow is about 600 mL
and Cpvo2 is about 200 mL/L (assuming hemo-
globin concentration is 15.5 mL/dL and pulmonary
venous oxygen saturation 100%). Oxygen uptake is
therefore 0.6 × 200 or 120 mL; this is equivalent to
about 35 mL/kg body weight.

Normally, all pulmonary venous blood passes to
the left atrium and ventricle and is ejected into the
aorta and systemic circulation. Thus all oxygen
taken up in the lungs is distributed to the systemic
circulation. The term systemic oxygen transport
(SOT) has been used to designate the amount of
oxygen delivered to the body. It is the product of
systemic blood flow (As) and oxygen content 
of systemic arterial blood (Csao2):

SOT (mL/min) = As (L/min) × Csao2 (mL/L)

With some congenital heart lesions, SOT may differ
from the total amount of oxygen in pulmonary
venous blood. Thus, when a left-to-right shunt is
present, a proportion of pulmonary venous blood
recirculates through the lungs, and SOT will thus
be lower than the amount of oxygen in pulmonary
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venous blood. Similarly, in the presence of a right-
to-left shunt, SOT will be higher than the amount
of oxygen in pulmonary venous blood, because
venous blood shunted into the arterial system con-
tains some oxygen.

SOT may be reduced by (i) a decrease in systemic
blood flow, or (ii) a reduction in arterial oxygen
content due to decreased arterial oxygen saturation
or reduction of hemoglobin concentration (as with
anemia). Aortic atresia (see Chapter 11) provides
an example of the situation in which total pul-
monary uptake of oxygen is normal, but SOT may
be reduced. In the presence of aortic atresia, sys-
temic blood flow is dependent entirely on flow
through the ductus arteriosus. Constriction of the
ductus would decrease systemic flow, and even if
arterial oxygen content is within the normal range,
oxygen delivery would be reduced.

Pulmonary blood flow may be reduced in lesions
in which there is obstruction on the right side of the
heart. In infants with pulmonary atresia, for exam-
ple, pulmonary blood flow is derived from the aorta
via the ductus arteriosus. Constriction of the duc-
tus arteriosus results in a decrease in pulmonary
blood flow and oxygen uptake. Systemic blood flow
is maintained by right-to-left shunting through
either an atrial or ventricular septal communica-
tion. Because systemic venous blood contains oxy-
gen, albeit in lower concentrations than arterial
blood, SOT would be higher than pulmonary
uptake and is expressed as:

SOT = (Ap × Cpvo2) + (AR–L × Cmvo2)

where Ap represents pulmonary blood flow, Cpvo2

pulmonary venous oxygen content, AR–L right-to-left
shunt, and Cmvo2 mixed venous oxygen content.

It is a common misconception that the degree of
hypoxemia in patients with pulmonary atresia is
determined by the magnitude of the right-to-left
shunt. If oxygen consumption by the tissues is con-
stant and pulmonary blood flow does not change,
an increase in right-to-left shunt will result in an
immediate fall in arterial oxygen saturation.
However, because the total amount of oxygen
delivered to the body will increase, a smaller pro-
portion will be consumed by tissues and the venous
blood returning to the heart will have a higher oxy-
gen saturation. After a short period the systemic
arterial oxygen saturation will stabilize at the ori-

ginal level. Rather, the balance between pulmonary
blood flow, which determines oxygen uptake in the
lungs, and tissue oxygen consumption influences
the systemic arterial oxygen saturation. If con-
sumption of oxygen exceeds that taken up in the
lungs and delivered to the body, oxygen saturation
of venous blood will be reduced and thus systemic
arterial saturation will fall.

In recent years, it has become common practice
to measure arterial oxygen tension (Pao2), rather
than oxygen saturation and oxygen content. This is
not a good indication of oxygen delivery in infants,
especially preterm infants, because the P50 varies
with the amount of fetal hemoglobin present. Thus
at the same Po2, if P50 is low because a high percent-
age of fetal hemoglobin is still present, oxygen 
saturation of blood would be higher, and oxygen
delivery greater. At the same Po2 in a 3-month-old
infant, in whom P50 is higher because fetal hemo-
globin concentrations are lower, oxygen delivery
would be lower, assuming that systemic blood
flows are similar.

Oxygen consumption
As mentioned above, in the absence of physical
activity and need for thermal regulation, oxygen
consumption in the fetus is relatively low (7–8
mL/kg per min). Because all oxygen exchange
occurs across the placenta, fetal oxygen consump-
tion (Bo2) is readily measured:

Bo2 = Auv × (Cuvo2 − Cuao2)

where Auv represents umbilical blood flow, and
Cuvo2 and Cuao2 are umbilical venous and umbil-
ical arterial oxygen contents.

In the sheep fetus, the liver consumes about 25%
of the total oxygen consumption of 7–8 mL/kg per
min [9]; consumption by other organs is shown in
Table 1.2 (see Chapter 1). It has also been estimated
that about 33% of oxygen consumption is directed
toward metabolism related to fetal growth [10]. In
the fetus, almost no fatty acids are used as an energy
source, and metabolism involves predominantly
carbohydrates, as glucose and lactate, and amino acids.

Postnatally, as mentioned above, oxygen con-
sumption increases markedly in association with
increased metabolism associated with maintain-
ing body temperature. In the lamb born from 
the intrauterine environment into air with a room
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temperature of 20–22°C, oxygen consumption is
raised to 20–25 mL/kg per min in the resting state
[11]. Physical activity causes a further increase in
oxygen consumption.

Factors affecting postnatal oxygen
consumption
Body temperature is regulated by balancing 
heat production and heat loss. Heat production is
largely provided by two mechanisms: shivering,
and increasing metabolism, particularly of fat.
Shivering occurs in the newborn in some species,
but most heat production is from brown fat
metabolism, which is associated with increase in
oxygen consumption. Inability of the animal to
increase oxygen consumption adequately to pro-
vide enough energy for heat production will result
in a fall in body temperature.

With infants, the environmental conditions under
which oxygen consumption is increased have been
termed the neutral thermal environment; neutral
temperature is about 33°C. A reduction in temper-
ature below this level, or rise of environmental 
temperature above this level, will be associated with
an increase in oxygen consumption. Factors that
influence heat loss from the body surface, such as
humidity, conduction, convection, and radiation,
will also modify oxygen consumption.

Because heat loss is proportional to body surface
area, oxygen consumption is related to body sur-
face area (about 120–150 mL/min per m2). The
smaller the animal, the larger the surface area rela-
tive to body weight. It is well known that oxygen
consumption per kilogram body weight is consid-
erably higher in animals such as mice and guinea
pigs compared with dogs and especially horses and
cattle. For this reason, oxygen consumption per
kilogram body weight is considerably higher in
newborn infants compared with adults. In a 70-kg
adult with a surface area of 1.7 m2, oxygen con-
sumption at 150 mL/min per m2 amounts to 255
mL/min or 3.6 mL/kg per min. In a 3-kg infant with
a surface area of 0.22 m2, oxygen consumption
would be 33 mL/min or 11.0 mL/kg per min. In a
premature infant, oxygen consumption in relation
to body weight is even larger.

Adult animals have the capacity to increase
metabolism and oxygen consumption markedly 
in response to cold stress, and thus are able to

maintain body temperature unless temperatures
are extremely low. However, newborns, although
they increase oxygen consumption, are less capable
of producing the same magnitude of response and
are therefore likely to demonstrate a fall in core
body temperature [10]. This has been termed a
hypometabolic response but, as discussed below, it
probably represents a lower reserve in ability to
raise oxygen consumption.

Oxygen extraction
Oxygen extraction represents the proportion of
oxygen delivered that is consumed. In the lamb
fetus, with an oxygen delivery of about 22 mL/kg
per min and oxygen consumption of 7–8 mL/kg
per min, the oxygen extraction ratio is about 0.3 or
30% [12].

The extraction ratio varies considerably in differ-
ent organs, being dependent both on total oxygen
delivery and on metabolism. Thus the fetal liver
receives a large volume of well-oxygenated blood
from the umbilical vein, and despite its relatively
high rate of metabolism, displays a low extrac-
tion ratio for oxygen. However, the fetal heart, 
even though supplied by a high myocardial flow,
normally shows an oxygen extraction ratio of 
65–70% [13].

In the fetus, arterial blood supplied to organs
other than the liver has a relatively low Po2.
Ascending aortic blood has a Po2 of 25–28 mmHg
and descending aortic blood has a Po2 of about 22
mmHg and an oxygen saturation of about 50%.
Venous blood from the peripheral circulation in
the lower extremities has a Po2 of about 15 mmHg
with an oxygen saturation of about 30%. In the
sheep fetus, with a hemoglobin concentration of
about 8 g/dL, oxygen capacity is about 10.5 mL/dL.
The amount of oxygen taken up in the extremities
is therefore:

[(50 × 10.5)/100] − [(30 × 10.5)/100]
= 2.1 mL/dL blood flow

Even at the low Po2 in fetal arterial blood, with 
an arteriovenous Po2 difference of only 7 mmHg, 
a reasonable amount of oxygen can be extracted
because the P50 is low, as most of the hemoglobin is
of the fetal type. Although the fetus has an arterio-
venous Po2 difference of only 7 mmHg, it is cap-
able of increasing oxygen extraction significantly
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under hypoxemic conditions. Studies in fetal lambs
have shown that oxygen extraction can be increased
to 65–70% under conditions of stress. If fetal arte-
rial Po2 is reduced to about 15 mmHg, with an 
oxygen saturation of about 30%, venous oxygen
saturation may fall to 10% with a Po2 of 8–10 mmHg.

Postnatally, systemic arterial Po2 increases to
more than 90 mmHg. Oxygen saturation of
hemoglobin, and the actual amount of oxygen
attached to hemoglobin, increases. In the adult,
oxygen extraction is also about 0.3 or 30%, 
with oxygen delivery of 450–500 mL/min per m2 and
oxygen consumption of about 150 mL/min per m2.
Arterial oxygen saturation is 95–98% with a Po2 of
100 mmHg and mixed venous oxygen saturation is
about 65% at a Po2 of 35–40 mmHg. In the adult
sheep with a hemoglobin concentration of about 8
g/dL and oxygen capacity of 0.5 mL/dL, oxygen
uptake would be:

[(100 × 10.5)/100] − [(65 × 10.5)/100]
= 3.7 mL/dL blood flow

In the adult, oxygen extraction can also be
increased to about 70% under conditions of stress,
and this is associated with a decrease in venous Po2.
A fall in venous Po2 has been used as a fairly sensi-
tive indicator of inadequacy of oxygen supply to the
tissues. The presence of fetal hemoglobin during
the postnatal period is somewhat disadvantageous
in terms of tissue oxygen uptake. Because the P50 of
fetal hemoglobin is low, it is fully saturated with
oxygen at a relatively low Po2. Thus at a Po2 of 35
mmHg, fetal lamb blood has an oxygen saturation
of about 90%. When Po2 is raised above this level,
little additional oxygen is attached to hemoglobin.

Thus in the newborn lamb, if all hemoglobin is of
the fetal type, hemoglobin concentration is 8 g/dL
(oxygen capacity 10.5 mL/dL), arterial blood Po2 is
100 mmHg, and venous blood Po2 35 mmHg, the
amount of oxygen extracted would be:

[(100 × 10.5)/100] − [(90 × 10.5)/100]
= 1.05 mL/dL blood flow

To provide adequate oxygen for tissue needs, the
blood flow could be raised. Possibly, venous Po2

could be reduced to increase oxygen extraction. It
appears, however, that an attempt is made to main-
tain venous Po2 at about 35 mmHg, and when 
it falls below that level, there is the likelihood for

lactate production with the development of
metabolic acidemia.

In newborn animals, if fetal blood is exchanged
with blood with hemoglobin with a high P50, the
oxygen uptake per unit of blood flow is increased
and cardiac output falls [14]. This indicates that if
hemoglobin is mainly of the fetal type in the neonate,
oxygen extraction is low and cardiac output is
maintained at relatively high levels, in order to pro-
vide adequate oxygen to the tissues (see Figure 3.5).

Effect of reducing oxygen supply

It has become common practice to use the 
term hypoxia to indicate inadequate oxygenation.
However, it should be used to specify inadequate
oxygen to permit aerobic metabolism in tissues.
Hypoxemia is the term that indicates a reduction 
in arterial oxygen saturation. The term asphyxia
describes the condition in which oxygen uptake as
well as CO2 removal is affected. Inadequate oxygen
supply to tissues may result from mechanisms that
differ in the fetus and postnatally.

Oxygen supply to the fetus may be reduced
acutely by several mechanisms.
1 Decreased oxygen delivery to the placenta:
maternal hypoxemia decreases oxygen delivery to
the placenta because oxygen content of umbilical
arterial blood is reduced. The umbilical venous Po2

falls but Pco2 does not change. A reduction in uter-
ine blood flow will also reduce oxygen delivery to
the placenta. This results in a fall in both umbilical
venous Po2 and a rise in Pco2.
2 Interference in diffusion of oxygen across the
placental membranes or an inadequate placental
exchange surface will reduce fetal oxygen delivery.
Umbilical venous blood will show a fall in Po2 and a
rise in Pco2.
3 Decrease in umbilical blood flow: when umbilical
venous blood flow is reduced, umbilical venous Po2

and oxygen saturation may increase slightly because
uterine flow at the placental site is higher than
umbilical blood flow. This perfusion–perfusion
relationship is similar to the ventilation–perfusion
relationship in the lung postnatally.

Responses to acute hypoxemia
The responses to acute hypoxemia have been 
studied in some detail in late-gestation fetal lambs.
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Characteristically, there is rapid onset of brady-
cardia, a fall in combined ventricular output, and
slower development of arterial hypertension. There
is “centralization” of the circulation, with reduc-
tion in blood flow to the nonvital organs, such as
the peripheral circulation (skin, muscle, bone),
lung and kidneys, gastrointestinal tract, liver, and
spleen. Blood flow in vital organs such as the brain,
heart, and adrenal gland is increased. These responses
to hypoxemia are summarized in Table 3.2 [15].

The mechanisms responsible for the responses to
hypoxemia are complex and the effects are the
result of interacting influences. The main mechan-
isms involved include chemoreflex responses, 
hormonal effects, direct local vascular responses,
and baroreflex responses.

Chemoreceptor stimulation
Hypoxemia affects the carotid bodies predomin-
antly. This results in bradycardia, mediated by
reflex simulation of the vagus nerve. The magni-
tude of the bradycardia response is related to the
fall in carotid arterial oxygen level. Chemoreceptor
activity also stimulates the sympathoadrenal sys-
tem. Reflex sympathetic nervous system stimula-
tion is probably partly responsible for many of the
vascular responses, such as vasoconstriction in the
peripheral circulation, gastrointestinal tract and
some other organs, and also for coronary vasodi-
latation. Carotid chemoreceptor stimulation is also

responsible for catecholamine release from the
adrenal glands, probably through sympathetic nerve
pathways.

The decrease in combined ventricular output 
is mainly the result of the bradycardia, but the
increase in afterload on the heart, associated with
pulmonary and peripheral vasoconstriction, may
contribute to the fall in cardiac output.

Hormonal effects
Concentrations of several vasoactive hormones 
in plasma are increased during fetal hypoxemia.
Catecholamine concentrations increase dramati-
cally. The major stimulus to adrenal medullary
secretion is chemoreceptor activity. However, hypo-
xemia produces direct stimulation of catecho-
lamine secretion by the adrenal gland when arterial
Po2 falls markedly to below 15–16 mmHg. In the
fetus, norepinephrine concentrations increase from
200–400 pg/mL to as high as 4000–6000 pg/mL,
whereas epinephrine concentrations increase only
by a relatively small amount, from about 50 pg/mL
to 500–800 pg/mL.

In addition to the rise in catecholamine concen-
trations, plasma arginine vasopressin (AVP) con-
centrations rise during hypoxemia. This response
could be due to chemoreflex stimulation. Both 
catecholamines and AVP contribute to the vaso-
constrictor responses; catecholamines may also be
involved in coronary vasodilatation. Plasma angio-
tensin concentrations increase only slightly during
fetal hypoxemia, in contrast with the large increase
associated with small reductions in blood volume.

Direct local vascular responses
Changes in oxygen concentration in blood perfus-
ing various organs may directly alter vasoreactivity.
In many instances, release of some vasoactive sub-
stances, or inhibition of the release of others, has
been shown to be involved in the responses. There
is also some evidence to support the concept that
oxygen levels may directly affect vascular smooth
muscle cells. The vascular response is determined
by the summation of the effects of the various fac-
tors influencing the vessels.

In the cerebral and coronary circulations,
hypoxemia causes vasodilatation. The magnitude
of the response is related to the level of oxygen 
content rather than the Po2. In the brain, if CO2

Table 3.2 Fetal responses to hypoxemia induced by

maternal hypoxemia.

Heart rate Decreased

Cardiac output Decreased

Systemic arterial pressure Increased

Umbilical–placental blood flow Unchanged

Vascular resistances

Cerebral Decreased

Coronary Decreased

Adrenal Decreased

Pulmonary Increased

Peripheral Increased

Gastrointestinal Increased

Splenic Increased

Renal Increased

Hepatic Increased

Umbilical–placental Increased
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content also increases, as during fetal asphyxia
associated with decreased uterine blood flow, cere-
bral blood flow is further enhanced. The increase in
flow with hypoxemia is, at least in part, related to
nitric oxide mechanisms [16].

In the myocardium, although blood flow under
normoxic conditions is very high, coronary blood
flow increases markedly during hypoxia by as much
as threefold to fourfold. The direct local vasodilata-
tion could also partly involve nitric oxide release,
but adenosine appears to be the more import-
ant mediator for the vasodilatation. In addition 
to the local effects of hypoxemia, the increase in 
circulating catecholamine concentrations contri-
butes to coronary vasodilatation by stimulating 
β-adrenoceptors.

A decrease in the oxygen concentration of blood
perfusing the lung in the fetus causes marked vaso-
constriction. Nitric oxide is a very effective pul-
monary vasodilator. Nitric oxide is, at least in part,
responsible for the maintenance of pulmonary
blood flow during normoxemia, because admin-
istration of the inhibitor N-ω-nitro-l-arginine
results in vasoconstriction. It is thus possible that
inhibition of nitric oxide release during hypoxia
could contribute to the vasoconstriction. Recently
it has been suggested that hypoxia may exert its
effect by directly affecting oxygen-sensitive potas-
sium channels. Blocking these potassium channels
results in vasoconstriction, and hypoxia inhibits K+

currents on pulmonary smooth muscle cells. The
pulmonary vascular system and its responses are
discussed in more detail in Chapter 5.

Baroreflex response
Baroreflexes arising from the aortic sinuses and
carotid artery are well developed in the sheep fetus
by 0.6 gestation. The increase in arterial blood pres-
sure resulting from peripheral vasoconstriction
during hypoxemia could contribute to the brady-
cardia. However, the chemoreflex is responsible 
for the immediate bradycardia associated with
hypoxemia, because the rise in arterial pressure is
delayed for at least 30–60 s.

Influence of mode of reduction in
oxygen delivery
To assess the possible role of the method of reduc-
ing oxygen delivery on fetal responses, the effects of

decreasing oxygen delivery by 50% were studied in
fetal lambs [17]. As mentioned above, with mater-
nal hypoxemia, as with acute reduction of uterine
blood flow, the oxygen content of umbilical venous
blood falls whereas umbilical blood flow does not
change significantly. Therefore, reducing umbilical
venous oxygen content by 50% will reduce fetal
oxygen delivery by 50%. A 50% decrease in umbil-
ical blood flow will also cause a 50% reduction in
oxygen delivery, because umbilical venous oxygen
content does not change significantly when umbil-
ical blood flow falls.

The fall in oxygen delivery associated with
maternal hypoxemia or reduced uterine blood flow
results in marked cerebral and coronary vasodilata-
tion, and peripheral vasoconstriction. However, a
similar decrease in oxygen delivery resulting from
reduced umbilical blood flow results in only mod-
est cerebral and coronary vasodilatation, and only
mild peripheral vasoconstriction. These differences
in response can be explained by patterns of blood
flow in the fetal circulation (see Chapter 1). Umbilical
venous blood passes through the ductus venosus,
and ductus venosus blood is preferentially directed
through the foramen ovale into the left atrium and
ventricle. With reduced umbilical blood flow,
umbilical venous blood oxygen content does not
fall, and thus the blood entering the left ventricle
and ejected into the ascending aorta manifests only
a modest fall in oxygen saturation. However, when
umbilical venous oxygen content is decreased, as
with reduced uterine blood flow or maternal
hypoxemia, the fall in ascending aortic oxygen sat-
uration is marked, and thus coronary and cerebral
vasodilatation are prominent. The lower oxygen
content to which the aortic and carotid chemore-
ceptors are exposed also results in greater stimula-
tion, and this can account for the more prominent
peripheral vasoconstriction.

Fetal oxygen consumption during
oxygen deprivation
Oxygen delivery can be reduced considerably with-
out significantly affecting oxygen consumption.
This is due to the ability of the fetus to increase oxy-
gen extraction from about 30% to about 70%. Thus
umbilical blood flow can be reduced acutely by
almost 50% with no fall in oxygen consumption.
Further decreases result in a rapidly progressive fall
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in Bo2, and lactic acidemia develops. Similarly,
uterine blood flow or maternal arterial oxygen 
content can be reduced considerably before fetal
Bo2 falls.

There may be a lesser ability for Bo2 to be main-
tained as readily with reduced uterine flow or
maternal hypoxemia, because at the considerably
lower levels of arterial oxygen content, extraction
may be somewhat limited in some organs by the
level to which venous oxygen content may fall.

Postnatal response to reduced 
oxygen supply
As described above, hypoxemia in the fetus causes
bradycardia; it also results in a cessation or depres-
sion of fetal breathing movements. In the adult,
hypoxemia causes a marked increase in respirations
and tachycardia. The increased respiratory effort is
the result of carotid chemoreceptor stimulation.
However, chemoreflex stimulation in anesthetized
ventilated animals results in bradycardia. It has
now been proposed, based on experimental studies,
that the tachycardia resulting from hypoxemia is
due to a reflex arising from the lungs or chest in
association with the increased respiratory effort;
this overrides the bradycardia resulting from
chemoreceptor stimulation.

In 1-week-old lambs, hypoxemia also causes
increased respiration. Although the tachycardia is
not as marked as in the adult, heart rate does
increase modestly, and in contrast with the fetal
response to hypoxemia, a small increase in cardiac
output occurs. In addition, the animals become
anxious and restless; this is the alarm reaction
resulting from chemoreflex stimulation. With
increasing age of the lamb, there is a progressive
increase in the tachycardia and cardiac output
response to the same degree of hypoxemia; the adult-
type response is manifested by 8–10 weeks of age.

The responses of vasculature in various organs
are similar to those in the fetus; vasodilatation
occurs in the myocardium and brain, whereas vaso-
constriction occurs in the peripheral circulation,
gastrointestinal tract, kidneys, and spleen, as well 
as in the lung.

Oxygen consumption during hypoxemia
In the adult, oxygen consumption is maintained
during hypoxemia of mild or moderate degree, but

falls with a more severe fall in arterial oxygen satu-
ration. Newborn infants and animals decrease their
oxygen consumption with even relatively mild
hypoxemia. With more severe hypoxemia, Bo2 falls
markedly, and core body temperature may fall. 
It has been suggested that hypoxemia reduces
metabolism in neonates by an as yet undefined
mechanism; this has been termed hypoxic hypome-
tabolism. The different responses of the newborn
and adult can probably be explained by the differ-
ence in the ratio of body surface area to body
weight. In the adult, with a small body surface 
area relative to weight, the oxygen consumption
required for metabolism to maintain body tem-
perature is low, and the animal is able to preserve
Bo2 by maintaining oxygen delivery by means of
increased heart rate and cardiac output. In the new-
born, with relatively large body surface area and
limited ability to increase cardiac output, the large
amount of oxygen required for maintenance of
body temperature cannot be provided, and thus
Bo2 falls. With severe hypoxemia, Bo2 and metab-
olism are so reduced that body temperature falls.
This phenomenon would be even more prominent
in the preterm infant, in whom the ratio of body
surface area to weight is even larger.

The combined influence of a cool environment
and hypoxemia is of particular importance in the
neonate. When the infant is not in an optimal envi-
ronment, oxygen consumption will be increased to
maintain body temperature. If hypoxemia occurs
under these conditions, there is little or no reserve,
and Bo2 falls and core body temperature will also
fall. Furthermore, in view of the competition for
available oxygen for basal metabolic needs and
metabolism for thermogenesis, lactic acidemia is
likely to develop.

Prenatal and postnatal chemoreflex
responses
During the discussion of hypoxia, the important
role of chemoreflexes has been stressed, in both the
fetus and the newborn. It has been clearly demon-
strated in fetal lambs that the carotid chemorecep-
tor reflex is responsible for the bradycardia and is a
major contributor to the sympathoadrenal response
to hypoxemia [18].

The sensitivity of the chemoreceptors is related
to the level of oxygenation, but whether Po2, oxygen
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saturation, or oxygen content is the determining
factor has not been resolved. In the fetal lamb, for
the same drop in oxygen saturation, the degree of
bradycardia is less marked when resting carotid
arterial oxygen saturation is relatively high (about
60%) than when resting oxygen saturation is lower
(35–40%). Furthermore, when the resting carotid
arterial oxygen saturation is raised to above 80%,
by ventilating the fetus in utero with air or oxygen,
the cardiovascular response to chemoreceptor
stimulation by chemical means (cyanide) is com-
pletely ablated.

Fetal carotid arterial Po2 is normally about 25
mmHg, with an oxygen saturation of about 65%.
After birth, Po2 increases to 90–95 mmHg and 
oxygen saturation to above 95%. At these oxygen
levels, the chemoreceptors are relatively insensitive,
and a response occurs only with severe hypoxemia.
The receptors reset over the first few days after
birth, so that by 7–10 days they are responsive to
modest decreases in oxygen saturation from nor-
mal postnatal levels.

This relative insensitivity of the peripheral
chemoreceptors in the early postnatal period prob-
ably explains the fact that infants with cyanotic
congenital heart disease with quite marked hypox-
emia appear comfortable, do not have significantly
increased respiratory effort, and do not have brady-
cardia. Studies in newborn lambs in which the
carotid and aortic chemoreflexes have been ablated
by sectioning the afferent nerves show that during
hypoxemia they do not show an alarm reaction, do
not develop increased respiration, and show no
increase in heart rate or cardiac output. They develop
progressive metabolic acidemia. This response is
reminiscent of some descriptions of sudden infant

death syndrome (SIDS). The possibility that SIDS
may result from lack of postnatal resetting of the
chemoreceptor is a concept for consideration.

Of great interest is whether the chemoreceptors
reset after birth if there is persistent hypoxemia due
to congenital heart disease or if the infant is born at
high altitude. Also, if resetting does occur, the time
course at which this occurs after birth is of great
interest.

It is known that chemoreflex sensitivity is some-
what depressed in children with cyanotic heart 
disease, in whom cyanosis has persisted after birth,
but the degree of depression has not been well
defined. Since chemoreflex activity is depressed 
in cyanotic patients, one might wonder if they 
are more susceptible to SIDS than normally 
oxygenated infants.

Metabolic effects of oxygen deprivation
As mentioned above, oxygen deprivation may
result from inadequate ventilation, reduced pul-
monary venous oxygen content, reduced pul-
monary blood flow, or decreased SOT resulting
from inadequate systemic blood flow or from a
reduction in arterial oxygen content due to anemia
or hypoxemia (see Chapter 3). Any of these mechan-
isms will reduce oxygen supply to the tissues, and
when this is severe enough, hypoxia results. When
this occurs, the effects are similar no matter what
the cause. Figure 3.6 shows the sequence of events.

Energy supply during inadequate oxygen supply
is maintained by anaerobic metabolism. The sub-
strate predominantly used for anaerobic glycolysis
is glucose, and thus hypoglycemia is very likely to
occur in infants with cyanotic congenital heart 
disease. Preterm infants, who frequently have 

Decreased pulmonary blood flow Decreased systemic blood flow

Decreased tissue oxygen delivery

Increased anaerobic glycolysis

Increased lactic acid
production

Decreased CO2

production

Decreased oxygen uptake

Systemic arterial hypoxemia

Figure 3.6 Sequence of events
associated with inadequate oxygen
supply to tissues resulting in metabolic
acidemia and decreased CO2 production.
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postnatal hypoglycemia, would have a problem in
maintaining energy supply during hypoxia.

Infants with congenital heart disease who
develop hypoxia do not usually have elevated arte-
rial Pco2 levels. This could be related to the fact that
CO2 readily diffuses across the alveolar–capillary
membrane, and even though pulmonary blood
flow may be markedly decreased in some lesions,
adequate pulmonary stimulation is achieved. An
additional important factor is that CO2 produc-
tion in the tissues is reduced. Lactate is normally
metabolized by oxygen to CO2 and water. However,
with hypoxia, lactate metabolism is depressed and
thus CO2 is not generated. The presence of a nor-
mal or decreased arterial Pco2 may be useful in 
differentiating between heart disease and lung 
disease in a cyanotic infant.

Effects of oxygen administration
It is universal practice to administer oxygen by
inhalation to infants with cardiorespiratory dis-
tress. Also, administration of oxygen is often used
to attempt to distinguish between the various
causes of cyanosis. This is the oxygen test, and it has
been taught that if the test is positive, it suggests a
pulmonary cause for the cyanosis.

During air breathing, with normal ventilation
and normal lungs, the Po2 of pulmonary venous
blood is 98–100 mmHg. Administration of 100%
oxygen will result in a large increase in Po2. After
breathing oxygen for 10–15 min, almost all nitro-
gen in the airways is eliminated and the alveoli con-
tain oxygen, water vapor, and carbon dioxide.
Thus, at sea level, with a barometric pressure of 760
mmHg, the maximal partial pressure for oxygen is
760 − [47 (water vapor pressure) + ∼40 (CO2 pres-
sure) ] or about 670 mmHg. Because some alveoli
may be collapsed but perfused and because there is
a small alveolar–pulmonary venous diffusion gra-
dient for oxygen, pulmonary venous Po2 usually
reaches 500–600 mmHg. In neonates, probably
because the lungs may not yet be fully expanded,
pulmonary venous Po2 often does not exceed
400–450 mmHg during 100% oxygen, with spon-
taneous ventilation.

If ventilation is depressed or there is partial col-
lapse of a lung segment, the pulmonary venous Po2

is reduced during air breathing. Administration of
100% oxygen significantly increases alveolar and

pulmonary venous Po2. If a segment of lung is 
completely atelectatic but is perfused, the pulmon-
ary venous blood will have a similar Po2 to blood
entering this segment, because no gas exchange is
occurring.

Generally, it is not practical to measure oxygen
in pulmonary venous blood, so measurements are
made on systemic arterial blood or oxygen satura-
tion is recorded on the skin surface. Po2 and oxygen
saturation may be slightly lower in systemic arterial
blood than in the pulmonary veins because a small
amount of blood with low oxygen levels may enter
the left ventricle from thebesian veins. Marked dif-
ferences result from right-to-left shunts at the atrial
or ventricular level. Right-to-left shunting through
the ductus arteriosus produces lower levels of 
oxygenation in the descending aorta and its
branches compared with the ascending aorta and
its branches (see Chapter 3). It is now customary 
to compare Po2 or oxygen saturation levels in the
right arm and a lower extremity to detect a ductus
arteriosus right-to-left shunt. The measurement is
preferably made in the right arm, because the left
subclavian artery arises close to the junction of the
ductus arteriosus with the descending aorta. Blood
shunted right to left through the ductus arteriosus
may pass into this vessel, thus reducing the mea-
sured difference between the upper and lower
extremity.

Potential benefits and adverse effects
of oxygen administration
In patients with alveolar hypoventilation due to
respiratory depression or lung disease, oxygen
administration will increase pulmonary venous
and arterial oxygen levels.

Reduced pulmonary blood flow
In infants with congenital heart lesions associated
with reduced pulmonary blood flow, or in whom
pulmonary blood flow is decreased by persistent
pulmonary hypertension syndrome, the response
to oxygen is dependent on the magnitude of pul-
monary flow. The lower the pulmonary blood flow,
the less the benefit. Oxygen uptake depends on pul-
monary flow and oxygen content of pulmonary
venous blood. When breathing air, with normal
ventilation, there will be a high ventilation–
perfusion ratio, or relative hyperventilation, and
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pulmonary venous Po2 may be slightly above the
normal 95–98 mmHg, with an oxygen saturation of
100%. If pulmonary venous Po2 is raised to about
500 mmHg by administering 100% oxygen, no
additional oxygen can be taken up by hemoglobin,
so oxygen content will be raised by 1.2 mL/dL of
blood. This represents the increase in the dissolved
oxygen with an increase of Po2 from 100 to 
500 mmHg, and dissolved oxygen of 0.3 mL/dL 
per 100 mmHg .

If hemoglobin concentration is 15 g/dL, the
amount of oxygen taken up in the lungs by
hemoglobin would be about 20 mL/dL of blood
flow. Thus 100% oxygen administration would
augment oxygen uptake by only 6%. In striking
contrast is the large increase in oxygen uptake that
can be achieved by increasing hemoglobin concen-
tration. For each 1 g/dL increase in hemoglobin
concentration, oxygen uptake would be raised by
1.35 mL/dL of pulmonary blood flow. It is thus
apparent that if an infant with cyanotic heart dis-
ease with decreased pulmonary flow does not
respond adequately to oxygen administration, and
if pulmonary blood flow cannot be increased,
blood transfusion to raise hemoglobin concentra-
tion could be beneficial.

Although oxygen administration results in only a
small increase in oxygen uptake, especially when
pulmonary flow is greatly reduced, this additional
amount could be adequate to avoid rapidly pro-
gressive hypoxia. Thus in a newborn infant with an
oxygen consumption of 25 mL/min, if pulmonary
blood flow is reduced by 50% to about 400
mL/min, 100% oxygen administration could add
oxygen amounting to 1.2 mL/dL or 8.8 mL/min.
This represents about one-third of the oxygen
requirement of the infant.

The concern is frequently raised that administra-
tion of 100% oxygen to a severely cyanosed infant
with pulmonary blood flow derived through the
ductus arteriosus could be dangerous because it
could constrict the ductus and result in deteriora-
tion. However, there is almost no risk that this
could occur, because the ductus is subjected to the
Po2 of blood passing through it from the aorta.
Ductus constriction would not occur until Po2 is
increased above 30–35 mmHg, but significant con-
striction would occur at higher levels. At this 
level of Po2, a newborn infant with mainly fetal

hemoglobin would be adequately oxygenated. Also,
if ductus constriction did tend to occur, pulmonary
flow would fall, Po2 would decrease, and the ductus
would open again.

Reduced systemic blood flow
When systemic blood flow is reduced because of
shock, or low cardiac output due to myocardial fail-
ure, oxygen administration will increase oxygen
delivery to the tissues, because dissolved oxygen
levels will be raised.

In several congenital heart lesions, such as inter-
ruption of the aortic arch (Chapter 12) or aortic
atresia (Chapter 11), the systemic blood flow to the
lower body, or to the whole body, is dependent on
flow from the pulmonary artery to the aorta via the
ductus arteriosus. Pulmonary blood flow is normal
or increased. Administration of 100% oxygen will
increase the total oxygen uptake in the lungs con-
siderably because potentially, if pulmonary venous
Po2 is raised by 400 mmHg, additional oxygen of
1.2 mL/dL of pulmonary blood flow would be
taken up. If pulmonary flow is three times the nor-
mal (2000–2500 mL/min), additional oxygen of
20–25 × 1.2 or 24–30 mL/min would be taken up
in the lungs. Also, systemic arterial oxygen satura-
tion would be close to 100% and Po2 could be
raised well above 100 mmHg.

In aortic atresia, in which there is complete
admixture of pulmonary and systemic venous
return, oxygen saturation and Po2 of arterial blood
would be in the higher ranges because of the high
ratio of pulmonary to systemic blood flow (see
Chapter 4). Administration of 100% oxygen fre-
quently raises oxygen saturation to 100% and arte-
rial Po2 will often exceed 100 mmHg. With very
low systemic blood flows, Po2 levels of 250–300
mmHg may be achieved. However, if oxygen satu-
ration is already almost 100%, oxygen administra-
tion could increase arterial oxygen content by
increasing dissolved oxygen but only by 0.3 mL/dL
per 100 mmHg rise in Po2.

Systemic oxygen transport depends on systemic
blood flow and arterial blood oxygen content. Thus
if systemic blood flow is markedly reduced, rela-
tively little increase in oxygen delivery to the tissues
could be achieved by oxygen administration.

Oxygen administration could be deleterious
when systemic blood flow is derived from flow
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from the pulmonary artery via the ductus arterio-
sus. The increase in Po2 of blood passing through
the ductus could be considerable and cause con-
striction, resulting in a decrease in systemic arterial
pressure and systemic blood flow (see Chapters 11
and 12). Even though Po2 of arterial blood may be
200–300 mmHg, systemic blood flow may be so
low that tissue hypoxia occurs, with lactic acid
accumulation and metabolic acidemia.
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can be overcome by flushing saline in both direc-
tions to remove bubbles. A small clot in the tip of
the catheter may also interfere with frequency
response. Another common cause of interference is
a small leak in the system, which allows blood to
enter the catheter, particularly when the tip is in a
high-pressure area. The presence of blood in the
catheter is particularly likely to produce marked
damping of the pressure tracing when the catheter
lumen is narrow and the length great. Repeated
forceful flushing of the catheter with small amounts
of heparinized saline is most helpful in preventing
damping of pressure recordings.

It is customary to refer all intravascular pressures
to atmospheric pressure, and the midpoint of the
anteroposterior chest diameter is used as the zero
reference level. Routinely, all pressures are meas-
ured at end expiration, as this seems to be least
affected by changes in respiratory pattern. However,
if an infant is grunting or an older child is having
expiratory difficulty, the end-expiratory pressure
may be raised considerably and not be reliable.

Vena cava and right atrial pressures
Pressure in the superior vena cava (SVC) is similar
to that in the right atrium except when there is 
an obstruction at the SVC–right atrial junction.
Inferior vena cava (IVC) pressure within the tho-
racic cavity is also similar to right atrial pressure. In
all these sites, pressure decreases during inspiration
and increases with expiration. When the catheter 
is in the IVC below the diaphragm, there is
modification of respiratory changes; pressure alter-
ations are less prominent and there is also usually a
slight increase during inspiration and a decrease
during expiration.

The contour typical of right atrial pressure is shown
in Figure 4.1. The a wave is due to atrial systole, 
the c wave is associated with onset of ventricular

CHAPTER 4

Functional assessment
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Congenital cardiac defects influence the circulation
in several ways. They may impose an excessive vol-
ume load on one or both ventricles, as with left-to-
right shunt lesions, valvar regurgitation, or when
one ventricle is absent or hypoplastic. They may
place a pressure load on a ventricle by causing
obstruction to its outflow, as with semilunar valve
stenosis or aortic coarctation. If lesions are severe,
cardiac output may be compromised. Lesions that
cause cyanosis may seriously interfere with oxygen
supply to the body; the influences of hypoxemia
and hypoxia are discussed in Chapter 3. To assess
the severity of congenital heart lesions, in addition
to careful evaluation of clinical symptoms and
signs, a number of functional aspects of the heart
and circulation may be examined. In this chapter,
some of these are reviewed: measurement of intra-
vascular pressures, assessment of cardiac output and
shunts, calculation of vascular resistances, evalu-
ation of valve orifice and pressure gradients, and
assessment of cardiac chamber size and performance.

Intravascular pressures

Pressures in the heart and great vessels are still usu-
ally measured routinely with a fluid-filled catheter
and an external transducer. The operator should
always check the pressure tracings or the oscillo-
scope during the procedure to ensure that the
recorded tracing is not damped. There are many
factors that might interfere with the recording of a
pressure tracing, even when the system has been
tested previously. Most commonly, a small or large
air bubble in the catheter, stopcock, connecting
tube or transducer itself may cause damping. This

4
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systole, and the v wave is associated with atrial and
ventricular filling. The a wave is the dominant
wave, and in the right atrium is almost always taller
than the v wave. When the heart rate is rapid, the c
wave is often not identifiable.

In older children, mean right atrial pressure is
about 2–6 mmHg, with an a wave of 5–10 mmHg
and a v wave of 4–8 mmHg. In infants, the mean
pressure is usually 0–4 mmHg, with correspond-
ingly lower a and v waves. In premature infants,
right atrial pressure tends to be even lower. The a
wave is increased with right ventricular hypertro-
phy, tricuspid stenosis or atresia, and in any condi-
tion that decreases compliance of the right ventricle
such as constrictive pericarditis. It is also frequently
increased in arrhythmias. The classic example is the
“cannon” a wave found in complete atrioventricu-
lar dissociation, when the atrium contracts against
a closed tricuspid valve and a wave pressures of
15–25 mmHg may be developed. However, it can
also be found in other arrhythmias.

The right atrial c wave may be increased and
occur late in the cycle in patients with tricuspid
insufficiency and blends with the v wave to form a
large cv wave. In mild insufficiency there may be
only a limited increase in the size of the c and v
waves. The waves also may not be very prominent if
the regurgitated volume is accommodated in a
large and compliant atrium and venous system.
The v wave is also increased when right ventricular
compliance is decreased, and also in cardiac failure,
as part of the general increase in right atrial pres-
sures. In patients with large atrial septal defects, the
a and v waves are often of similar height, and there
may be a deep x and y descent.

Diastolic pressure differences between the right
atrium and right ventricle should be measured,
particularly in early diastole during the rapid inflow
phase and in late diastole at the time of the a wave,

in order to assess the presence of tricuspid stenosis.
This is done ideally with two catheters, measuring
both pressures simultaneously. Since this is often
not feasible, a rapid pressure tracing can be
recorded at high amplification as the catheter is
withdrawn from the right ventricle into the right
atrium. Comparison of the pressures during the
same phase of the respiratory cycle can detect
abnormal pressure gradients.

Right ventricular pressure
Right ventricular systolic pressure is usually about
15–25 mmHg in normal children and adults, and
the end-diastolic pressure is equal to or slightly
lower than the atrial a wave. If the heart rate is rapid
or the PR interval short, the end-diastolic pressure
is equal to the a wave, but when the PR interval is
long, the a wave begins to descend before ventricu-
lar systole commences.

In the infant, right ventricular systolic pressure is
normally higher than in older children and adults.
At birth, the pressure is similar to that in the 
systemic arteries but it falls rapidly, paralleling 
the postnatal fall in pulmonary arterial systolic
pressure.

Right ventricular systolic pressure is increased
when there is a large ventricular septal defect, pul-
monary stenosis, or increased pulmonary vascular
resistance. End-diastolic pressure is increased in
heart failure, severe pulmonary outflow obstruc-
tion, and with decreased compliance as in con-
strictive pericarditis and tamponade. When the
ventricular septum is intact and there is moderate
to severe right ventricular outflow obstruction, the
pressure contour is modified, showing a slower rise
and fall and thus appearing more triangular in
shape than usual. The more severe the stenosis, the
more triangular the contour.

On careful withdrawal of the catheter from the
pulmonary artery to the tricuspid valve, it is usually
possible to determine the site of obstruction in the
right ventricle (Figure 4.2).

Pulmonary arterial pressure
Pulmonary arterial systolic pressure is normally
similar to right ventricular systolic pressure; 
pulmonary arterial diastolic pressure in the older
child is about 8–12 mmHg and mean pressure
about 10–16 mmHg. Few reliable measurements of 
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Figure 4.1 Normal pressure contours and levels in the right
and left atria.
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normal pulmonary arterial pressure have been
obtained in infants immediately after birth and at
various ages after birth. However, on the basis of
observations in animals and a limited number of
measurements in human babies, it appears that at
birth, prior to ventilation, the pulmonary arterial
pressure is about (65–80)/(35–50) mmHg, with a
mean pressure of 40–70 mmHg. The pressure falls
postnatally, at first rapidly and then more gradually
(see Chapter 5). Pulmonary arterial systolic pres-
sure is increased if there is a large communication
between the two ventricles or the aorta and pul-
monary artery; in the latter case, diastolic pressure
is also equal to aortic pressure if the communica-
tion is very large. If pulmonary vascular resistance
is low, the pulmonary arterial diastolic pressure
may be considerably lower than aortic diastolic
pressure in patients with large ventricular septal
defect, even though systolic pressures are similar.

Systolic, diastolic, and mean pressures are
increased when pulmonary vascular resistance is
elevated by vascular or pulmonary disease and
when pulmonary venous pressure is elevated. The
level of pulmonary arterial diastolic pressure may
be quite valuable as a guide to the level of pul-
monary vascular resistance in patients with large
communications between the two ventricles or
when both great vessels arise from the same ventri-
cle. If pulmonary arterial diastolic pressure is two-
thirds of systolic pressure or more, it is likely that
pulmonary vascular resistance is high; if it is 
one-third to half of systolic pressure, pulmonary
vascular resistance is likely to be only slightly or
moderately increased (see Chapter 5).

In assessing whether the pulmonary circulation
responds to vasodilators, the response of diastolic
pressure is helpful. With a large ventricular septal
defect, even though pulmonary vascular resistance
may fall, the right ventricular and pulmonary arte-
rial systolic pressure will remain equal to aortic 
systolic pressure. However, if pulmonary vascular
resistance is reduced, pulmonary arterial diastolic
pressure will fall; if the pulmonary circulation does
not respond to vasodilators, pulmonary arterial
diastolic pressure will not change significantly. This
analysis of pulmonary vascular resistance based on
diastolic pressure is, of course, of no value in the
presence of pulmonary valvar insufficiency.

In newborn infants, there is frequently a pressure
drop between the main pulmonary artery and the
left and right branches, probably related to the nor-
mal difference in size of the vessels. The main pul-
monary artery in the fetus leads directly into the
large ductus arteriosus, and the two pulmonary
arteries arise as branches from this large trunk.
After birth, when the ductus closes, this pattern
persists and gradually assumes the adult configura-
tion after 3–6 months. The pressure difference is
normally quite small, only up to about 10–15 mmHg
systolic and 5–8 mmHg mean pressure. However,
if there is increased pulmonary blood flow due to
left-to-right shunts, larger pressure differences can
occur (see Chapter 5).

Pulmonary valvar or peripheral pulmonary
artery stenosis may produce a change in pressure
contour related to the Bernoulli phenomenon. This
is manifested by a decrease in, or actual negative,
systolic pressure just beyond the stenosis as the

Bernouilli effect

MPA

MPA

(a)

(b)

(c)

LPA

RV

RV

MPA

Figure 4.2 (a) Pressure recorded during withdrawal of a
catheter from the left pulmonary artery (LPA) into the 
main pulmonary artery (MPA) across a stenotic area. 
(b, c) Pressures recorded during withdrawal from the 
main pulmonary artery into the right ventricle (RV) 
across a stenotic valve. In (a) and (b) the systolic pressure
falls just beyond the stenosis, but in (c) there is actually a
negative systolic pressure. All represent examples of the
Bernoulli effect. Note also the low diastolic pressure in 
the main pulmonary artery, characteristic of peripheral
pulmonary stenosis.
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catheter is withdrawn from the periphery through
the stenotic area (Figure 4.2). It is related to the
high velocity of blood flowing through the orifice
past the catheter lumen. In patients with main pul-
monary artery stenosis, the pressure tracing in the
proximal segment between the valve and the steno-
sis usually shows a very low diastolic pressure even
in the absence of valvar insufficiency (Figure 4.2).

Pulmonary artery wedge, pulmonary
venous, and left atrial pressures
Pulmonary arterial wedge pressure is obtained
either by passing an end-hole catheter distally into 
a pulmonary artery to occlude the branch or by
inflating a balloon proximal to the tip of an end-
hole catheter (Swan–Ganz catheter). This provides
a pressure that is similar to that in the pulmonary
veins and left atrium. The pulmonary wedge pres-
sure usually shows damping of the a and v waves
and usually has a mean level 2–3 mmHg higher
than pulmonary venous pressure. It is more likely
to be representative of pulmonary venous pressure
when the latter is increased; when it is low, no pha-
sic pressure may be noted in the wedge position.

Pulmonary venous and left atrial pressures are
similar in contour and level. Whereas the right
atrium usually shows a dominant a wave, the left
atrium shows a dominant v wave (see Figure 4.1).
This dominance of the v wave is not related to the
connection with the left ventricle and systemic cir-
culation but is transmitted from the pulmonary
arteries and is related to pulmonary blood flow. In
patients in whom a pulmonary vein drains into the
right atrium, v wave dominance is noted in the
vein, up to a region near its entry into the right
atrium, where it assumes the characteristic of the
right atrial pressure contour, with the a wave
becoming prominent. Also, in patients with total
anomalous pulmonary venous drainage, if a catheter
can be inserted into the pulmonary veins, a domin-
ant v wave is observed. If pulmonary blood flow is
high, the v wave may be transmitted to the junction
of the common pulmonary venous trunk with the
systemic veins. Also, in these individuals, if the
right atrium shows a dominant a wave, similar
dominance is seen in the left atrium, which receives
all its blood from the right atrium.

In patients with large left-to-right shunts, the v
wave is usually increased in amplitude relative to

the a wave. Frequently, there is also a pressure dif-
ference between the pulmonary vein and the left
atrium in infants and small children with large left-
to-right shunts, probably related to the high flow
and possibly associated with the presence of the
catheter in a vein of relatively small diameter.
When pulmonary blood flow is low, as in patients
with pulmonary atresia, the pulmonary venous and
left atrial pressure contours do not show the promin-
ent v wave.

The mean left atrial pressure in older children is
normally about 5–10 mmHg, with the a wave
about 6–12 mmHg and v wave about 8–15 mmHg.
In infants, the mean pressure is usually only 3–6
mmHg, with correspondingly lower a and v waves.

Pressure differences between left and
right atrium
In many patients, particularly in those with cyan-
otic congenital heart disease, and in most infants, it
is possible to pass the venous catheter across 
an atrial opening into the left atrium. In these
instances, it is customary to measure the pressure
differences between the left and right atrium. In
view of the fact that there are often marked respira-
tory variations in pressure, comparisons are best
made in pressures recorded simultaneously with a
catheter in each chamber. Since this is usually not
practical, especially in infants, tracings of the two
pressures at the same phase of respiration and heart
rate can be compared by superimposition.

Frequently it has been assumed that if left and
right atrial mean pressures are equal, there is a large
communication between the atria; this assumption
may be erroneous. Because atrial pressures are
determined by compliance of the atrial wall and
venous return, and by ventricular compliance, it is
quite possible to have equal mean pressures with
only a small septal opening. Phasic pressures between
the atria may be quite different under these 
circumstances.

A pressure difference between the right and left
atrium may be noted with tricuspid atresia and
total anomalous pulmonary venous drainage; in
these lesions the total systemic output passes from
the right to the left atrium across the septum. The
mean pressure may be only 1–2 mmHg higher in
the right atrium but it may reach differences of 
5 mmHg or greater if the atrial opening is small. If
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the opening is small, there usually is a tall a wave,
greater than 15 mmHg, in the right atrium. With
mitral or aortic atresia, total pulmonary venous
return passes across the atrial septum from the left
to the right atrium. Left atrial pressure is higher
than the right, and if the atrial opening is small, a
prominent a wave as well as v wave may be seen.
Although equal mean pressures in the two atria are
not helpful in excluding the possibility that the
atrial opening is small, a large pressure difference is
positive evidence of the fact that the opening is not
large. A large left-to-right atrial pressure difference
in infants with patent ductus arteriosus, coarcta-
tion of the aorta or aortic stenosis, in whom there is
often a large atrial left-to-right shunt, indicates that
the atrial septal opening is small and that it may
represent a dilated foramen ovale.

Pulmonary venous wedge pressure
In some patients, it may not be possible to manipu-
late a catheter into a pulmonary artery. This may
occur in patients who have undergone the original
Fontan procedure (atria to pulmonary artery con-
nection) and the catheter cannot be manipulated
past the anastomosis. It may be possible to enter
one pulmonary artery but not the other, because
unilateral pulmonary stenosis is present. It may be
important to know the level of pulmonary arterial
pressure to assist in making decisions about ther-
apy. A technique that has been helpful is measure-
ment of pulmonary venous wedge pressure. If an
end-hole catheter or balloon catheter with an end-
hole can be manipulated into a pulmonary vein,
wedging it in the vein in the periphery of the lung
can provide a reliable estimate of mean pulmonary
arterial pressure [1]. The technique is most unreli-
able when pulmonary arterial mean pressure is ele-
vated above 40 mmHg; pulmonary venous wedge
pressure is considerably lower, presumably because
the small pulmonary vessels are markedly nar-
rowed and this interferes with adequate transmis-
sion of pulmonary arterial pressure.

Left atrial to left ventricular pressure
differences
Pressure differences between the left atrium and
ventricle during diastole are best demonstrated by
simultaneous recording with two catheters. If the
left atrium cannot be entered, pulmonary arterial

wedge pressure may be recorded, although it is not
as reliable. A pressure difference is noted in mitral
stenosis, both in the rapid inflow phase and during
atrial systole. A gradient may also be noted when
there is a large diastolic flow across the mitral valve,
as in large left-to-right shunts and in mitral regur-
gitation. This is most prominent in the rapid inflow
phase in early diastole.

Left ventricular and systemic 
arterial pressure
Left ventricular and aortic systolic pressures are
normally equal. In the mature newborn infant, the
systolic pressure is usually 65–80 mmHg and arte-
rial diastolic pressure is 45–60 mmHg, with a mean
arterial pressure of 60–65 mmHg. The pressures are
normally considerably lower in premature infants,
depending on gestational age. In an infant of 30 weeks’
gestation, the pressure is in the range 40–50 mmHg
systolic, 25–35 mmHg diastolic, and 30–35 mmHg
mean. It increases fairly linearly with gestational
age to the levels given for mature infants. After
birth there is also a gradual increase in arterial 
pressures. By 1 year after birth, the systolic pressure
averages 90–110 mmHg and diastolic pressure 65–
75 mmHg, with a mean pressure of 70–80 mmHg.

Left ventricular systolic pressure is increased
when there is outflow obstruction. Left ventricular
end-diastolic pressure is increased in left ventricu-
lar failure, decreased left ventricular compliance,
left ventricular outflow obstruction, mitral insuffi-
ciency, and any condition in which there is a marked
increase in pulmonary venous return to the left
ventricle due to left-to-right shunting.

The pressure contour in the ascending aorta is
normally quite different from that in the descend-
ing aorta and the major peripheral arteries. Systolic
pressure is usually lower and diastolic pressure
higher. As the catheter is withdrawn peripherally,
there is usually an increase in systolic pressure and a
decrease in diastolic pressure, although mean pres-
sures are similar. This difference is related to several
hemodynamic factors, such as pressure pulse trans-
mission, flow velocity, and pressure waves reflected
from the peripheral vascular resistance. The import-
ance of this phenomenon is that if left ventricular
and systemic arterial systolic pressures are being
examined to assess the presence of obstruction in
the outflow tract, mild degrees of aortic stenosis
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may not be recognized if central aortic pressure is
not measured. The systolic pressure in a femoral or
brachial artery may be as much as 20–30 mmHg
higher than that in the ascending aorta. Thus, if a
needle or cannula is inserted into the peripheral
artery to compare arterial with left ventricular pres-
sure to assess the presence of aortic stenosis, an
incorrect interpretation of its presence, or severity,
may be made.

The aortic pressure contour is altered by any
condition in which there is increased diastolic
runoff, such as in aortopulmonary shunts, arterio-
venous fistulae, low peripheral vascular resistance,
and aortic insufficiency. The pressure rises very
sharply, falls rapidly and has a low dicrotic notch,
and diastolic pressure is reduced. In aortic stenosis,
when severe, the upstroke is delayed and there may
be an anacrotic notch; the pulse pressure is often
also narrowed.

In several conditions in which the velocity of left
ventricular ejection may be increased, a rapid rise
in aortic pressure may be seen, with normal dias-
tolic pressures. This accounts for the palpation of a
peripheral pulse that has a sharp upstroke and may
be mistaken for a wide pulse pressure. It is noted in
ventricular septal defect and mitral insufficiency.

A pressure difference between the ascending 
and descending aorta is noted in aortic coarctation.
The nature of the pressure difference varies with 
the severity and the collateral circulation. In mild
coarctation there may be only a small difference of
15–20 mmHg in systolic pressure, with no diastolic
pressure difference. In severe stenoses with little or
no collateral circulation, a large systolic and dias-
tolic pressure difference occurs, and the systolic
pressure in the descending aorta may be lower than
the diastolic pressure in the ascending aorta. This is
usually observed during infancy. However, if col-
lateral arteries are well developed, even in severe
obstruction, the diastolic pressure in the descend-
ing aorta may be only slightly lower than that in 
the ascending aorta, and there may be a systolic
pressure difference of as little as 20–30 mmHg. 
The descending aortic pressure does show a very
slow upstroke. However, in view of these pressure
findings, it is important to realize that the severity 
of a coarctation cannot be assessed from pressure 
differences alone, except when a large difference is
present.

Systolic pressure differences between
the ventricles and the aorta and the
pulmonary artery
Normally, systolic pressures in the left ventricle and
aorta are considerably higher than those in the right
ventricle and pulmonary artery. In the presence of a
large ventricular or aortopulmonary communica-
tion, these pressures are equal. A comparison of
left- and right-sided ejection pressures is therefore
valuable in assessing the size of the communica-
tion. In a patient with a ventricular septal defect,
right ventricular and pulmonary arterial systolic
pressures may be increased to the level in the left
ventricle by increased pulmonary flow or increased
pulmonary vascular resistance. Differences in left
and right ventricular systolic pressures, even inter-
mittently, suggest that the communication is not
very large. When left and right ventricular systolic
pressures are equal, separation may be induced 
by administering a pulmonary vasodilator, which
may result in a fall in pulmonary arterial and right
ventricular systolic pressure below left ventricular
systolic pressure. Induction of ventricular ectopic
beats by manipulating the catheter against the wall
of the ventricle may also demonstrate differences 
in systolic pressures. However, if right and left 
ventricular systolic pressures remain identical with
all maneuvers, it is indicative of the fact that the
ventricular septal defect is very large (at least the
diameter of the aortic orifice).

Cardiac output and intravascular
shunts

Cardiac output was first measured in humans by
application of the Fick technique, involving meas-
urement of oxygen consumption and the arterio-
venous oxygen difference across the lungs. This
technique has been used extensively in the assess-
ment of congenital heart disease; for this reason, it
is presented in some detail.

Fick technique
Measurement of oxygen consumption
Oxygen consumption must be measured if blood
flows are to be calculated by the Fick method using
oxygen content of blood samples. Oxygen con-
sumption is now usually measured by the open 
circuit method (see Chapter 4). In the past it was 
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measured by collecting expired air, and in some
centers this method is still preferrred in older chil-
dren and adults. The technique involves collecting
a timed sample of expired air by having the patient
breathe through a respiratory valve attached to a
mouthpiece while the nostrils are clamped. The
expired air may be collected in either a Douglas bag
or a Tissot spirometer. Similar collections can be
made in newborn infants using a nasal valve. These
closed-system methods for measuring oxygen con-
sumption cannot readily be used in infants and
children and have been largely replaced by open or
flow-through systems, which are easily constructed
or are commercially available. The method of mak-
ing the calculations for the closed systems is briefly
presented because it explains the principles on
which the measurement is based.

Some of the standard terms for designating gas
volumes and proportions are shown in the box
below; the proportions of individual gases in a mix-
ture are usually given as a fraction of the total vol-
ume. Usually, Vi, or inspired air volume, is not
measured but Ve alone is collected and measured.

Bo2 = BiFio2 − BeFeo2 (4.1)

However, while oxygen is consumed, carbon diox-
ide is eliminated into expired air, and the volumes
of oxygen consumed and carbon dioxide elimin-
ated may be different, so that Bi is not necessarily
equal to Be.

Apart from very minute quantities of other gases,
inspired and expired air consist largely of oxygen,
carbon dioxide, and nitrogen. Thus,

ViFin2 + ViFio2 + ViFico2

= VeFen2 + VeFeo2 + VeFeco2 (4.2)

Since nitrogen does not exchange across the lungs
during respiration,

BiFin2 = BeFen2

or

Bi = BeFen2/Fin2 (4.3)

In order to substitute for Bi in equation (4.1), the
following can be applied if the fraction of carbon
dioxide in expired air is measured:

Be = BeFen2 + BeFeo2 + BeFeco2

Thus,

BeFen2 = Be(1 − Feo2 − Feco2) (4.4)

Room air contains 20.93% or a fraction of 0.2093 of
oxygen, and 0.03% or a fraction of 0.0003 of carbon
dioxide. The fraction of nitrogen in inspired air is
thus 1 – 0.2093 – 0.0003 or 0.7904.

Substituting in equation (4.3)

Bi =

and substituting in equation (4.1)

Bo2 = Fio2 − BeFeo2

In room air Fio2 = 0.2093

Bo2 = Be

Bo2 = Be[0.265(1 − Feo2 − Feco2) − Feo2] (4.5)

If Feco2 is not measured and equation (4.1) is used
and it is assumed that Bi = Be, a reasonably accu-
rate measurement of Bo2 will be obtained but there
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Vi Total volume of inspired air

Bi Volume of air inspired per
minute

Ve Total volume of expired air
Be Volume of air expired per

minute
Bo2 Volume of oxygen

consumed per minute
Bco2 Volume of carbon dioxide

produced per minute
Fi Fraction of gas in inspired air
Fio2, Fico2, Fin2 Fractions of oxygen,

carbon dioxide, and
nitrogen in inspired air

Fe Fraction of gas in expired air
Feo2, Feco2, Fen2 Fractions of oxygen,

carbon dioxide, and
nitrogen in expired air

Calculation of oxygen consumption from expired air
The amount of oxygen consumed can be derived
from the folowing equation:

c04.qxd  12/22/08  11:32  Page 68



Functional assessment 69

will be a small error. The magnitude of the error
will depend on the difference between Bco2 and
Bo2. This is related to body metabolism and the res-
piratory exchange ratio (RER):

RER = Bco2 /Bo2

If there is predominantly carbohydrate metabol-
ism, the RER is close to 1 and Bco2 = Bo2 and the
error using equation (4.1) is minimal. However, if
there is largely fat metabolism, as in starvation,
RER is reduced to near 0.7 and the error would then
be larger but still not more than about 6–7% of
actual oxygen consumption.

If Feco2 is measured, Bco2 can be calculated 
easily if the patient is breathing room air, because

Bco2 = BeFeco2 − BiFico2

Since Fico2 in room air is 0.0003, it is negligible and
therefore

Bco2 = BeFeco2 (4.6)

It is customary to express the volumes of oxygen
consumed and carbon dioxide produced in terms
of volumes of dry gas at standard temperature 
and pressure dry (STPD). When expired air leaves
the nose or mouth it is at body temperature and
pressure and fully saturated with water vapor
(BTPS). When it is collected in a bag or spirometer,
the temperature falls to room temperature, the 
volume measured is at ambient temperature and
pressure, and it is still saturated with water 
vapor (ATPS).

The volume of expired gas as measured must
therefore be converted from ATPS to STPD. The
principles embodied in Boyle’s law and Charles law
are used in this conversion:

(4.7)

where V1 and V2 represent volumes of gas, P1 and 
P2 gas pressures, and T1 and T2 temperatures.
Standard pressure is 760 mmHg and standard tem-
perature is 273 K. The collected sample gas pres-
sure is the same as barometric pressure (Pb) but,
because it is saturated with water vapor, this water
vapor pressure must be deducted. Water vapor
pressures at various temperatures can be obtained
from published tables. The room temperature or
spirometer temperature should be measured also.
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This is usually measured in degrees Celsius and 273
is added to convert it to degrees Kelvin.

Using equation (4.7), if the volume V1 is to be
determined at STPD, P = 760 mmHg and T = 273 K.
Thus,

=

or

V1 = V2 × (4.8)

Tables have also been published that provide a fac-
tor with which to multiply the measured volume,
V2, to convert it to STPD. It is usually very close 
to 0.9 and, in general, if Ve, measured at ATPS, is
multiplied by 0.9, it will provide a reasonably close
measure of the STPD volume.

The most common problem in measurement of
oxygen consumption by these methods is that there
may be loss of some of the expired air, usually
because the nostrils are not completely closed or
because children do not hold their lips tightly
enough around the mouthpiece. Another source of
leak is if the inspiratory side of the valve allows
expired air to escape. A second major problem is
rebreathing. If the expiratory side of the valve leaks
and allows expired air to be inhaled during inspira-
tion, the Fio2 and Fico2 will be different from the
figures for room air that are used in the calcula-
tions. A similar problem will arise if the dead space
of the valve is too large for the subject in whom it is
being used.

Open-circuit method
Using the open-circuit method, oxygen consump-
tion can readily be measured in young children and
infants of any age or size. A hood is placed over the
child’s head and a stream of air is pulled over the
head using a pump that will maintain a constant
rate of airflow, at least four to five times the ex-
pected tidal volume, so that expired air does not
collect in the hood. In this method, the child’s
expired air is mixed with several volumes of 
room air.

When the open-circuit method is used for 
measurement of oxygen consumption in infants,
the expired oxygen fraction (Feo2) is continuously
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measured by sampling using a very sensitive oxim-
eter. This is important, because the oxygen differ-
ence between air and expired air will be small. The
inspired oxygen fraction (Fio2) is room air. The
oxygen difference is thus easily determined by sub-
traction. The volume of air being removed by the
pump is measured in the expiratory side. Although
there is a small difference in Vi and Ve, depending
on RER, this can be disregarded in the open-circuit
method, because of the huge volume of room air
that dilutes the expired air volume. However, it is
necessary to correct the total expired volume from
ATPS to STPD using the method outlined above.

An example demonstrates how Bo2 is calculated.

Calculation of cardiac output and shunts using
the Fick method
The Fick principle is easily understood if one con-
siders a situation in which a known amount of
some indicator (I) is added to a volume of fluid (V).
If the concentrations of the indicator in the fluid
before (C

I1
) and after (C

I2
) this addition are known,

the volume of fluid can be calculated:

Since VC
I2

– VC
I1

= I, then V =

In a similar mann.er, if there is a constant flow of a
liquid, the volume flow per unit time can be calcu-
lated from the following equation:

A = (4.9)

where A represents the flow rate, I any substance
added or removed, and C

I1
and C

I2
the concentra

tions before and after the site of exchange.
Although any indicator substance may be used,

the method has been applied most frequently using
the normal physiological uptake of oxygen as the
indicator. In the individual with normal circula-
tion, oxygen is taken up by blood in the lungs and
the flow is represented by the following equation:

A = (4.10)

where Bo2 represents oxygen consumption per
unit time, Cao2 arterial oxygen content, and Cvo2

mixed venous oxygen content. Since normally right
and left ventricular outputs are equal, A represents
cardiac output (CO). The units usually applied are
as follows:

CO (L/min) = (4.11)

Cardiac output changes with age and weight
As shown in Figures 2.4 and 2.5 (see Chapter 2),
cardiac output increases with advancing age and
increasing weight. It is thus inconvenient to com-
pare cardiac output in individuals of various ages
without knowledge of the values for output at dif-
ferent ages and body size. The most important fac-
tor in the Fick equation that changes with growth is
oxygen consumption, which is linearly related to body
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Assume the following: measured expired vol-
ume withdrawn by the pump is 10 L/min; 
temperature is 27°C and barometric pressure
755 mmHg; measured oxygen in the air with-
drawn by the pump is 20.43% or 0.2043; and
water vapor pressure derived from the appro-
priate table is 5.5 mmHg. The calculation using
equation (4.8) would be

Volume of gas withdrawn (converted to STPD)

= = 8.97 L/min

Assuming the room air oxygen fraction as
0.2093, oxygen fraction difference is 0.2093 −
0.2043 = 0.005. Correction factor for the RER of
0.9 is 1.02:

Bo2 = 8.97 × 0.005 × 1.02
= 0.0457 L/min or 45.7 mL/min
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  .
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If it is technically impossible to measure oxygen
consumption because of lack of cooperation, oxy-
gen consumption can be assumed on the basis of
measurement of oxygen consumption. In normal
infants and children at various ages, it has been
established that oxygen consumption is related to
body surface area (see below). However, it should
be appreciated that Bo2 may vary greatly under dif-
ferent circumstances and may also be altered by
cardiac failure and possibly by marked hypoxemia;
therefore, it is always desirable to make actual 
measurements.
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surface area. It has thus become customary to
express cardiac output in relation to body surface
area. Cardiac index is the term used for cardiac out-
put per square meter of body surface area. Flow
measurements for pulmonary and systemic circu-
lations and for ventricular stroke volumes are also
expressed in relation to body surface area. Body
surface area is estimated from graphs based on vari-
ous formulae that take into consideration the indi-
vidual’s height and weight. The reliability of these
estimates in infants and particularly premature
infants is somewhat questionable. Normal cardiac
index is considered to be 2.5–3.5 L/min per m2 of
body surface area.

In calculating cardiac output by the Fick method,
it is desirable that oxygen consumption be meas-
ured. However, particularly in infants, this is not
done routinely and assumed oxygen consumption
based on reported values related to body surface
area is used. Many laboratories use the data derived
by LaFarge and Miettinen [2] in 1970 or others
[3,4] to assume oxygen consumption from estimated
body surface area. Although oxygen consumption
relates fairly well to body surface area, there are dif-
ferences related to age and sex. Although in adults,
oxygen consumption is about 10–20% higher 
in males than in females, this difference is not
apparent in infants and children. In adults and ado-
lescents, oxygen consumption is assumed to be
120–180 mL/min per m2 body surface area. In chil-
dren aged about 2–8 years, it is assumed to be
150–200 mL/min per m2, whereas in infants under
3 months old it is lower, about 120–130 mL/min
per m2.

Considering these variabilities, it is not surpris-
ing that correlations between measured and assumed
oxygen consumptions are poor. The calculation of
cardiac output or blood flows by the Fick method
based on assumed oxygen consumption is there-
fore likely to yield unreliable estimates.

In measuring cardiac output by the Fick method,
several other potential errors that may arise require
consideration. It is assumed that the volume of oxy-
gen being taken up in the body is in equilibrium
with the volume of oxygen being taken up from air
in the lungs. Therefore, there must be a steady state
of oxygen exchange during the whole period over
which the measurement is being made. Since, at
rest, it is customary to collect a timed expired air

sample for about 3 min, there should be a steady
state for a short period before and during the whole
collection period. During this period and for some
time before, there should be a steady state between
the respiratory quotient in the tissues and the RER,
because otherwise the relationship RER = Bco2/Bo2

may be altered and thus make Bo2 erroneous.
An additional problem is that it is not practical to

obtain a continuous measurement of oxygen con-
tent of the arterial and mixed venous samples over
the whole period, so it is assumed that they are con-
stant. Any change in oxygen content could be a
source of error. In the past, samples were usually
withdrawn slowly over about a 1-min period in the
middle of the expired air collection to try to obtain
a sample representative of the whole period. In
recent years, however, because very small volumes
of blood are required for measurement of oxygen,
the blood sample is representative of only a short
period of the time over which oxygen consumption
is measured.

The arterial blood sample is collected from any
systemic artery and the venous sample from the
pulmonary artery, as this represents the best mixed
venous sample obtainable in the normal individual.
Samples from the venae cava or right atrium may
not be well mixed and may differ, and thus intro-
duce errors in flow calculation.

Vascular shunts
When shunting of blood occurs in the heart and
great vessels, the Fick method has been used to cal-
culate pulmonary and systemic blood flows and the
magnitude of the shunts. The equations used are as
follows:

Ap = (4.12)

As = (4.13)

where Ap represents pulmonary flow, Cpvo2 and
Cpao2 oxygen content of pulmonary venous and
pulmonary arterial blood respectively, As systemic
flow, and Csao2 and Cmvo2 oxygen content of sys-
temic arterial and mixed venous blood respectively.

In making these calculations, it is assumed that
Bo2 as measured by uptake in the lungs is equal 
to the amount of oxygen being used in the body 
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tissues and that there is a steady state during the col-
lection and measurement of blood oxygen content.

When blood is shunted from the left side of the
heart to the right, it is added to the systemic blood
flow returning from the veins and recirculates
through the lungs, increasing pulmonary blood
flow by the amount shunted. Thus,

Ap = As + AL–R

or

Left-to-right shunt AL–R = Ap − As (4.14)

Similarly, blood shunted from the right side of the
heart is added to that returning from the lungs to
enter the systemic circulation and therefore

As = Ap + AR–L

or

Right-to-left shunt AR–L = As − Ap (4.15)

In some complicated cases of congenital heart
disease, blood may be shunted left to right at one
level and right to left at another level or even in a
bidirectional manner through the same defect. In
order to attempt to assess the magnitude of shunt in
each direction, the concept of effective pulmonary
blood flow has been introduced. Effective pul-
monary blood flow (Aep) is the quantity of mixed
venous blood that eventually reaches the lungs to
be oxygenated. It can be calculated from the follow-
ing equation:

Aep = (4.16)

To calculate left-to-right and right-to-left shunts,
the following approach is considered.

If the proportion of mixed venous blood that
passes through the lungs is represented by effective
pulmonary flow, the rest of the blood flowing through
the lung is that which is already oxygenated and is
recirculating through the lungs; therefore, physio-
logically it represents a left-to-right shunt. Total
pulmonary flow is a combination of effective pul-
monary flow and left-to-right shunt. Thus,

AL–R = Ap − Aep (4.17)

The total volume of mixed venous blood returning
to the right side of the heart usually represents 
systemic blood flow. There is an exception to this in
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the presence of a peripheral arteriovenous shunt
(see below). The effective pulmonary blood flow is
the portion that eventually gets to the lungs to be
oxygenated; the remainder enters the systemic arte-
rial circulation without being oxygenated and rep-
resents the right-to-left shunt:

AR–L = As − Aep (4.18)

It should be appreciated that these shunt calcula-
tions provide estimates of physiological shunting,
i.e., the amount of systemic venous blood that
reaches the systemic arterial circulation without
being oxygenated and the amount of pulmonary
venous blood that recirculates through the lungs.
The actual anatomic shunts, or actual volumes of
blood shunted, may be somewhat larger. For ex-
ample, if systemic venous blood passes through an
atrial septal defect into the left atrium and there is a
left-to-right shunt at the ventricular level, some of
the systemic venous blood that passed in a right-to-
left direction will now pass in a left-to-right direc-
tion. This will reach the lungs and therefore will not
be calculated as shunt in physiological terms.

Calculation of the ratio of pulmonary to systemic
blood flow
In many congenital heart lesions it is convenient 
to consider the relationship between pulmonary
and systemic blood flows. Except for some unusual
situations of severe cardiac failure or hypoxia, sys-
temic blood flow does not vary greatly at rest, and
the ratio gives an indication of the magnitude of
increase or decrease in pulmonary blood flow. The
ratio can easily be estimated from measurements of
oxygen saturation of pulmonary venous (Spvo2)
and arterial (Spao2) blood and systemic arterial
(Sao2) and mixed venous (Smvo2) blood. If there is
no evidence for right-to-left shunting, pulmonary
venous and systemic arterial oxygen saturations
will be similar.

From equations (4.12) and (4.13)

Oxygen content is equal to (oxgen capacity × oxy-
gen saturation) + dissolved oxygen. If the patient is
breathing room air, dissolved oxygen is small and
similar above and below the equation and therefore
can be disregarded. Then,
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representative mixed venous sample. Blood return-
ing to the right atrium will include blood shunted
through the arteriovenous malformation. Systemic
blood flow can be estimated by using SVC blood if
the arteriovenous shunt is in the lower body, or
IVC blood if the arteriovenous shunt is in the head
or upper body, as the best estimate of mixed venous
blood.

Importance of the ratio of pulmonary to systemic
blood flow in admixture lesions
The hemodynamics of many congenital heart
lesions are characterized by complete or almost
complete admixture of the pulmonary and sys-
temic venous returns. Conditions include those
listed in Table 4.1. In these conditions, the blood
being distributed to the lungs and to the systemic
circulation will have the same oxygen saturation. A
similar situation prevails in patients in whom pul-
monary blood flow is derived entirely from aortic
blood. This occurs in individuals with pulmonary
atresia when pulmonary blood flow is derived
through a patent ductus arteriosus or an aortopul-
monary shunt such as a Blalock–Taussig, Potts or
Waterston anastomosis. Also, when the pulmon-
ary arteries are absent, pulmonary blood flow is
derived from major aortopulmonary collateral or
bronchial arteries. In these circumstances, the 

Table 4.1 Congenital heart lesions characterized by

complete or almost complete admixture of the pulmonary

and systemic venous returns.

Admixture at the systemic venous or right atrial level

Total anomalous pulmonary venous drainage

Mitral atresia

Aortic atresia with intact ventricular septum

Admixture at the left atrial level

Tricuspid atresia

Pulmonary atresia with intact ventricular septum

Admixture at the ventricular or great vessel level

Single ventricle

Pulmonary or aortic atresia with ventricular septal defect

Truncus arteriosus communis

or

(4.19)

and if there is no right-to-left shunt

(4.20)

A Ap/As ratio of 1:1 would indicate no shunt-
ing in either direction or a bidirectional shunt of
equal magnitude. A ratio of 2:1 implies that 
there is a left-to-right shunt equal to systemic blood
flow; a ratio of 4:1 indicates the left-to-right shunt
is three times systemic blood flow. A Ap/As ratio
less than 1:1 indicates that there is a right-to-left
shunt. Thus a ratio of 0.8:1 signifies that pul-
monary blood flow is 20% less than systemic 
blood flow.

Left-to-right shunt through a peripheral
arteriovenous malformation
A peripheral arteriovenous malformation allows
well-oxygenated arterial blood to enter the venous
system and to return to the lungs without passing
through the tissues supplied by the systemic arteries;
this represents a left-to-right shunt. Considerable
confusion has been created by the suggestion that,
in patients with arteriovenous malformations, the
volume of blood ejected by the left ventricle and
returning to the right atrium represents systemic
blood flow. This concept is inappropriate.

Systemic blood flow is the volume of blood that
passes through the tissues where oxygen and car-
bon dioxide exchange occurs. Therefore, with arte-
riovenous malformations, systemic blood flow is
the left ventricular output minus the volume of
arterial blood shunted into the venous system. This
is similar to the hemodynamics in the presence of a
patent ductus arteriosus. The blood shunted from
the aorta to pulmonary artery is the left-to-right
shunt; thus the systemic blood flow is the left ven-
tricular output minus the volume of the left-to-
right shunt. It is interesting to note that it is not
possible to calculate systemic blood flow reliably by
the Fick method in patients with arteriovenous
malformations because it is impossible to obtain a
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oxygen saturation of both systemic and pulmonary
arterial blood is largely determined by the Ap/As
ratio. Unless there is significant pulmonary disease,
the pulmonary venous blood is usually fully or
almost fully saturated with oxygen; the other vari-
able factor, then, is systemic mixed venous oxygen
saturation. A series of curves can be drawn relating
systemic arterial oxygen saturation to the Ap/As ratio
at any systemic venous oxygen saturation, assum-
ing that pulmonary venous blood is fully saturated.

cardiac failure due to volume loading, pulmonary
blood flow can be markedly reduced by a pul-
monary artery banding procedure without greatly
decreasing arterial oxygen saturation.

Problems and errors in calculating flows and
shunts by the Fick method
Some of the general problems in applying the Fick
method to calculation of flows have been discussed
above, but certain difficulties arise in specific con-
genital cardiovascular malformations.

Systemic blood flow
A mixed venous blood sample is best obtained from
the pulmonary artery in the absence of a left-to-
right shunt. When a left-to-right shunt is present,
blood obtained in the cardiac chamber proximal to
the shunt is used as a mixed venous sample. Thus,
with a left-to-right shunt into the pulmonary
artery, right ventricular blood is used and this usu-
ally reliably represents mixed venous blood. With
shunting into the right ventricle, right atrial blood
is used; this is not reliable because venous streams
from the SVC and IVC are not well mixed and 
oxygen measurements in different locations of the
atrium may vary considerably. Not uncommonly,
some degree of tricuspid regurgitation is present
and some of the well-oxygenated blood shunted
into the right ventricle may be ejected into the
atrium. With a left-to-right shunt into the right

If pulmonary venous oxygen saturation is 100%
and mixed venous oxygen saturation is 50%

Ap/As ratio Final saturation
0.5:1 66.6%
1:1 75%
2:1 83.3%
3:1 87.5%
4:1 90%

If pulmonary venous oxygen saturation is 100%
and mixed venous oxygen saturation is 70%

Ap/As ratio Final saturation
0.5:1 80%
1:1 85%
2:1 90%
3:1 92.5%
4:1 94%

These relationships are shown graphically in
Figure 4.3. It is quite clear that at lower Ap/As
ratios, a small increase in the ratio results in a large
increase in arterial oxygen saturation, but at higher
ratios a much smaller increase in oxygen saturation
occurs with a similar increase in the ratio. This con-
cept is extremely important in therapeutic pallia-
tive operations to increase or decrease pulmonary
blood flow. If pulmonary blood flow is reduced and
systemic arterial oxygen saturation is very low, a
shunt that results in a small increase in pulmonary
flow and Ap/As ratio will produce a large increase
in oxygen saturation. Larger increases in flow pro-
duce only relatively small further rises in satura-
tion. However, these large increases in pulmonary
blood flow will significantly increase volume load
on the heart. Similarly, in a patient with very high
pulmonary blood flow, high Ap/As ratio, and 
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Figure 4.3 Effect of the pulmonary–systemic ratio (5p:5s)
on systemic arterial oxygen saturation (SaO2) when there is
complete admixture of both systemic and pulmonary
venous returns. It is assumed that pulmonary venous
oxygen saturation (SpvO2) is 100%; two curves are drawn,
assuming mixed venous oxygen saturation (SmvO2) at 50%
and 70%, respectively.
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atrium, it is not possible to obtain a reliable mixed
venous sample. SVC and IVC blood samples may
have very different oxygen saturations. It has been
suggested that mixed venous oxygen saturation be
calculated from levels in each cava. Because it has
been estimated that venous return through the IVC
represents about two-thirds and through the SVC
about one-third of total venous return to the heart
in adults, mixed venous oxygen saturation is calcu-
lated with this assumption. Thus mixed venous
oxygen saturation is calculated using two-thirds
IVC oxygen saturation and one-third SVC oxygen
saturation. This proportioning of SVC and IVC
return is different in infants because of differences
in body configuration. It has been suggested that in
infants an equal upper and lower body venous
return be assumed. I know of no recommendations
for children at ages between infant and adult. An
additional problem in measurement of IVC oxygen
saturation is that it may vary greatly depending on
the site where the sample is obtained because of
streaming. The hepatic veins enter the IVC just
below the connection to the right atrium. Renal
venous blood has a relatively high oxygen satura-
tion, whereas hepatic venous blood has a relatively
low oxygen saturation. Sampling above or below
hepatic venous entry can result in large differences
in measurement. When one or more pulmonary
veins drain into the SVC or IVC, venous blood has
to be collected before their entry.

Oxygen saturations in the ascending and des-
cending aorta may be different when there is a
right-to-left shunt through the ductus arteriosus. It
is therefore not possible to calculate systemic blood
flow, because the proportions of flow to the ascend-
ing and descending aorta are not known. If it is
assumed that the proportions of descending and
ascending aortic flows are similar to those of IVC
and SVC returns, similar assumptions, as men-
tioned above, may be used. However, if there is a
large difference in oxygen saturations, SVC and
IVC oxygen saturations may be different, and since
the relative Bo2 of the upper and lower body is not
known, major errors may be involved in attempts
to make these calculations.

Pulmonary blood flow
Pulmonary venous oxygen saturation may be sim-
ilar in all the veins, but if there are differences that

are great, it is quite impossible to obtain a true
mixed pulmonary venous sample. Even if all pul-
monary veins could be sampled, since oxygen con-
sumption in each lobe cannot be measured, it is 
not possible to measure total pulmonary blood
flow accurately. If there is no atrial right-to-left
shunting, a left atrial sample is more representative
of mixed pulmonary venous blood. In some
patients it is not possible to collect pulmonary
venous blood. If there is atrial right-to-left shunt-
ing, it is commonly assumed that the oxygen satu-
ration in pulmonary venous blood is 96–98%
while the patient is breathing room air, but it is
quite evident that errors may be involved in this
assumption.

Pulmonary arterial oxygen saturation may be
different in the left and right pulmonary artery in
patients with patent ductus arteriosus, and without
knowing the Bo2 in each lung, it is not possible to
calculate pulmonary blood flow accurately. It is
also not possible to calculate blood flow to either
lung when one lung receives its blood from a pul-
monary artery arising from the right ventricle and
the other receives its blood supply from bronchial
vessels or a pulmonary artery arising from the aorta.

A major and often unrecognized potential error
in calculation of pulmonary blood flow may occur
when there are large bronchial arterioles anasto-
mosing with distal pulmonary arterioles. When the
pulmonary artery arises from the right ventricle,
samples obtained in the major pulmonary arteries
would have oxygen saturations lower than those in
the aorta and bronchial arteries. If there is a large
bronchial flow, the true oxygen saturation of pre-
capillary blood would be considerably higher than
that measured in the pulmonary arteries. The 
pulmonary flow calculated from the measured 
pulmonary arterial oxygen saturation would be
considerably lower than the true pulmonary flow.
In patients with aortopulmonary transposition
with a large bronchial flow, errors in the opposite
direction would occur. Oxygen saturation in the
pulmonary artery would be higher than that in the
aorta and bronchial arteries. With a large bronchial
flow, the true pulmonary arterial oxygen saturation
of blood perfusing the lungs would be lower and
the flow calculated from the oxygen saturation
measured in the pulmonary artery would be higher
than the actual flow.
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These potential errors would be of particular
importance in calculation of pulmonary flow
where very large left-to-right shunts are present,
and also in aortopulmonary transposition, when
pulmonary arterial oxygen saturation is quite 
high. Similar errors arise in calculating systemic
blood flow in patients with severe hypoxemia, in
whom systemic arteriovenous differences may be
quite small.

Calculation of flow during oxygen administration
Special mention is made of this problem because

errors have been, and still are, frequently made 
in calculation of flows while a patient is breath-
ing oxygen. In fact, there are numerous publica-
tions in the scientific literature in which the 
results are questionable because of incorrect flow
calculations.

It has become common practice to derive oxygen
content by measuring oxygen saturation and multi-
plying it by oxygen capacity (see Chapter 3). When
a patient is breathing room air and a systemic arte-
rial or pulmonary venous Po2 is about 100 mmHg,
oxygen saturation is almost 100% and dissolved
oxygen is only about 0.3 mL/dL or 3 mL/L. If there
is a moderately large left-to-right shunt, with a 
relatively high oxygen saturation of 85% in the 
pulmonary artery, and if Bo2 is 150 mL/min and 
oxygen capacity 200 mL/L, then, if oxygen contents
are derived from oxygen saturation:

Cpvo2 = (100/100) × 200 + 3.0 (dissolved)
= 203 mL/L

Cpao2 = (85/100) × 200 + 2.5 (dissolved)
= 172.5 mL/L

Ap = 150/(203 − 172.5) = 4.9 L/min

If dissolved oxygen is not taken into account, Cpvo2

is 200 mL/L, Cpao2 170 mL/L, and Ap 5.0 L/min.
Thus, little error is produced during breathing of
room air.

If the patient is breathing 100% oxygen and pul-
monary arterial oxygen saturation is 92%, true oxy-
gen content derived from oxygen saturation can be
estimated only if Po2 is also known. If Po2 in pul-
monary venous blood is 550 mmHg and in pul-
monary arterial blood 100 mmHg:

Cpvo2 = (100/100) × 200 + [5.5 × 3.0 (dissolved)]
= 216.5 mL/L

Cpao2 = (92/100) × 200 + [1 × 3.0 (dissolved)]
= 187.0 mL/L

Ap = 150/(216.5 − 187) = 5.1 L/min

However, if dissolved oxygen is not considered,
Cpvo2 is 200 mL/L, Cpao2 184 mL/L, and Ap 
150/(200 − 184) or 9.4 L/min. This represents an
overestimate of pulmonary blood flow of almost
100%.

Thus in calculation of blood flows by the Fick
method during administration of oxygen, it is most

If Bo2 is 150 mL/min, Cpvo2 200 mL/L, and
Cpao2 150 mL/L:

Ap = = 3 L/min

If Cpao2 was 5% lower, i.e., 142.5 mL/L:

Ap = = 2.6 L/min, 

a difference of 7.5%

However, if Bo2 is 150 mL/min, Cpvo2 200
mL/L, and Cpao2 180 mL/L:

Ap = = 7.5 L/min

If Cpao2 was 5% lower, i.e., 171 mL/L:

Ap = = 5.2 L/min, 

a difference of 30%
 

150

200 171  −

 

150

200 180  −

 

150

200 142 5  .−

 

150

200 150  −

Magnitude of arteriovenous difference
The accuracy of calculation of flow by the Fick
method is determined, among other factors, by the
accuracy with which Bo2 and arteriovenous oxygen
difference can be measured. When the arterioven-
ous oxygen difference is large, the errors inherent 
in measuring oxygen content or saturation do not
result in major errors in calculation of flow.
However, when arteriovenous difference is small,
small errors in measurement may result in large
errors of flow measurement. The following exam-
ple demonstrates the problem.
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reliable to measure oxygen content in the blood
samples, but if oxygen saturations are measured, it
is imperative that Po2 also be measured to correct
for dissolved oxygen. It should also be realized that
not only calculation of flows but also of shunts and
pulmonary–systemic flow ratios are in error if these
facts are not considered.

Calculation of pulmonary blood flow in special
circumstances
Not infrequently, in certain congenital heart lesions
it is impossible to pass a catheter into the pul-
monary artery, or the flow through the lungs is
derived from bronchial vessels. In many of these
lesions there is complete admixture of pulmonary
and systemic venous returns and the blood per-
fusing the lungs has the same oxygen saturation as
systemic arterial blood. In these conditions, there-
fore, it is possible to calculate pulmonary blood
flow even though a catheter cannot be passed into a
pulmonary artery.

Ap =

However, since Cpao2 = Csao2

Ap =

As =

Indicator dilution techniques
A variety of indicators may be used for quantita-
tive measurement of cardiac output as well as for
qualitative assessment of flow patterns. Indicator
techniques that have been used include dyes that
change optical density of blood, thermodilution,
radioisotopes, and radiographic contrast media.
These techniques are being used much less fre-
quently in recent years. I do not propose to discuss
these techniques in detail, but merely to present the
principles involved in their use.

Dye dilution curves
Various dyes, when injected into the circulation,
increase the optical density of the blood in specific
wavelengths. Blue dyes, such as Evans blue (T-
1824) and indigo-carmine, increase optical density
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in the 620–650 nm range, and indocyanine green
increases optical density in the infrared range 
(± 810 nm). The dye is injected into one part of 
the circulation and sampled at another site by con-
tinuous withdrawal through a cuvette, which senses
changes in optical density at the appropriate wave-
length. In view of the fact that optical density of
blood changes markedly when hemoglobin is oxy-
genated or reduced, the baseline optical density
before dye is injected tends to vary considerably in
the 620–650 nm range, particularly in cyanotic
patients. In the infrared range, optical densities of
reduced hemoglobin and oxyhemoglobin are sim-
ilar and therefore baseline variation is negligible;
indocyanine green dye is thus preferred.

In the absence of a left-to-right or right-to-
left shunt, cardiac output can be measured by
injecting an indicator into a central vein, the right
atrium, a ventricle, or a pulmonary artery and sam-
pling in a peripheral artery. In order to measure
cardiac output, it is necessary to calibrate the 
sensing device for a known concentration of the
indicator in blood.

Thermodilution
Blood flows may be determined quantitatively by
using cold solutions as the indicator and measuring
the change in temperature by means of a rapidly
responsive thermistor on a catheter. The advantage
of the method is that the indicator may be room-
temperature saline and the sensor can be a very tiny
thermistor at the tip or on one side of a catheter.
The thermistor can be inserted retrogradely through
a peripheral artery into the central aorta and injec-
tions of saline of known temperature made into the
right atrium or pulmonary artery. Little tempera-
ture loss occurs across the lungs, accounting for the
success of the method. However, if the thermistor is
in a peripheral artery, considerable temperature
equilibration occurs with surrounding tissues, pro-
ducing erroneous results.

It is possible to measure flow by the thermodilu-
tion method using a single catheter with a thermis-
tor near the tip and a lumen a variable distance
proximal to the tip. The thermistor is positioned 
in the pulmonary artery and the lumen in the SVC
or IVC. Room-temperature saline is injected and
the curve obtained from the thermistor in the 
pulmonary artery is used for calculating cardiac 
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output. Although this technique is reliable in adults
with no shunts, it is often difficult to use in infants
and young children because of the problem in 
placing the injection lumen at an appropriate site
when the thermistor is positioned in the pul-
monary artery.

Other indicators
Other indicators, particularly radioisotopes, have
been used, with external monitoring either by
means of crystals for detection of gamma emission
over an isolated area or by a scintillation gamma
camera to monitor over the whole chest. These
techniques are not described in detail here, but the
principles are similar to those of dye dilution and
thermodilution.

Calculation of cardiac output
The concentration curve of the indicator has the
shape shown in Figure 4.4. Based on the Stewart
Hamilton principle, cardiac output (CO) can be
calculated by dividing the amount of indicator (I)
injected by the mean concentration of the indicator
(C) over the period that the concentration curve is
inscribed before recirculation occurs:

CO =

This will give CO in mL/s; in order to measure it in
L/min, the equation would be:

CO (L/min) =

Because the recirculation peak appears before the
indicator concentration falls to near zero, in order
to calculate CO it is assumed that the concentration
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falls exponentially. Difficulty arises in many
patients with congenital heart disease with a large
left-to-right shunt. Recirculation is so rapid that it
is not possible to define the downslope to describe
the single circulation curve without interference
from recirculation.

In order to overcome this, a method has been
designed to calculate flows from the first portion of
the curve. This is known as the forward triangle
method and it makes the assumption that there is a
reasonably consistent relationship between the
portion of the curve from the onset to the peak and
the remaining portion. By dropping a vertical line
from the peak concentration (Cp) to baseline, a tri-
angle is formed that has the upward deflection as
one side, the vertical line as a second, and the dis-
tance between the appearance of the indicator and
the peak concentration, known as build-up time
(BT), as the third (Figure 4.5). The area of this tri-
angle is 1/2Cp × BT.

It has been shown that, in normal circulations,
the area occupied by this triangle is about 0.37 of

AT – appearance time
BT – build-up time
CP – peak concentration

mm
Deflection

Injection
Recirculation

peak

CP

5 s

AT BT

Figure 4.4 Normal dye dilution curve
showing appearance time, build-up
time, peak concentration, and
recirculation.

Early recirculation

Cp(mg/L)

BT

CO =                   × 0.37I × 60
1/2CP × BT

Figure 4.5 The principle used for calculating cardiac output
by the forward triangle method: the triangle shown
represents about 0.37 of the total area under a normal dye
dilution curve. This illustration shows how it is applied
when there is early recirculation due to a left-to-right
shunt.
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the total area of the curve as computed by conven-
tional methods. If this is used as a correction factor,
the cardiac output then can be calculated from the
following equation:

CO = × 0.37

The figure 0.37 has been derived when injections
are made into the central circulation and it is
modified if injections are made into peripheral
veins. This is the correction necessary for adults,
but the factor may be somewhat different in infants
and children, and also in the presence of various
cardiovascular abnormalities.

There are several potential errors in calculation
of cardiac output by the indicator dilution method
that make it accurate only to within 15–20% of
actual flow. I will not discuss these problems in
detail here, but some of the factors that may present
difficulties include the following.
• Flow must be constant throughout the with-
drawal period.
• Withdrawal must be absolutely constant.
• There must be adequate mixing of indicator with
the flowing blood.
• The amount of indicator injected must be meas-
ured accurately.
• If the downslope of the curve is very delayed (as
occurs in valvar insufficiency), the output calcula-
tion may be much more inaccurate.
• If circulation is very slow, the curve inscribed is
spread out and because recirculation from some
parts of the circulation appears early, it is difficult
to delineate the curve for a single circulation and
the measurements of output are quite inaccurate.

Indicator curves may also be used qualitatively to
demonstrate patterns of blood flow. Thus, the rapid
recirculation curve noted with left-to-right shunt
results in a curve that may show a sudden change in
the downslope just beyond the peak; the earlier this
occurs, the larger the left-to-right shunt (Figure
4.6). An early appearance of indicator is indicative
of a right-to-left shunt.

It is also possible to detect the level of right-to-
left shunting by sampling from a peripheral artery
and selectively injecting indicator into different
chambers. Thus, if there is an atrial right-to-left
shunt, normal curves will be seen with injections into
the pulmonary artery or right ventricle, but an early
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appearance will be noted with injections into the
right atria or vena cava. The proportion of right-to-
left shunt can be expressed as that percentage of
total systemic venous return that is shunted. This
can be calculated from an indicator-dilution curve
applying the forward triangle method (Figure 4.7).

The initial part of the curve represents that 
proportion of the indicator-labeled blood that is
shunted and the second curve is produced by the
blood and indicator that pass normally through 
the circulation. Using the forward triangle method,
the shunt flow could be derived from the initial 
triangle and normal flow from the second triangle.
The normal appearance time, needed to calculate
BT2, is derived by extending the upslope of the 
second curve to the baseline (see Figure 4.7). The
sum of the two represents total systemic blood flow.

The right-to-left shunt as a percentage of sys-
temic venous return can then be calculated from
the following equation:

Injection

Normal

Small L     R shunt

Large L     R shunt

Large R     L shunt

Small R     L shunt

Figure 4.6 Changes in the contour of dye dilution curves
produced by left-to-right and right-to-left shunts.
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Right-to-left shunt (%As)

= × 100

In applying this type of analysis, it is important to
ensure that there is adequate mixing of indicator
before the site of the right-to-left shunt.

Vascular resistance

General considerations
The concept of vascular resistance has been used
extensively in circulatory physiology to provide an
estimate of the response of the vascular bed to vari-
ous pharmacological and physiological influences.
It is based on the Poiseuille equation relating flow,
pressures, and the cross-sectional area of the tube
through which the fluid flows:

Q =

where Q is flow, ΔP the pressure difference across
the tube, r the radius of the tube, η the viscosity of
the fluid, and l the length of the tube. This principle
has been applied to assess the cross-sectional area of
vascular beds by making certain assumptions. If, in
the Poiseuille equation, it is assumed that η, the vis-
cosity of the fluid, and l, the length of the major
resistance vessels, are constant, then, since π is a
constant,
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In the latter relationship, the greater the radius r,
the greater the flow, and the term conductance has
been applied to the ratio Q/ΔP. The larger this
value, the larger the cross-sectional area. However,
if the reciprocal relationship is considered, then
ΔP/Q ∝ 1/r4 and the smaller the radius, the less the
flow at any given pressure differential. The ratio
ΔP/Q has been used to express the degree of resis-
tance (R) to blood flow; the larger the value, 
the smaller the cross-sectional area. The equation 
R = ΔP/Q has been used extensively; if ΔP is ex-
pressed in mmHg and flow in L/min, then resist-
ance is derived as mmHg/L per min and is termed a
resistance unit.

The figures derived from this calculation take
many major assumptions into account, only some
of which are mentioned below.
• In applying the Poiseuille equation, flow is lami-
nar and continuous. In the vascular system, flow is
pulsatile, and although it is probably laminar in the
small vessels in which resistance is measured, this is
not definitely known. In order to apply the varying
pulsatile pressure to analysis, a mean pressure is
used on either side of the vascular bed in calculat-
ing ΔP.
• The Poiseuille relationship was established for
saline or other Newtonian fluids. Since blood is 
a non-Newtonian fluid, there may be marked 
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Right-to-left shunt a(%5s) = × 100

1/2(37 × 3) × 100
 1/2(37 × 3) + 1/2(70 × 5)

=

= 24%

Figure 4.7 The forward triangle method can be used to
calculate the right-to-left shunt as a percentage of total

systemic venous return by comparing the area of the
triangle of the initial curve with that of the major curve.
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differences in patterns of flow in small vessels of
different geometry.
• It is generally assumed that viscosity is reason-
ably constant. Blood viscosity is largely influenced
by hematocrit, and the relationship is curvilinear.
Over the usual range of hematocrit of 35–45%, 
little change in viscosity occurs, but with increases
beyond 50%, viscosity increases dramatically with
small changes in hematocrit. This is important,
because in infants with high hematocrits after birth
and in older children with cyanotic congenital
heart disease, the viscosity factor must be taken into
account in considering vascular resistance. A high
vascular resistance figure may be calculated and
may not reflect the size of the vascular bed but the
high hematocrit.
• In the original description, Poiseuille used rigid
glass tubes to develop his equation. However, 
since the vascular system is not rigid, changes in
vessel diameter may occur as transmural pressures
are changed. Furthermore, the problem is com-
pounded by the fact that with pulsatile pressures
there may be alternating changes in vessel diameter
and this will be influenced by the compliance of the
vessel wall. The influence of transmural pressures is
of great importance in interpreting vascular resist-
ance. It has become customary to use the concept 
of vascular resistance to delineate the state of con-
striction of the vascular bed, as a constricted bed
will have narrow vessels and thus a high resistance.
However, it must be realized that resistance is an
expression of cross-sectional area and not vessel
tone or constriction.

If transmural pressure changes, the calculated
figure for vascular resistance may reflect a change in
cross-sectional area of the vessels rather than any
change in the degree of active constriction or dilata-
tion. An example of this is shown below.

This is related purely to physical changes in pres-
sure–flow relationships and does not necessarily
indicate that there has been vasodilatation on an
active basis. Thus, in comparing vascular resistance
between different individuals, between one condi-
tion and another, and in the same individual at dif-
ferent times, it is necessary to consider the actual
levels of arterial and venous pressures, as well as the
magnitude of flow.

Calculated resistances in the pulmonary and 
systemic circulations are often used to compare 
the state of tone in the vascular bed from one indi-
vidual to another and in the same individual at 
different times. However, a problem arises in 
comparing resistances in individuals of different
weights and ages. During the first 6–8 weeks after
birth, the pulmonary vasculature is changing from
fetal to postnatal morphology; this is associated
with a normal fall in pulmonary vascular resistance.
Beyond this period, pulmonary arterial pressures
change only modestly. Systemic arterial pressure
increases slowly with advancing age beyond in-
fancy. The factor in the Poiseuille equation that
changes most significantly with weight and age is
the flow.

Resistance has therefore been calculated in rela-
tion to body surface area, because this provides a
figure that is reasonably constant for all ages, except
the neonatal period. This is discussed in more detail
in the following sections on systemic and pul-
monary vascular resistance.

Systemic vascular resistance
Systemic vascular resistance (Rs) is calculated from
the following equation:

Rs =

where Psa is mean systemic arterial pressure
(mmHg), Pra mean right atrial pressure (mmHg),
and As systemic blood flow (L/min).

Normal Rs is about 20 units/m2 in children, but
it varies markedly between about 15 and 30
units/m2. In newborn infants, arterial pressure is
relatively lower and systemic blood flow is similar
to that in older children in relation to body surface
area. Systemic vascular resistance is lower, in the
range 10–15 units/m2; this gradually rises, reach-
ing a level averaging about 20 units/m2 at 12–18
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If mean arterial pressure is 40 mmHg, venous
pressure 5 mmHg, and flow 5 L/min, the calcu-
lated vascular resistance is (40 − 5)/5 or 7 units.
If venous pressure is raised to 15 mmHg, the
vessels will be distended by the greater transmu-
ral pressure, and for the same flow of 5 L/min,
an arterial pressure of only 45 mmHg may be
required. The calculated resistance would be 
(45 − 15)/5 or 6 units.
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months after birth. Thereafter, only a gradual small
rise occurs.

The systemic vascular resistance varies greatly in
response to sympathetic activity, degree of seda-
tion, and administration of drugs or radiographic
contrast medium and is therefore not a particularly
useful measurement.

It is not possible to calculate systemic vascular
resistance in the presence of aortic coarctation with
different ascending and descending aortic pres-
sures, because differential flow to the upper and
lower body cannot be calculated. It is also not pos-
sible to calculate systemic vascular resistance when
there is a right-to-left shunt through the ductus
arteriosus, because the respective flows to the upper
and lower body are not known.

Pulmonary vascular resistance
The calculated pulmonary vascular resistance is
used frequently as a guide to the degree of constric-
tion or obstruction of the pulmonary vascular bed.
Often, great reliance is placed on this figure in
deciding whether a patient with congenital heart
disease should or should not have surgery. This is
most unfortunate, as there are many potential
errors concerned in making the calculation; this
should be recognized in applying the measurement
in making decisions. Pulmonary vascular resistance
(Rp) is calculated from the following equation:

Rp =

where Ppa is mean pulmonary arterial pressure
(mmHg), Ppv or Pla mean pulmonary venous or
left atrial pressure (mmHg), and Ap pulmonary
blood flow (L/min).

In older children and adults, normal Rp is 1–3
units/m2. In the first week after birth, it is consider-
ably higher and normally may be 8–10 units/m2. It
then falls rapidly and by about 6–8 weeks after
birth it has reached adult levels. It has been sug-
gested that comparison of pulmonary vascular
resistance from one individual to another on the
basis of body surface area is inappropriate, as it
gives a false impression of the true state of the pul-
monary vascular bed. However, we have found it
convenient to use the figure of pulmonary vascular
resistance per square meter of body surface area in
comparisons between different individuals and in
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following the condition of the pulmonary circula-
tion in the same individual with advancing age.

In making these comparisons, it is important to
note the actual level of left atrial pressure. If it is
higher than normal, it can be assumed that the pul-
monary vessels are being distended to some degree
by the increased transmural pressure, and thus the
calculated pulmonary vascular resistance would in
fact be higher if left atrial pressures were reduced to
normal levels. This concept may be important in
patients with large ventricular or aortopulmonary
left-to-right shunts, in whom left atrial pressure is
often elevated. The pulmonary vascular resistance
obtained after the defect has been closed and left
atrial pressure decreased may be higher than the
previous figure, even though the pulmonary vessels
have not undergone any change in anatomy.

Another possible example in which actual figures
of pulmonary vascular resistance could be misin-
terpreted is in an infant with a large ventricular left-
to-right shunt. The measurement is first made
when the infant is in severe heart failure and left
atrial pressure is high. After the baby is treated, left
atrial pressure may fall; the calculated pulmonary
vascular resistance could then increase, giving the
false impression that there has been an increase in
pulmonary vasoconstriction or vessel pathology
even though no actual change had occurred.

In analyzing the effects of pharmacological
agents on the pulmonary circulation, it is import-
ant to consider changes in pulmonary arterial and
left atrial pressure and in pulmonary blood flow. It
is possible that the drug may alter pressure or flow
and cause a change in calculated vascular resis-
tance, without having a direct local effect on the
pulmonary blood vessels. An example of the way in
which effects on the pulmonary vessels may be con-
fused is shown by the action of methoxamine
(Vasoxyl), an α-adrenoceptor agonist. Methoxamine
has been shown to cause mild vasoconstriction
when applied directly to the pulmonary vessels;
however, it does produce marked systemic vaso-
constriction, a rise in systemic arterial pressure, and
a rise in left ventricular end-diastolic and left atrial
pressure. As a result of the rise in left atrial pressure,
pulmonary vessels will be distended and the calcu-
lated pulmonary vascular resistance may not change
or may actually fall slightly suggesting, erroneously,
that methoxamine is a pulmonary vasodilator.
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Responsiveness of the pulmonary circulation
When pulmonary vascular resistance is elevated,
the decrease in cross-sectional area of the pul-
monary vascular bed may be due to constriction of
the medial muscular component of the small pul-
monary vessels, to actual organic changes of hyalin-
ization and fibrosis of the medial and intimal layers,
or to intimal proliferation with thrombosis and
intraluminal obstruction. It is important to know
what the nature of the vascular obstruction is,
because the decision regarding the operability of a
patient with congenital heart disease may be deter-
mined by the pulmonary vascular reactivity. If it
can be shown that pulmonary vascular resistance is
due to organic changes, it is less likely that surgical
correction of the defect will result in a major fall in
vascular resistance. However, if the increase is due
to vasoconstriction related to medial hypertrophy
of smooth muscle, the prospects for improvement
in the vessels are good.

There are no good methods for accurately assess-
ing pulmonary vascular responsiveness, but a rea-
sonable evaluation may be made by administering
pulmonary vasodilator agents. Inhalation of 100%
oxygen has been found to produce a fall in pul-
monary vascular resistance in some patients. I
believe that the effect of oxygen in reducing 
pulmonary vascular resistance is significant only
when pulmonary venous Po2 is reduced. When
pulmonary venous Po2 is normal, oxygen produces
only mild to modest vasodilatation. In many
patients with large pulmonary blood flows, particu-
larly in infants, mild pulmonary edema and mild
hypoxia is common; it is in these patients particu-
larly that oxygen may reduce pulmonary vascular
resistance.

A common error when evaluating the effects of
oxygen on pulmonary vascular resistance is the use
of oxygen saturation to calculate pulmonary flow
before and after oxygen administration. As men-
tioned above, if dissolved oxygen is not considered,
the calculated oxygen content for pulmonary
venous blood would be underestimated, thus giv-
ing a very low pulmonary arteriovenous difference,
with an erroneously high pulmonary blood flow
and an apparent marked reduction in pulmonary
vascular resistance (see above).

One of the first pharmacological agents used for
assessing pulmonary vascular reactivity was tolazo-

line hydrochloride (Priscoline), which is a reason-
ably effective pulmonary vasodilator. It is injected
slowly, in doses of 1 mg/kg, through a catheter
positioned in the main pulmonary artery. Tolazoline
also produces peripheral vasodilatation, with flush-
ing and warmth, and its effect on the pulmonary
vessels is fairly short-lived, usually lasting only
15–30 min or sometimes less. Other vasodilators
that have been used include prostacyclin, adeno-
sine and magnesium sulfate, and nitric oxide (dis-
cussed in Chapter 5).

Assessment of response of pulmonary
circulation to vasodilators
When there is a large communication between the
left and right ventricles or the aorta and the pul-
monary artery, the pulmonary and systemic arterial
systolic pressures are equal. As mentioned above, 
if pulmonary vascular resistance is decreased, 
pulmonary arterial systolic pressure remains at 
systemic levels but diastolic pressure may fall. 
The more important factor to assess is whether 
pulmonary blood flow increases. In patients with
ventricular septal defect, it is possible to measure 
all the variables necessary to calculate pulmonary
vascular resistance before and after administering
the vasodilator. In those patients who have lesions
that result in complete admixture of pulmonary
and systemic circulations, it is possible to obtain an
indication of the effects of dilator agents on pul-
monary vascular resistance merely by measuring
peripheral arterial oxygen saturation. If pulmonary
vascular resistance falls more than systemic vascu-
lar resistance, the ratio of pulmonary flow to sys-
temic flow will increase, resulting in a rise in oxygen
saturation. A marked change is indicative of a very
responsive pulmonary circulation. A change in pul-
monary vascular resistance of only 1–2 units/m2

cannot be regarded as significant, in view of the
many variables involved in its calculation.

Pulmonary vascular resistance cannot be calcu-
lated in conditions in which there is branch stenosis
of a pulmonary artery or in which there is a shunt
preferentially directed to one artery (as in patent
ductus arteriosus). It is also not possible to calcu-
late pulmonary vascular resistance when there is a
large bronchial collateral flow or major aortopul-
monary collateral arteries; a falsely high value will
be obtained, because flow across the pulmonary
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vascular bed is larger than that calculated by the
Fick method.

Calculation of valve area

It was common practice to calculate the valve area
from measurements of left ventricular and aortic
pressure tracings and blood flow, because it was
thought to be a more reliable indicator of the sever-
ity of aortic stenosis than pressure gradient alone.
Currently, however, most of the recommenda-
tions for surgery are based on the magnitude of 
the systolic pressure gradient and valve area is not
commonly estimated. I present the method of 
calculating valve area because it provides useful
information in understanding the dynamics of flow
across a stenotic valve.

In a stenotic area, the severity of the obstruction
and the magnitude of the flow determine the pres-
sure required to produce flow across it. In an
attempt to relate the measured pressures across
valve orifices, Gorlin and Gorlin [5] derived a 
formula to calculate the area of the orifice. This 
is based on observations in hearts perfused at
autopsy. The basic formula used is as follows:

A =

where A is orifice area, Q flow, K a constant, and 
ΔP the mean pressure gradient across the orifice.
For the aortic and pulmonary valves, flow occurs
only in systole, so the mean flow during systole is
calculated. This is performed as follows. The time
of the cardiac cycle during which the semilunar
valve is open is measured on the aortic or pul-
monary arterial pressure curve. This is the systolic
ejection time. This is multiplied by the heart rate to
give the systolic ejection period, or the time (in
s/min) that the valve orifice is open and during
which flow occurs. The cardiac output (in mL/min)
is divided by this number to give an estimate of the
mean systolic flow or the flow rate during systole
(in mL/s).

The mean systolic pressure gradient is calculated
from the pressures in the left ventricle and aorta, or
right ventricle to pulmonary artery. This is best
done on tracings obtained simultaneously with 
two catheters, but if this is not possible, tracings
obtained at different times can be superimposed.
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The mean pressure difference can be measured in
two ways (Figure 4.8).
1 Mean systolic pressure can be estimated by draw-
ing a horizontal line across the pressure tracing so
that the area above the line equals the two small
areas outside the curve below the line. This is
shown in the first left ventricular and aortic pres-
sure pulse in Figure 4.8.
2 It can also be done by measuring the height of the
pressure curve at numerous equidistant points dur-
ing systole and dividing by the number of observa-
tions made. This is shown as the second pressure
pulse in Figure 4.8.

The factor K for the aortic and pulmonary valves
is 44.5. A sample calculation is shown in Figure 4.8.
For the mitral valve, mean diastolic flow is calcu-
lated by measuring the time the valve is open, i.e.,
when left atrial pressure exceeds left ventricular
pressure. The mean diastolic pressure difference is
calculated. The K factor for the mitral valve is 31.5.

Valve areas vary with age and weight, and in
order to compare one individual with another, it is
convenient to express valve area in relation to body
surface area. For the aortic and pulmonary valves,
an area of about 2.5 cm2/m2 is considered normal.

Because the calculation of mean systolic pressure
difference requires considerable time, attempts
have been made to simplify the method. Bache
described a formula for calculating aortic valve area
that used peak left ventricular–aortic pressure dif-
ferences (peak systolic pressure difference or PSPD).
The formula is similar to the Gorlin formula:

A =

Quantitative ultrasound
techniques

Ultrasound procedures provide a great deal of
information about cardiovascular function.
Cardiac chamber size, ventricular wall thickness,
and rate and effectiveness of ventricular contrac-
tion can all be measured. Numerous indices have
been developed to assess ventricular performance
during systole and relaxation. Isovolumic relax-
ation time affords an evaluation of diastolic func-
tion. These techniques are discussed in detail in
texts on echocardiography. The application of

  

Q
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Doppler ultrasound has been of great value in pro-
viding assessment of blood flow, so that cardiac
output can be measured. It has also permitted the
estimation of pressure drops across obstructions,
so that the severity of stenosis can be assessed by
noninvasive techniques.

Measurement of blood flow
Blood flow is calculated from the product of mean
velocity and cross-sectional area. The mean velo-
city can be determined by integrating the velocity at
a specific site, usually the ascending aorta above the
sinuses of Valsalva. The average velocity can be
measured over the whole cardiac cycle for a specific
time period to provide mean velocity. The tech-
nique frequently used is to obtain the integral of 
the velocity of each beat. This, multiplied by cross-
sectional area, provides a measure of stroke volume;
cardiac output is obtained by multiplying this by
heart rate. Values for cardiac output obtained by
this technique compare favorably with estimates

from other techniques. It is important to recognize
some of the problems with the technique.

Vessel diameter is determined from either M-
mode or two-dimensional echocardiograms. The
assumption is made that the vessel is circular in
order to calculate cross-sectional area. If the vessel
is not circular at the site of insonation, consider-
able error could be introduced. It is also import-
ant that the angle of incidence of the ultrasound 
signal and the direction of flow be as low as pos-
sible. If the angle is greater than 20–30°, considerable
error could be introduced. Flow has been measured
by this method in both the aorta and the pul-
monary artery. It has also been measured through
the mitral valve, using the velocity signal during
diastolic flow. A major problem with measurement
of flow is that the diameter of the atrioventricular
valve changes considerably with phases of the 
cardiac cycle, so that this may introduce consider-
able error into the calculation, depending on the 
diameter used.
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Figure 4.8 Gorlin and Gorlin method for calculating aortic
valve area. The simultaneous left ventricular and aortic
pressure tracings show a large systolic pressure difference.
Mean systolic pressure (MSP) of the left ventricle (LV) and
aorta (Ao) can be calculated by one of two methods. The
duration of systole (systolic ejection) is indicated by the
interval between the onset of the aortic systolic pressure
rise and the dicrotic notch in the aortic tracing. The first
method used for calculating mean systolic pressure is
shown in the first set of pressures. A line is drawn on the
left ventricular pressure so that area a equals area b and
area c. This can be done by transcribing the pressure
tracings onto graph paper with 1-mm squares. The aortic
mean systolic pressure is measured by drawing a line so
that area x equals area y and area z. The second method 

used is to measure the pressure at numerous equidistant
points along the pressure tracing over the period of systole
and to divide the sum of the heights by the number of
points taken; this is done for the left ventricle and the aorta
separately. The cardiac output (CO) is measured by one of
the techniques described and heart rate is recorded during
the pressure measurements. The duration of systole in each
minute is calculated by multiplying systolic ejection time
(SET) by the heart rate to give the systolic ejection period
(SEP). Cardiac output is divided by SEP to provide the mean
flow across the valve during systole. To calculate valve area,
the mean systolic flow is divided by a constant (for the
aortic valve K is 44.5) multiplied by the square root of the
mean systolic pressure difference between the left ventricle
and the aorta.
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Estimation of pressure gradient
The Bernoulli equation has been modified to esti-
mate pressure drop across an orifice (ΔP), using the
peak velocity measured in the jet just distal to the
stenosis (Vmax):

ΔP = 4(Vmax)2

Because the Bernoulli equation applies to obstruc-
tions in which well-formed jets are developed, gra-
dients measured across stenoses longer than about
5–8 mm are probably not reliable. Estimates of sys-
tolic pressure gradients across the pulmonary and
aortic valves by Doppler technique correlate quite
well with those measured by cardiac catheteriza-
tion. However, there is frequently a considerable
overestimate. This is related to the fact that the gra-
dient measured by ultrasound is at the peak velo-
city, which temporally occurs prior to the peak of the
pressure gradient. The ultrasound technique is of
great value in assessing severity of stenosis and in
following progress of the lesion. However, because

current recommendations for valvotomy or other
procedures are based on pressure gradients meas-
ured by catheter, the degree of stenosis should be
confirmed by invasive techniques (see Chapter 10).
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maturational changes in the pulmonary circula-
tion. In this chapter, the fetal pulmonary circula-
tion and its developmental changes after birth are
discussed. The possible changes in the pulmonary
circulation that may be produced in the fetus by the
presence of congenital heart lesions are considered
and the effects of various congenital heart lesions
on the normal postnatal maturation of the pul-
monary vessels are presented.

Fetal pulmonary circulation

Morphological features
The lung arises from the embryonic foregut; in the
human this occurs during the first week of develop-
ment. The lung bud divides into the two lung sacs,
which further divide to form the bronchopul-
monary segments. By 16 weeks’ gestation, the
bronchial tree is essentially fully developed, and
further growth is accomplished by growth of new
acini, or respiratory units.

As the lung buds develop, they are ensheathed by
a mesenchymal layer. The first pulmonary vessels
are traditionally thought to form from vasculogen-
esis, resulting in the formation of tubes which cre-
ated an isolated plexus. This plexus, it is believed,
develops connections with the main pulmonary
artery and its hilar branches form from the left 
sixth branchial arch; the right sixth arch remains 
as the proximal portion of the right pulmonary
artery. The connections from these vessels with the
pulmonary vascular plexus develop early; in the
human, there is continuity from at least 38 days’
gestation [1]. The development of the capillary
plexus within the mesenchyme by vasculogenesis
has been closely associated with the formation of
bronchoalveolar units and it has generally been
assumed that the vascular development follows the
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It is well established that pulmonary vascular resist-
ance is very high during fetal life and that this
accounts for the relatively low blood flow through
the lungs. Because gas exchange is accomplished in
the placenta, there is little requirement for pul-
monary flow for metabolic purposes and the major
proportion of the output of the right ventricle is
diverted through the ductus arteriosus (see Chap-
ter 1). This diversion of blood away from the lungs
serves the important role of reducing the pulmon-
ary venous return to the left atrium and ventricle,
thus diminishing the volume load on the left ventricle.
Should the poorly oxygenated blood ejected by the
right ventricle be directed through the lungs, this
same blood would again be ejected by the left ven-
tricle (without having increased its oxygenation in
the lung). Thus the low pulmonary flow reduces the
total workload on the fetal heart. Although the fetal
lung does not have a role in gas exchange, it may
have important functions in other aspects of meta-
bolism, including hormonal regulation.

Postnatal survival of the fetus, after the placental
circulation has been eliminated, is dependent not
only on the achievement of adequate alveolar venti-
lation but also on the establishment of a pulmonary
blood flow large enough for gas exchange. Dramatic
functional and structural changes occur in the 
pulmonary blood vessels after birth, and it has 
been shown clearly that these pulmonary vascular
changes are crucial in determining the hemody-
namic adjustments and consequent clinical mani-
festations in infants with congenital heart disease. 
It has also become evident that the presence of 
congenital heart lesions may modify the normal

5
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growth of alveolar units. As stated by Hall et al. [1]
from a study of human embryos, “The airways
would seem to act as a template for pulmonary
artery development.”

Recently, however, Parera et al. [2], based on
studies of mouse embryos, have proposed that at
the earliest sign of lung development, the lung vas-
cular network is already connected to the embry-
onic circulation. They also suggest that extension of
the vasculature into the developing lung results
from growth of new capillaries from preexisting
vessels, namely by angiogenesis. Further to these
newer concepts about pulmonary vascular devel-
opment, there is now increasing evidence that, at
least postnatally, angiogenesis promotes alveolar
development and may be responsible for mainten-
ance of alveolar integrity. Administration of agents
that inhibit angiogenesis or inhibition of vascular
endothelial growth factor (VEGF) receptors in
infant rats interferes with vascular development
and also with alveolarization [3]. Also in newborn
rats in which lung injury was produced by hyper-
oxia, VEGF gene therapy stimulated angiogenesis
and limited the severity of alveolar disruption asso-
ciated with hyperoxia [4]. The concept that vascular
growth influences pulmonary airway development
has raised interesting speculation regarding the
interference with lung development in preterm
infants with bronchopulmonary dysplasia and dis-
turbed growth resulting from oxygen toxicity.

Pulmonary vascular smooth muscle cells have a
diverse origin, being derived from three different
sites: bronchial smooth muscle, perivascular mes-
enchyme, and endothelial cells [1]. This could
explain the findings of Frid et al. [5] that fetal and
adult bovine pulmonary arteries show the presence
of several phenotypically distinct smooth muscle
populations.

The development of pulmonary venous con-
nection to the left atrium has been examined in
human fetuses. There had been some question
whether the pulmonary veins developed from the
embryonic systemic sinus venosus, but Webb 
et al. [6], from examination of human embryos,
excluded this possibility. They noted that the pul-
monary vein canalizes as a single vessel within the
mediastinum; this connects to the pulmonary 
vascular plexus and then to the left atrium as four
separate veins.

The main pulmonary trunk is relatively large in
the fetus, reflecting the fact that the larger propor-
tion of combined ventricular output (CVO) is
ejected into it from the right ventricle. The main
trunk continues directly into the ductus arteriosus,
and the left and right pulmonary arteries arise as
branches of the pulmonary trunk–ductus arterio-
sus conduit. The left and right pulmonary arteries
are quite large at their origin, but rapidly decrease
in size as they enter the lung. The branching pattern
of the vessels is similar to that in the adult by 
mid-gestation and further growth during fetal and
postnatal life is characterized by development of
additional terminal respiratory units with associ-
ated blood vessels. The pulmonary trunk and the
major pulmonary arteries are thick-walled, similar
to the aorta, and the walls are composed of numer-
ous layers of elastic fibers, mainly circumferentially
arranged, with only few smooth muscle cells and
few collagen fibers.

The elastic composition of the arterial wall
extends to the preacinar vessels, but in the smaller
preacinar and larger acinar arteries (30–200 μm
diameter), the medial layer is composed largely of
smooth muscle cells. In vessels of 30–50 μm dia-
meter, the thickness of the muscle layer is about 
15% of the external vessel diameter. In the smaller
acinar arteries, the muscular layer is only partial
and more distal intraacinar arteries have no muscu-
lar component. There has been some confusion
regarding possible changes in the thickness of the
muscular medial layer of the small pulmonary
arteries during fetal development. It had been pro-
posed that the thickness of the medial muscular
layer increased progressively over the last 3 months
of gestation in the human fetus. Studies in fetal
lambs which related the thickness of the muscle
layer to the external diameter of the arterioles 
indicate that there are no significant changes from
about 60 days’ gestation to term (about 140 days)
[7]. More recent studies in the human confirm 
that the thickness of the pulmonary arterioles 
does not change significantly over the latter period
of gestation [8]. The muscular development of 
the pulmonary arterioles in the fetus is of con-
siderable importance, as it determines the react-
ivity of the circulation to many of the physiological
and abnormal influences to which it may be 
subjected.
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Growth of the fetal lung is characterized by
development of new vessels and respiratory units.
The composition of the arteries with regard to the
smooth muscle component continues to reflect their
size and their relationship to the airways. It has
been shown in the lamb lung that not only does the
total number of muscular arteriolar vessels increase
with lung growth, but vessel numbers increase per
unit volume of lung tissue. These changes result in a
dramatic increase in cross-sectional area of the pul-
monary vascular bed [7].

Examination of lungs of stillborn animal and
human fetuses has shown that the muscular arteries
have a small lumen and a thick intimal layer, in
which the endothelial cells are rounded and tend 
to overlap. Also, the smooth muscle cells in the
media are rounded. However, it is likely that these
vessels may not have these characteristics in vivo,
and that these features are the result of constriction
of the muscle layer with a drop of intraluminal
pressure from the high fetal levels to atmospheric
pressure. In preparations in fetal lambs in which
the arterial tree was fixed while being perfused at
fetal pressures, although the intima was somewhat
thickened, the endothelial cells were flattened and

the lumen was not slit-like, as had been described in
the stillborn fetuses.

Functional aspects
Gestational changes in flow
Normally, blood flow through the fetal lung is quite
low. Most of our knowledge of fetal pulmonary cir-
culation is derived from lambs; we have measured
pulmonary blood flow in lambs in the normal in
utero environment. In lambs of 0.4–0.7 gestation
(60–110 days), the lungs receive only about 4% of
CVO, or about 18–20 mL/min per kg fetal body
weight. During later gestation there is a modest
actual and relative increase in pulmonary blood
flow most prominent from about 120 days’ gesta-
tion [9]. Near term (140–150 days), the lungs receive
about 8–10% of CVO, or about 35–45 mL/min per
kg fetal body weight. Figure 5.1 depicts the changes
in pulmonary blood flow, pulmonary arterial pres-
sure, and pulmonary vascular resistance during the
last trimester of gestation in the fetal lamb. It is 
evident that pulmonary arterial pressure rises 
gradually, paralleling the similar increase in aortic
pressure. Total pulmonary vascular resistance falls
gradually; this is probably related to the increase in
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vessel numbers, although it could also be explained
by relaxation of the muscle wall. However, if changes
in pulmonary vascular resistance are related to
changes in lung weight, there is an increase in resist-
ance in late gestation, suggesting that pulmonary
vascular tone has increased progressively to term.

Pulmonary blood flow has been measured in
human fetuses using Doppler ultrasound blood
velocity waveforms in the left and right pulmonary
arteries. However, there has been considerable
variation in the magnitude of pulmonary blood
flow in human fetuses in published reports. At
about 20 weeks’ gestation, it was estimated that pul-
monary blood flow was about 13% of CVO, but by
30 weeks it was about 20% of CVO [10]. Although
the flows could not be accurately related to fetal
weight, in the latter quarter of gestation pulmonary
flows were estimated to be at least double those
measured in fetal lambs. Values of about 100 mL/min
per kg estimated fetal weight were recorded in
human fetuses compared with about 45 mL/min
per kg in lambs. It was also reported by Sutton et al.
[11] that pulmonary blood flow was about 22% of
CVO in the human fetus. However, Mielke and
Benda [12] found that pulmonary flow was only
11% of CVO, a level much closer to that in the fetal
lamb. As discussed in Chapter 1, left ventricular
output is considerably higher in human compared
with lamb fetuses. The greater left ventricular filling
can thus be accounted for, at least in part, by greater
pulmonary venous return. Whether a higher blood
flow through the foramen ovale also contributes is
yet to be determined, but it appears that the greater
pulmonary blood flow can account for the major
portion of the higher left ventricular filling.

Patterns of pulmonary blood flow
Flow patterns in the pulmonary arteries are
modified in the fetus compared with the adult by
the presence of the large ductus arteriosus and the
high pulmonary vascular resistance. Velocity pat-
terns have been extensively studied in fetal lambs
using electromagnetic or ultrasonic flowmeters and
also in human fetuses by Doppler ultrasound.

In the sheep fetus, flow in the pulmonary trunk
continues throughout the whole of systole: there is
often an incisura on the downslope of the velocity
tracing, the cause of which has not been defined.
There is also a short period of backflow at the end of
systole (Figure 5.2). Flow through the ductus arte-

riosus is also continuous throughout systole. The
flow contour in the branch pulmonary arteries is
quite different. There is a short period of forward
flow, occupying only about the first third of systole.
This is followed by backflow, which extends through-
out the remainder of systole and into diastole
(Figure 5.2). It is not known what accounts for this
pattern of flow in the branch pulmonary arteries,
but I believe the high peripheral resistance in the
lung, the ductus arteriosus, and the relatively low
compliance of the large pulmonary arteries can
explain it. With the onset of systole, blood is ejected
from the right ventricle into the pulmonary trunk
and flows through the ductus arteriosus and into
the branch pulmonary arteries. The large pul-
monary arteries are distended, but because of the
high pulmonary vascular resistance, only a small
proportion of the blood passes into the peripheral
pulmonary circulation. As systole continues, how-
ever, the elasticity of the major pulmonary arteries
results in recoil and this pushes blood back toward
the ductus arteriosus and descending aorta.

If pulmonary vascular resistance is reduced by
administration of a vasodilator such as acetyl-
choline, the duration and magnitude of the forward

PA pressure

QDuctus

QLPA

Figure 5.2 Pulmonary arterial pressure (PA pressure) and
blood flow patterns in the ductus arteriosus (QDuctus) and
the left pulmonary artery (QLPA) were recorded in a fetal
lamb in utero at 125 days’ gestation. Flow recordings were
obtained with ultrasonic flowmeters. Note that flow
through the ductus arteriosus from the pulmonary artery
to the descending aorta occurs continuously throughout
systole. The flow contour in the left pulmonary artery is
quite different. There is a period of forward flow for a
short period, occupying only about the first half of systole.
This is followed by backflow, which extends throughout
the remainder of systole and into diastole.
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flow area are increased and those of the backflow
are decreased. Ventilation of the lungs with air
results in a flow contour similar to that seen post-
natally. However, pulmonary vasoconstriction, 
as with fetal hypoxemia, decreases the duration 
and magnitude of forward flow and enhances the
backflow.

In the human fetus, velocity patterns in branch
pulmonary arteries are similar to those recorded in
lambs, but in conformance with the relatively lower
pulmonary vascular resistance, the initial forward
flow is more prolonged and larger, and there is
either minor or no backflow.

Regulation of pulmonary vascular tone
Studies in the adult have consistently shown that
responses of the pulmonary circulation to a variety
of stimuli are considerably less than those of the
systemic circulation. In the fetus numerous factors
have been shown to produce dramatic pulmonary
vasomotor responses. Cassin et al. [13] demon-
strated some role of the autonomic nervous system
in influencing fetal pulmonary vessels during hypoxia.
However, there is little evidence for the role of the
autonomic nervous system in normal vasoregula-
tion, because sympathetic blockade with phento-
lamine (α-adrenoceptor blocker), propranolol
(β-adrenoceptor blocker), or parasympathetic
blockade with atropine causes no change in pul-
monary vascular resistance at any gestational age.

Responses to changes in Po2

The fetal pulmonary vasculature is extremely sensi-
tive to many physiological and pharmacological
influences. One factor that has been studied inten-
sively is the response of the circulation to changes
in oxygen environment. In many of the earlier
studies, the main interest was in assessing the role
of physical expansion of the lung as compared with
the effects of oxygen in producing the pulmonary
vascular changes at the time of birth (see below).
However, many subsequent studies have shown
that in the in utero fetus, in which the lungs have
not been ventilated, changes in oxygen levels have 
a profound effect on the pulmonary circulation.
Thus increasing the Po2 of fetal blood by placing
the ewe in a hyperbaric oxygen chamber results in a
marked increase in pulmonary blood flow in the
fetus in utero [14]. We have also examined the
response of the pulmonary circulation in chronic

fetal lamb preparations, in which an electromag-
netic flowmeter transducer was implanted around
the main or left pulmonary artery to measure total
or left lung pulmonary blood flow [15]. Po2 of the
pulmonary arterial blood was varied from the rest-
ing level of about 18 mmHg while the ewe was
breathing air to 25–28 mmHg by 100% oxygen
inhalation and down to 10–12 mmHg by adminis-
tering nitrogen and air mixtures to the ewe. Pco2

and pH were not changed during the studies. Since
there is no alveolar ventilation in the fetus, the 
levels of pulmonary arterial blood gases and pH
represent those to which the pulmonary vessels are
exposed. We found that even over this relatively
small range of Po2 variation, pulmonary blood flow
and pulmonary vascular resistance changed dra-
matically. The relationship of pulmonary vascular
resistance to pulmonary arterial Po2 was curvil-
inear (Figure 5.3) and it appears that the response
in the later-gestation lamb is much greater than in
the younger lamb. This is of considerable interest,
because the thickness of the media does not change
significantly over the latter half of gestation. This
suggests that either the mechanisms by which oxy-
gen affects vasodilatation are not fully developed,
or that the pulmonary vascular smooth muscle
does not have the same contractile capacity in the
younger fetus.

Responses of pulmonary blood flow and pul-
monary vascular resistance to hypoxemia have not
been reported in the human fetus. However, there
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Figure 5.3 Diagrammatic representation showing that the
response of pulmonary vascular resistance (PVR) to a
decrease in pulmonary arterial PO2 increases progressively
with advancing gestational age in the fetal lamb. In late
gestation the fetal pulmonary circulation is very sensitive to
small changes in PO2.
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is some evidence indicating that fetal pulmonary
vascular resistance may be responsive to small
increases in Po2 resulting from administration of
60% oxygen to the mother. No change in pul-
monary blood flow was reported in fetuses less 
than 25 weeks’ gestation, but a small increase in
flow occurred in fetuses above 30 weeks’ gestation
[10]. This suggests that the pulmonary vasculature
in the human, as in the lamb, is poorly responsive
early in gestation and becomes more reactive in
later gestation.

The greater responsiveness of the pulmonary
vasculature to hypoxia with advancing gestation
could be related to several factors. It is possible that
the number of smooth muscle cells in the media
increases with advancing gestation, or that the smooth
muscle cells are individually more responsive to
hypoxia. Isolated pulmonary arterial smooth mus-
cle cells contract when exposed to hypoxia [16].
Thus, at least in part, the gestational change in
response could be due to an inherent change in the
smooth muscle cell. The possibility that there could
be changes in sensitivity or function in oxygen-
sensitive K+ channels or Ca2+/K+ channels in the 
cell membrane should be entertained (see below).
Possibly, there is also an increase in the capability
for release of vasoconstrictor substances, such as
endothelin. A further possibility is that produc-
tion of vasodilator agents such as prostacyclin or
endothelial-derived relaxing factor (nitric oxide) is
more markedly inhibited by hypoxia in older than
younger fetuses.

The role of pH changes in influencing the
response to hypoxemia in the fetus has not been
established. It has been clearly shown in the new-
born that there is an interrelationship between
hypoxemia and acidemia in potentiating pulmon-
ary vasoconstriction [17]. In the fetus, acidemia
alone does not significantly modify pulmonary vas-
cular resistance, but it is quite likely that acidemia
does increase the fetal vasoconstrictor response to
decreased Po2, as in the newborn (see below).

It is also not known how much of the pulmonary
vascular response during hypoxia is due to local
direct effects of the perfusing blood or how much is
the result of reflex autonomic effects from chemo-
receptor stimulation. Studies from Dawes’ labora-
tory in Oxford demonstrated that there is some
degree of autonomic control of the pulmonary 

circulation in the fetal lamb [13] and that some of
the vasoconstriction in response to severe asphyxia
is mediated through the autonomic nerves. Sympa-
thetic stimulation produced mild vasoconstriction,
and vagus nerve stimulation mild vasodilatation 
in late-gestation lambs. However, studies in fetal
lambs suggested that the major vasoconstrictor
effect was from local change in Po2, because sympa-
thetic or parasympathetic blockers did not signific-
antly alter the hypoxic response.

The fact that fetal pulmonary vessels react to
small Po2 changes raises the interesting question 
as to whether persistent changes in Po2 of blood
perfusing the lung may alter normal pulmonary
circulatory development. This is a very important
consideration if certain congenital heart lesions are
present during fetal life. In a number of lesions,
such as aortopulmonary transposition, the normal
pattern of distribution of umbilical venous and 
of inferior and superior vena cava blood to the
ascending aorta and pulmonary artery may be dis-
turbed, and the pulmonary circulation could be
exposed to a higher than normal Po2. The question
for speculation is whether this may result in a
decrease in pulmonary vascular resistance and
increase in pulmonary blood flow. This is discussed
in Chapter 18. It is also interesting to speculate
whether this may alter the development of the pul-
monary arterioles. It is possible that a higher Po2 in
the blood perfusing the lungs would relax pul-
monary vessels and that there would be less stimu-
lus for the growth of the medial smooth muscle
layer. A media with fewer smooth muscle cells could
make the pulmonary vessels less reactive to various
stimuli both before and immediately after birth.

Regulation of pulmonary vascular responses
A summary of smooth muscle contraction and rela-
xation is helpful in understanding the mechanisms
influencing pulmonary vasomotion. A brief review
has been presented by Webb [18].

Contraction results from the interaction of
myosin light chain (MLC) with actin, with energy
being provided from adenosine triphosphate
(ATP) through the action of myosin ATPase. The
interaction between MLC and actin is facilitated by
phosphorylation of MLC by MLC kinase. This 
process is initiated by an increase in the cytosolic
concentration of Ca2+ which combines with the
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protein calmodulin. The Ca2+–calmodulin com-
plex stimulates MLC kinase activity, thus phospho-
rylating MLC. The intracellular Ca2+ concentration
may be increased by release of Ca2+ from sarcoplas-
mic reticulum, or by passage from the extracellular
space through Ca2+ channels. Vasoconstrictors
such as norepinephrine, angiotensin II, and
endothelin 1 act on membrane receptors and,
through a mechanism involving guanine nucleo-
tide regulatory proteins (G proteins), stimulate
phopholipase C activity. Phospholipase C induces
the production of two second messengers, diacyl-
glycerol (DAG) and inositol 1,4,5-trisphosphate
(IP3). DAG activates phosphokinase C that affects
Ca2+ channels and IP3 binds to receptors on sarco-
plasmic reticulum and stimulates release of Ca2+

that is then available to combine with calmodulin.
The contraction induced by the phosphorylation of
MLC by MLC kinase is not sustained because
myosin phosphatase reduces the phosphorylation
of MLC and thus relaxation would occur. However,
contraction is sustained by the action of Rho
kinase, which inhibits myosin phosphatase.

Vascular smooth muscle relaxation is accom-
plished largely by reduction of cytosolic Ca2+ con-
centrations, so that there is less Ca2+–calmodulin
complex to induce MLC kinase activity. It may also
result from increased MLC phosphorylase activity,
because this will dephosphorylate MLC and reduce
its binding with actin. Cytosolic Ca2+ may be re-
duced by movement of Ca2+ into the sarcoplasmic
reticulum or by passage across the cell membrane
into the extracellular space. Several mechanisms
may be involved in these transfers: Ca2+/Mg2+-
ATPase is important in both the sarcoplasmic retic-
ulum and the cell membrane; Na+/Ca2+ exchangers
in the cell membrane are also important in decreas-
ing cytosolic Ca2+.

Vasoconstrictor or vasodilator agents exert their
effects through several mechanisms. Many achieve
their effects through binding with receptors in the
smooth muscle cell membrane that are coupled
through G proteins to adenylate cyclase, an enzyme
that, when stimulated, induces production of cyclic
adenosine monophosphate (cAMP). This exerts its
effects through various protein kinases. Thus stimu-
lation of the prostacyclin (PGI2) receptor activates
protein kinases that activate K+ channels and
increases Ca2+ uptake into sarcoplasmic reticulum,

thus inducing relaxation. Agents that bind to β-
adrenergic receptors increase cAMP, which activ-
ates protein kinase A (PKA) that decreases the
affinity of MLC kinase to the Ca2+–calmodulin
complex and thus induces relaxation.

Vasodilator agents may exert their effect through
a cyclic guanosine monophosphate (cGMP) mech-
anism. Thus nitric oxide (NO), produced in endo-
thelial cells adjacent to smooth muscle cells, 
diffuses directly into the muscle cells and stimulates
the enzyme guanylyl cyclase to produce cGMP. As
with cAMP this activates protein kinases that exert
various actions, such as reduction of cytosolic Ca2+

concentration both by movement across the cell
membrane or transfer to the sarcoplasmic reticu-
lum, thus resulting in vasodilation. The cGMP is
hydrolyzed to 5′-GMP by cyclic nucleotide phos-
phodiesterase. Several phosphodiesterases have
been identified, but in vascular smooth muscle
phosphodiesterase V is important; by degrading
cGMP, it limits the relaxation of smooth muscle.
Phosphodiesterase inhibitors limit or prevent the
degradation of cGMP and thus either maintain or
possibly enhance the vasodilator action.

Recently, vasodilation has been achieved through
a mechanism not involving a reduction of cytosolic
Ca2+ concentration. The G protein RhoA induces
Rho kinase activity that inhibits the activity of 
MLC phosphatase. As mentioned above, MLC
phophatase, by interfering with the phosphoryla-
tion of MLC, limits the contraction stimulated by
the action of MLC kinase. Inhibition of Rho kinase
by the pharmacological agent fasudil results in vas-
cular relaxation in animal studies [19].

Many of the factors responsible for vasomotor
regulation of the pulmonary circulation also have
effects on development and morphology of the pul-
monary blood vessels. This is discussed below.

Vasoactive agents affecting the pulmonary
circulation
As mentioned above, the autonomic nervous sys-
tem does not appear to exert any significant effect
on the pulmonary circulation in the normal 
fetus [13]. However, fetal pulmonary vessels are
constricted by norepinephrine and high doses 
of epinephrine, and are dilated by isoproterenol or
other β-adrenoceptor agonists. Parasympathetic
blockade with atropine causes vasodilation. The
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endothelium has a major role in regulating pul-
monary vascular resistance. Numerous vasodilator
and vasoconstrictor agents are derived from endo-
thelial cells, including NO, PGI2, prostaglandin
(PG)E, leukotrienes, endothelin, and bradykinin
(see below). Many biological agents have been
implicated in pulmonary vascular responses to
hypoxia, pulmonary arterial distension, and increased
pulmonary blood flow, but as yet no single mechan-
ism has been proven to be the sole factor respons-
ible for a specific response.

Vasodilators
A number of agents have been shown to dramati-
cally reduce pulmonary vascular resistance in the
fetus. Acetylcholine injected in very small amounts
into the fetal pulmonary artery produces an imme-
diate increase in pulmonary blood flow. However,
repeated injections of similar amounts of the drug
every few minutes results in tachyphylaxis, a pro-
gressive diminution in the response. Similarly, 
continuous infusion of acetylcholine produces a
dramatic immediate response of flow, but after a
variable period of 10–30 min, the flow drops to
control levels. Responsiveness is restored an hour
or more after the administration of acetylcholine
has been stopped. Tolazoline, bradykinin, adeno-
sine, and histamine all produce responses similar to
those of acetylcholine.

These agents all exert their action through
endothelial cells, and endothelium is required for
their vasodilator effect. They act on the endothelial
cells to produce endothelial-derived relaxing fac-
tor (EDRF), which then stimulates an increase in
cGMP concentration in smooth muscle cells; this
has a relaxing effect. It has been shown that EDRF is
identical to NO, which is derived from l-arginine
in the endothelial cell facilitated by the action of the
enzyme nitric oxide synthase (NOS). Administration
of N-ω-nitro-l-arginine blocks the production 
of NO and inhibits the effects of the endothelium-
dependent vasodilator agents. NO diffuses into 
the smooth muscle cell and stimulates cGMP directly
rather than via membrane receptors. The mechan-
ism responsible for the loss of vasodilator effect
with continued or repeated administration of the
endothelium-dependent agents has not been deter-
mined. It is possible that the ability of the cell to
produce NO is limited, or that stimulation of cGMP
production in smooth muscle cells by NO wanes.

Some vasodilators produce relaxation of pul-
monary vascular smooth muscle by a direct effect
on K+ channels; the drug lemakalim opens these
channels and causes vasodilatation. Other agents,
such as sodium nitroprusside, atrial natriuretic
peptide (ANP), and 8-bromo-GMP increase cGMP
concentrations in smooth muscle cells directly.
These agents result in prolonged vasodilatation,
with no loss of response with continuing adminis-
tration. Both ANP and brain natriuretic peptide
(BNP) are pulmonary vasodilators, although ANP
appears to be more effective. C-type natriuretic
peptide also induces some vasodilation, but it is not
as effective as ANP and BNP.

PGE2 and PGD2 are both vasodilators of the 
pulmonary circulation in the fetus. Postnatally
PGE2 produces mild vasodilation, but PGD2 is a
mild pulmonary vasoconstrictor [20]. PGI2 is a
somewhat more potent vasodilator than the other
two prostaglandins, and it continues to exert a 
dilator action after birth. Furthermore, prolonged
infusion of PGE2 and PGI2 is not associated with
diminution of the vasodilator response.

Adrenomedullin, a 52-amino-acid peptide, has
been found to have prominent vasodilator effects in
many organs and, in some species, on the pul-
monary circulation. This peptide is secreted by the
adrenal gland but also by many other tissues,
including vascular endothelium. In fetal lambs it
produces a marked increase in pulmonary blood
flow, to levels achieved normally after birth. Its
effect does appear to be endothelium-dependent,
because the vasodilatation is largely abolished by
NO blockade. However, it differs from acetyl-
choline in that it has a more prolonged vasodilator
effect and, with repeated doses, the effect is
enhanced rather than diminished; the increase in
pulmonary blood flow is maintained for 1–3 hours.
The differences in these responses are yet to be
explained.

Calcium channel blockers interfere with L-type
voltage-gated calcium channels in muscle cells.
Calcium channels in the cell membrane permit
entry of extracellular Ca2+ into the cytoplasm and
this, as discussed above, induces smooth muscle
contraction. The dihydropyridine class of calcium
channel blockers, which includes amlodipine,
nifedipine and nimodipine, is more effective in
interfering with transfer of extracellular Ca2+ across
the membrane and in producing relaxation of 
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vascular smooth muscle. Calcium channel blockers
are beneficial in only few patients with pulmonary
hypertension and potentially have serious side effects.

Phosphodiesterase inhibitors have been shown
to have a relaxant action on pulmonary vascular
smooth muscle. The phosphodiesterase that is most
important in limiting cGMP activity in vascular
smooth muscle is phophodiesterase V. Inhibitors of
phosphodiesterase V, such as dipyridamole and
sildenafil, are effective pulmonary vasodilators. In
fetal lambs infusion of sildenafil decreased pul-
monary vascular resistance [21].

The identification of the RhoA/Rho kinase effect
in maintaining smooth muscle contraction by
interfering with the action of myosin phosphatase
(see above) has prompted investigation of the effect
of Rho kinase inhibitors in promoting vasodilation
in the pulmonary circulation. It has been shown
that one such agent, fasudil, is quite effective in
producing this response [22].

Vasoconstrictors
Pulmonary vascular resistance in the fetus is main-
tained at very high levels. Whether this is due to
lack or absence of mechanisms that induce vasodi-
latation, or to continuous release of vasoconstrictor
substances, has not been established. Apart from
the demonstration that hypoxemia causes fetal pul-
monary vasoconstriction, infusion of most vaso-
constrictor agents, such as α-adrenergic agonists,
produces a mild increase in pulmonary vascular
resistance in fetal lambs.

The role of vasoconstrictors in normal regula-
tion of pulmonary vascular tone has been demon-
strated by administration of putative or specific
blockers. Leukotrienes are derived from arachi-
donic acid through the lipoxygenase pathway. It
has been postulated that leukotriene (LT)C4 and
LTD4, which do cause pulmonary vasoconstriction,
may be at least partly responsible for maintaining
the high fetal pulmonary vascular resistance,
because inhibition of leukotriene production or
blockade of receptors results in a dramatic increase
in pulmonary blood flow in fetal sheep.

A similar role has also been proposed for
endothelin. In mammals, endothelin appears in
three isoforms, ET-1, ET-2 and ET-3, the effects of
which are mediated through the membrane recep-
tors ETA and ETB. When stimulated, the membrane
receptors couple with several G proteins and activ-

ate phospholipase, as well as protein kinases. ETA

receptors are located predominantly on vascular
smooth muscle cells in humans and their stimula-
tion induces contraction. ETB receptors have been
identified mainly on vascular endothelial cells;
stimulation induces release of NO and prostanoids,
which exert a relaxant effect on adjacent vascular
smooth muscle cells. However, in animals these
responses to stimulation of ETA and ETB receptors
may vary with species and particular vascular beds.
Several studies have documented the prominent
effects of endothelin on the pulmonary circulation
in the fetus. The role of endothelin in regulating
pulmonary vascular tone in the fetus is controver-
sial. In fetal lambs, injection of ET-1 into the pul-
monary circulation resulted in a substantial fall in
pulmonary vascular resistance, suggesting that ETB

receptors dominate in the response [23]. This is
supported by the fact that an ETB receptor agonist
also markedly reduced pulmonary vascular resist-
ance. However, the specific ETA receptor blocker
BQ 123 caused only a modest fall in pulmonary vas-
cular resistance. This suggests that endothelin does
not have an important role in maintaining the high
pulmonary vascular resistance in the normal fetus.

However, there is evidence suggesting that
endothelin may have an important role in the pul-
monary vascular responses in pathological states.
In fetal lambs, constriction of the ductus arteriosus
results in pulmonary arterial hypertension and
increased thickness of the media of resistance ves-
sels. Chronic infusion of the selective ETA receptor
blocker BQ 123 limited the degree of pulmonary
hypertension and also reduced muscularization 
of the pulmonary arterioles [24]. Also, BQ 123
reduced pulmonary vascular resistance in pre-
maturely delivered lambs with pulmonary arterial
hypertension related to hyaline membrane dis-
ease [25].

Endothelin receptor blockers have been available
for clinical use for several years. Bosentan, a non-
selective blocker that affects both ETA and ETB recep-
tors, has been used as a pulmonary vasodilator in
patients with pulmonary hypertension with mod-
erate effectiveness. Because bosentan blocks ETB as
well as ETA receptors, and therefore presumably
inhibits the potential vasodilator effect of NO and
prostanoid release, it was hoped that a selective ETA

blocker would be more effective as it would elim-
inate only the constrictor effect of endothelin. A
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selective ETA blocker, sitaxsentan (Thelin), has
been studied in Europe, but does not appear to be
more effective than bosentan; it is currently under-
going trials in the USA.

There has been considerable interest in the role
of free radicals, particularly superoxide (O2

−), now
generally termed reactive oxygen species (ROS), as
a vasoconstrictor of pulmonary vessels. In 2001,
Waypa et al. [26], from studies of perfused rat
lungs, proposed that hypoxia increased the produc-
tion of ROS by mitochondria and that this was
responsible for the vasoconstriction resulting from
hypoxia. This was supported by the fact that super-
oxide dismutase, which limits the production of
ROS, inhibits hypoxic pulmonary vasoconstric-
tion. The mechanism by which ROS induce vaso-
constriction is still to be resolved, but one
possibility that has been proposed is that ROS react
with NO to produce peroxynitrite, a powerful vaso-
constrictor. ROS have been implicated in causing
pulmonary vasoconstriction in ventilated preterm
lambs [27] and also in lambs ventilated with high
oxygen gas mixtures.

Mechanical factors affecting pulmonary
vessels
Increasing pulmonary arterial pressure constricts
the ductus arteriosus and results in a rapid increase
in pulmonary blood flow, with a progressive
increase in flow over 30–60 min. Following this
decrease in vascular tone, there is a gradual fall of
flow to baseline values over 2–3 hours, while pul-
monary pressure remains elevated, indicating that
pulmonary vascular resistance has increased above
its resting level [28]. Vasodilatation associated with
the increase in pulmonary arterial pressure could
be the result of physical distension of the pul-
monary vasculature alone. However, it appears that
the response is more complex, because the increase
in pulmonary blood flow associated with partial
ductus arteriosus constriction can be almost com-
pletely abolished by prior administration of an 
NO inhibitor. Thus pulmonary arterial pressure
increase may result initially in a release of NO by
the endothelium; the subsequent fall in flow may
result from exhaustion of this mechanism, or from
later release of a constrictor such as endothelin.

We have shown that chronic elevation of pul-
monary arterial pressure results in an increase in

the thickness of the wall of fifth-generation pul-
monary arteries, similar to that observed in new-
born infants with persistent pulmonary arterial
hypertension [29]. In one fetus this resulted from
constriction of the ductus arteriosus and the model
of chronic constriction of the ductus is now widely
used to study chronic pulmonary arterial hyper-
tension in lamb fetuses, as well as simulation of 
persistent pulmonary arterial hypertension of the
newborn (PPHN).

Changes in pulmonary circulation
after birth

Postnatal increase in pulmonary 
blood flow
Breathing at birth is associated with a marked fall in
pulmonary vascular resistance and an increase in
pulmonary blood flow from about 35 to 160–200
mL/min per kg in the fetal lamb. This occurs within
a few minutes after adequate ventilation has been
established (see Figure 5.1). Pulmonary arterial
pressure does not fall as rapidly and probably
remains elevated while the ductus arteriosus is 
still widely patent. Calculated pulmonary vascular
resistance falls within minutes from the prenatal
level of about 1.6 to about 0.3 mmHg/mL per min
per kg, a reduction of about 80%. After the ductus
arteriosus begins to close, pulmonary arterial pres-
sure also falls. In the human, the ductus arteriosus
is functionally closed within 10–15 hours after
birth, but in other species it may close earlier. Once
the ductus has closed, pulmonary arterial pressure
can vary independently of systemic arterial pressure.

Mechanisms for postnatal changes in
pulmonary blood flow
Pulmonary blood flow increases markedly after
birth, and the mechanisms responsible for the dra-
matic decrease in pulmonary vascular resistance
have been studied extensively. Studies by Ardran 
et al. [30] demonstrated conclusively that expan-
sion of the lungs with air resulted in a dramatic
immediate increase in pulmonary blood flow.
However, it was not apparent whether this was the
result of simple physical expansion of the lungs
with gas, or due to the increase in oxygen concen-
tration to which the vessels were subjected. The
separate effects of physical expansion and of oxygen
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have been demonstrated by an interesting series of
studies by several investigators. In studies in fetal
lambs exteriorized from the uterus, but with the
umbilical–placental circulation maintained, the
lungs were expanded by insufflation of the trachea
with a mixture of 3% oxygen and 7% carbon diox-
ide in nitrogen [31]. This did not change the pH,
Po2, or Pco2 of the fetal blood significantly, but
there was a considerable reduction in pulmonary
vascular resistance. When the lungs were then
expanded with air, a much greater fall in pul-
monary vascular resistance ensued. When fluid that
had a Po2, pH, and Pco2 similar to fetal blood was
instilled into the fetal trachea to expand the lungs,
pulmonary vascular resistance did not change signi-
ficantly, but if the Po2 of this fluid was increased,
the pulmonary vascular resistance fell [32]. All
these studies indicate that Po2 elevation, as well as
physical expansion of the lungs with a gas but not
by fluid, dilate the pulmonary vessels. These separ-
ate effects of physical expansion of the lungs with
gas and of direct exposure to oxygen are of consid-
erable interest, but the contribution of each and the
exact mechanism by which each of these reduces
pulmonary vascular resistance was not defined.

The vascular effects of alveolar distension could
be related to the development of a gas–fluid inter-
face on the alveolar walls. The surface forces would
tend to collapse the alveoli, and this could exert a
negative pressure on the alveolar septa and the
small vessels running between alveoli, producing
some degree of distension. This explanation would
also be consistent with the lack of any vascular
effect when the alveoli are distended with fluid,
since no interface would develop.

Although some of the hypoxic vasoconstriction
of the fetal pulmonary circulation appears to be
mediated through chemoreflex mechanisms, reflexes
and the autonomic nervous system do not appear
to be involved in the decreased pulmonary vascular
resistance response to oxygen. Complete pharma-
cological blockade of α- and β-adrenoceptors and
of parasympathetic activity does not significantly
alter the oxygen response.

To determine the relative importance of physical
expansion by gas versus oxygenation in reducing
pulmonary vascular resistance, we set up chronic
preparations of late-gestation lambs in utero, in
which an intratracheal tube was inserted into the

fetus and pulmonary blood flow was measured 
by the radioactive microsphere technique [33].
Rhythmic ventilation of the fetal lungs with 3%
oxygen and 7% carbon dioxide did not change fetal
blood gases, but resulted in a dramatic increase 
in pulmonary blood flow. Subsequent ventilation
with oxygen caused a further variable increase in
pulmonary blood flow in some but not all lambs
(see Figure 2.1, p. 26). All these studies have con-
clusively shown that physical expansion of the
lungs and an increase in oxygen concentration in
the alveoli can reduce pulmonary vascular resist-
ance independently of each other. Numerous
investigations have been conducted to attempt to
elucidate the mechanisms by which each functions.

Expansion of the adult lung has been shown to
result in liberation of prostaglandins. In the fetal
lamb, expansion of the lung with gas results in 
an increase in PGI2 concentration in pulmonary
venous blood [34]. PGI2 is a potent pulmonary
vasodilator. Furthermore, blockade of prostaglandin
production by administration of prostaglandin
synthesis inhibitors, such as indomethacin, prior to
ventilating the lungs markedly limits the fall in pul-
monary vascular resistance. In some studies the fall
in pulmonary vascular resistance was not abolished
completely, so that the fall in vascular resistance
could be related to the alveolar surface tension
effect described above, or to some other factor.

However, Velvis et al. [35] found that prosta-
glandin synthesis inhibition completely abolished the
fall in pulmonary vascular resistance associated with
rhythmic ventilation of the lungs without altering
Po2 and Pco2, but had no effect on the vasodila-
tion resulting from ventilation with oxygenation. 
Thus whether there is a fall in pulmonary vascular 
resistance associated with lung expansion due to
physical factors alone has yet to be resolved.

The pulmonary vasodilator effect of oxygenation
of the lung is probably the result of NO liberation
from the pulmonary vascular endothelium, because
prior administration of the NO inhibitor N-ω-
nitro-l-arginine markedly decreased the fall in 
pulmonary vascular resistance associated with oxy-
genation [36]. It has been proposed by Ivy et al.
[37] that the NO effect of oxygenation could be at
least partly related to stimulation of ETB receptors,
because blockade of these receptors with the selec-
tive ETB receptor blocker BQ-388 attenuated the
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fall in pulmonary vascular resistance associated
with oxygen ventilation. However, in their study,
BQ-388 limited the fall in pulmonary vascular
resistance during ventilation with both low and
high oxygen gases, so the effect appears to be related
to lung expansion and not specifically associated
with oxygenation.

Another mechanism that has been considered a
regulator of pulmonary vascular tone is the pres-
ence of oxygen-sensitive K+ channels in the mem-
brane of pulmonary vascular smooth muscle cells
[38]. A decrease in oxygen levels inhibits these 
oxygen-sensitive, voltage-gated K+ channels in pul-
monary arterial smooth muscle cells. Inhibition of
voltage-gated K+ channels depolarizes membrane
potential, and activates Ca2+ influx via voltage-
gated calcium channels, inducing contraction [39].
Blockade of K+ channels with glibenclamide causes
constriction of pulmonary vascular smooth muscle,
but opening K+ channels with lemakalim results in
reduced tone, as may be associated with an increase
in oxygenation. The relationships between NO and
membrane K+ channels are yet to be determined.

Many other vasoactive agents have been con-
sidered to affect the postnatal increase in pul-
monary blood flow. Exposure of pregnant ewes to
hyperbaric oxygen greatly increases fetal blood Po2

and markedly increases fetal pulmonary blood flow
[14]. Bradykinin concentrations in left atrial blood
increased to levels greater than those in the pul-
monary artery, indicating that bradykinin was
released in the lungs. Bradykinin produces marked
vasodilatation of the fetal pulmonary circulation
and possibly could have a role in the changes after
birth. The possible role of other pulmonary
vasodilators, such as acetylcholine, adenosine,
natriuretic peptides, and calcitonin gene-related
peptide, is still to be determined.

One of the perplexing questions that requires an
answer is how an increase in alveolar oxygen level
that would raise pulmonary venous Po2 could
dilate the precapillary pulmonary arterioles. It has
been proposed that there are chemosensitive cells
in the walls of the pulmonary veins that, through a
local axon reflex, influence the precapillary vessels
when Po2 and Pco2 changes occur; however, there
is little convincing evidence for the existence of this
mechanism. There is now good documentation
that the precapillary vessels are influenced by diffu-

sion of gas into them from surrounding alveoli
through which they are coursing. Hydrogen inhaled
into the lung can be detected almost instantan-
eously by means of a platinum-electrode catheter 
in a pulmonary artery as large as 2 mm diameter,
indicating transport of gas from alveoli into large
precapillary vessels. This has also been confirmed
for oxygen in studies of rapidly frozen lung in
which the living exposed lung has been instantan-
eously frozen with liquid propane. In these prepara-
tions, the blood in pulmonary arterioles can be 
seen to be partly oxygenated [40]. Thus, it is per-
fectly reasonable to assume that when the fetal lung
is ventilated with air, the high level of Po2 in the
alveolar gas can produce pulmonary arteriolar
dilatation.

Pulmonary vascular resistance and pulmonary
arterial pressure continue to fall after the initial
rapid decline, and these later changes appear to be
related to regression of the medial muscle layer.
The muscle layer thins very rapidly and the vessels
resemble adult pulmonary vessels within a few
weeks. Associated with the muscle changes, pul-
monary vascular resistance falls rapidly during the
first 10–14 days and reaches adult levels of about
0.08 mmHg/mL per min per kg about 6–8 weeks
after birth (see Figure 5.1). A fall in pulmonary
arterial pressure parallels this change. There is con-
siderable variation in different species in the time
course of these postnatal changes. In the puppy and
lamb, the fall in pulmonary vascular resistance is
quite rapid, the major drop occurring in 5–7 days;
in the human infant it is slower, taking about 
6– 8 weeks, whereas in the calf it is delayed for 
10–12 weeks. In addition to the early postnatal fall
in pulmonary vascular resistance related to the
change in the medial smooth muscle over the first 
2 months, the growth of new vascular and alveolar
units increases the cross-sectional area of the pul-
monary vascular bed and this contributes to a con-
tinuing fall in vascular resistance (see below).

The fact that pulmonary vascular resistance does
not immediately fall to adult levels is not due to a
lack of complete vasodilator response, but most
likely to a simple physical effect of the smooth mus-
cle. The thicker wall of the pulmonary arterioles
probably makes them less compliant, so that they
are not as readily distended by increasing pul-
monary blood flow as are adult vessels, and thus
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create a higher pulmonary vascular resistance.
Pulmonary blood flow can be increased about
threefold in the adult without causing any signi-
ficant rise in pulmonary arterial pressure; this
signifies that the vessels are very distensible and can
accommodate an increased flow. In the newborn
period, however, the vessels are not as distensible
and therefore cannot accommodate an increased
flow without elevation in pulmonary arterial pres-
sure. In addition, there are relatively fewer vessels
relative to alveoli in the infant lung, as mentioned
below.

Postnatal morphological changes in
pulmonary vessels
As mentioned above in the description of fetal pul-
monary vessels, the preacinar arteries are muscu-
larized, and the intraacinar arteries, which are
associated with bronchioli, are partially muscular
or nonmuscular. The arteries beyond this level are
not muscularized. Also the lumen is small, the
medial layer relatively thick, and the intimal layer
also quite thick. Rapidly following expansion of the
lungs, the pulmonary arteriolar lumen enlarges, the
endothelium becomes flattened, and the medial
diameter is decreased. This reduction in wall thick-
ness appears to be due largely to a decrease in over-
lap of adjacent smooth muscle cells [41]. Within
days to a few weeks, the arterioles develop the fea-
tures characteristic of the adult lung, namely a thin
wall with a very low ratio of lumen to wall diameter.
Interestingly, there is also gradual distal extension
of smooth muscle in the media of the intraacinar
and alveolar duct arteries that occurs over months
and years. It is not known whether these smooth
muscle cells develop from pericytes or differentiate
from fibroblasts. Postnatally, growth of the lungs is
associated with an increase in the number of both
pulmonary vessels and alveoli during infancy and
childhood. As mentioned above, current evidence
indicates that new vessel growth, stimulated by
VEGF activity, precedes alveolar development.
Initially, the increase in numbers of arteries exceeds
that of the alveoli, so that the ratio of alveoli to
arteries falls from about 20:1 in the neonatal lung 
to about 10:1 by 4–5 years of age. Subsequently, 
little further preferential growth of arteries occurs.
Associated with this there is a gradual decrease in
pulmonary vascular resistance for the first 4–

5 years after birth. Since pulmonary vascular resist-
ance is an indication of cross-sectional area, an
increase in the number of vessels will increase the
total area and decrease the calculated resistance.

It is interesting to speculate on the mechanisms
responsible for the decrease in thickness of the wall
of the vessels relative to lumen diameter. It was 
generally assumed that there was a decrease in the
amount of smooth muscle in the pulmonary arteri-
oles after birth. It was questioned whether there is
loss of cells by apoptosis, or whether there is merely
cessation of growth of new cells. The reduction 
in growth could be due to removal of a growth-
stimulating factor such as endothelin, which is a
very effective mitogen [42], or to increased produc-
tion of heparin by endothelial cells, or other
growth-inhibiting factors. However, the current
concept is that there is no loss of smooth muscle
cells but that the cells change configuration and
that there is less overlap of cells (see above). Also,
the intimal layer is thinner because endothelial cells
become flattened.

The main pulmonary trunk and the left and 
right pulmonary arteries also undergo considerable
change after birth. In the fetus, the pulmonary
trunk continues into the ductus arteriosus, and the
left and right pulmonary arteries arise as branches
of the large channel. The diameter of the branches
is much less than that of the trunk (Figure 5.4a).
After birth, when the ductus arteriosus closes, the
pulmonary trunk is still very large and presents as a
dome, with the left and right branches arising pos-
teriorly (Figure 5.4b). Although the branch vessels
increase in size, there is, for several weeks after
birth, a marked discrepancy between the large main
pulmonary trunk and the branches. In some nor-
mal infants, a small pressure difference of up to
8–15 mmHg has been detected between the main
pulmonary trunk and the left and right branches.
However, if pulmonary blood flow is increased, as
for example by a left-to-right shunt, the pressure
difference may be twice that figure. This explains
the frequent presence of a systolic or occasionally
systolic and diastolic murmur over the upper left
sternal border with radiation to the left and some-
times the right lung in newborn infants. We have
termed this a murmur of physiological peripheral
pulmonary stenosis [43]. With further growth, the
left and right pulmonary arteries enlarge and
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assume the adult configuration (Figure 5.4c); the
pressure difference also gradually disappears, as
does the murmur.

Associated with the reduction in pulmonary
arterial pressure, the wall of the main pulmonary
trunk becomes thinner, loses much of the smooth
muscle cell component, and over the course of sev-
eral months the elastic lamellae are largely replaced
by collagen fibers.

Effects of acute and chronic
hypoxia on pulmonary circulation

Acute hypoxia
During early infancy, the pulmonary circulation
retains the marked constrictor response to hypo-
xia characteristic of the fetus. The effects of hypoxia
in increasing pulmonary vascular resistance are
markedly influenced by the blood H+ concentration.
The relationship between pulmonary vascular resist-
ance and Po2 and pH, as observed in studies of 
newborn calves, is shown in Figure 5.5. Although
acidemia and hypoxia independently produce an
increase in pulmonary vascular resistance, the pul-
monary vasoconstriction is greatly increased when

both oxygen lack and acidemia are present. Lung
disease may interfere with alveolar oxygen uptake,
with resultant hypoxia. Carbon dioxide concentra-
tions in pulmonary venous blood may also be
increased, resulting in a fall in pH. This will
increase pulmonary vascular resistance, but it has
been established that the effect is predominantly
due to the increase in H+ concentration that it
causes rather than to the direct effects of Pco2

change.
This relationship is of importance in infants with

lung disease, because pulmonary vascular resist-
ance may be increased to levels above systemic vas-
cular resistance. If the ductus arteriosus is still
patent, right-to-left ductus shunting occurs. This
results in a lower Po2 and oxygen saturation in
blood in the descending aorta and its branches
compared with the ascending aorta and its distribu-
tion. Right-to-left shunt may also occur through
the foramen ovale, which is usually patent during
infancy. Shunting at this site will aggravate the
reduction in oxygen saturation and Po2 in both
ascending and descending aortic blood. Pulmonary
blood flow is markedly reduced, thus further inter-
fering with oxygen uptake in the lungs.

(a) Fetal (b) Neonatal

(c) Adult

Figure 5.4 Changes in the configuration
of the pulmonary trunk and its primary
branching from fetal to adult life. In the
fetus (a), the main pulmonary trunk is
large and continues into the ductus
arteriosus, which provides a large
communication with the aorta. The
branch pulmonary arteries are small 
in comparison with the trunk. In the
newborn period (b), the ductus
arteriosus has closed and the branch
pulmonary arteries are
disproportionately small compared 
with the pulmonary trunk. A pressure
gradient may be noticed between the
main and branch pulmonary arteries. 
In the adult (c), the branch pulmonary
arteries have enlarged in response to 
the increased flow.
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The magnitude of the rise in pulmonary arterial
pressure and pulmonary vascular resistance in
response to acute hypoxia rapidly decreases after
birth in the normal infant or animal. Whereas 
pulmonary arterial pressure may rise to systemic
arterial levels during the first day, within a few days
the mean pressure may increase only to levels of
20–25 mmHg from resting values of 15 mmHg.
The rapidity with which the response to hypoxia
decreases after birth varies greatly in different
species; it falls rapidly in the lamb, so that within
3–4 days mean pulmonary arterial pressure may
increase only a few mmHg with hypoxia. The
change in the calf occurs much more slowly over
several weeks. Although reliable measurements are
not available in the normal human infant, the
response appears to diminish rapidly over 1–2
weeks after birth. There also seems to be consider-
able variation in individuals in the same species.

It has often been suggested that systemic arterial
hypoxemia is associated with an increase in pul-
monary vascular resistance. As mentioned above in

the section on fetal responses to hypoxia, there is
only a relatively minor reflex effect of arterial
chemoreceptor stimulation on pulmonary vascular
resistance. The predominant effect of hypoxia is
associated with changes in Po2 in the pulmonary
vessels. For this reason, in congenital heart lesions
with systemic arterial hypoxemia but normal venti-
lation and normal pulmonary venous Po2, such as
aortopulmonary transposition or in pulmonary
atresia with a patent foramen ovale or ventricular
septal defect, the low systemic arterial Po2 does not
significantly increase pulmonary vascular resistance.

Mechanisms of response to hypoxia
Many vasoactive agents have been implicated in the
pulmonary vasoconstrictor response to hypoxia.
The possibilities considered are that vasoconstric-
tor substances are released, that production of
vasodilators is inhibited, or that alteration of Po2

directly affects smooth muscle cells.
Although endothelial cells release many vasoac-

tive agents, hypoxia induces contraction of isolated
pulmonary vascular smooth muscle cells [16]. This
direct effect could be related to the influence of
hypoxia on oxygen-sensitive K+ channels, resulting
in an increase in intracellular Ca2+. Endothelin 
produced by endothelial cells could cause vaso-
constriction by stimulation of ETA receptors on
smooth muscle cells. Bosentan, a nonselective
endothelin blocker, limited the vasoconstrictor
response to hypoxia in pigs [44], although other
studies have not confirmed the role of endothelin
in hypoxia. The role of NO is also somewhat con-
troversial. NOS activity and NO production were
inhibited by hypoxia in pulmonary vessels in rats.
However, in a study of Tibetan sheep, inhibition of
NOS resulted in greater pulmonary vasoconstric-
tion at high altitude compared with low altitude.
This suggests that with prolonged hypoxia, aug-
mentation of endothelial NOS may have a regula-
tory role in the hypoxic response [45]. This
upregulation of NOS in endothelial cells of the pul-
monary vasculature during chronic hypoxia has
been noted to be dependent on the increase in
hypoxia-inducible factor (HIF)-1 [46]. Based on
these studies, it is possible that NO activity is
reduced in acute hypoxia, but that with more pro-
longed activity, NOS activity increases to limit
severe pulmonary vascular changes. Whether reduced
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Figure 5.5 Effects of changes in PO2, in pH alone, and in
both combined on pulmonary vascular resistance (PVR) as
derived from studies in newborn calves. Note that at a high
PO2 of 100 mmHg, decreasing pH increases pulmonary
vascular resistance. When PO2 is decreased, at a normal pH
of 7.4 only a small increase in pulmonary vascular resistance
occurs below a PO2 of 50 mmHg. However, when PO2 is
decreased at low pH, there is a marked accentuation of the
pulmonary vasoconstrictor effect.
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production or activity of other vasodilators such as
PGI2 is involved in the acute hypoxia response is yet
to be resolved.

Many vasodilators limit the pulmonary vasocon-
strictor response to hypoxia, but this could be
related to a general vasodilator action and does not
necessarily indicate that reduced production has a
role in the hypoxic response. The earliest demon-
stration of this effect was the reduction of right 
ventricular hypertensive response to hypoxia by
acetylcholine in puppies [47]. Attenuation of the
pulmonary vasoconstrictor response has also been
observed with other vasodilators, such as tolazo-
line, NO, sildenafil, and fasudil.

The normal pulmonary vascular changes after
birth are partly related to the increase in Po2. The
effects of hypoxia on the pulmonary circulation are
markedly influenced by the time after birth that the
hypoxia is induced. Conditions that interfere with
normal oxygenation after birth may delay the nor-
mal decrease in pulmonary vascular resistance and
delay the maturation of the pulmonary vessels. It is
now well recognized that when an infant is born,
and continues to live, at high altitude, the lowered
fraction of oxygen in the inspired air will influence
pulmonary vascular changes. There is a close rela-
tionship between the altitude and the effect on 
the pulmonary vessels if large populations are
examined; however, there is considerable indi-
vidual variation in the level of pulmonary vascular
resistance in different people living at the same 
altitude. The increased pulmonary vascular resist-
ance persists through childhood and adult life if 
the individual remains at high altitude. In adult
populations living at sea level, the mean pulmonary
arterial pressure is about 12 mmHg. In individuals
living at an altitude of 1800 m (6000 feet) it aver-
ages 16 mmHg; at 3400 m (11 000 feet) it is about
24 mmHg, and at 4300 m (14 000 feet) it is about
40 mmHg.

If the hypoxia is present immediately or very
soon after birth, the pulmonary vessels retain the
same features seen in fetal vessels. The wall is thick,
the endothelial cells are not flattened, and the
smooth muscle cells overlap. Furthermore, the
smooth muscle cells do not undergo normal post-
natal maturation but retain the features character-
istic of fetal cells. There is also rapid extension of
muscularization to more peripheral vessels that

normally do not show smooth muscle cells in the
wall. Collagen and elastin formation also increases.

If exposure to hypoxia occurs beyond the imme-
diate neonatal period, the pulmonary circulation
undergoes rapid morphological changes in response
to hypoxia; these changes are discussed in two
excellent reviews [48,49]. The changes involve not
only the cellular components of the vessel wall
(endothelial cells, smooth muscle cells, and fibro-
blasts) but also the proteins in the matrix (collagen
and elastin). Smooth muscle cells in the media
undergo both hypertrophy and hyperplasia and
there is rapid peripheral extension of musculariza-
tion to intraacinar and alveolar duct arteries, as
normally occurs slowly over the childhood years. In
addition to the muscular changes, fibroblasts in 
the adventitia proliferate and there is a dramatic
increase in the synthesis of collagen as well as
elastin. Even relatively short periods of hypoxia
postnatally for 3–5 days are associated with a reduc-
tion in the total number of pulmonary arterioles, as
evidenced by an increase in the ratio of the num-
bers of alveoli to arteries.

At least in infancy, when the individual is
brought down to sea level, there is a rapid reduction
in pulmonary vascular resistance within 1–2 weeks,
although it may not return to the same values as in
infants born at sea level. Furthermore, there is a
greater rise in pulmonary arterial pressure with
acute hypoxia, or with increased pulmonary blood
flow as during exercise, in young animals or infants
exposed to hypoxia for a period of only a few days.
These findings suggest that chronic hypoxia after
birth may result in permanent effects on the pul-
monary circulation. The increased smooth muscle
in the medial layer regresses fairly rapidly in the
higher oxygen environment, but the pulmonary
vasculature is somewhat less compliant than nor-
mal because of the increased amount of elastin and
collagen in the vessel wall. This causes an increase
in pulmonary vascular resistance, which is further
accentuated by the decrease in vessel numbers,
which reduces the total cross-sectional area of the
pulmonary circulation. If the individual is exposed
to hypoxia for a considerable period after birth, the
collagen changes and the reduction in vessel num-
bers are likely to be more severe. Under these cir-
cumstances, return to sea level will probably result
in less dramatic reduction in pulmonary vascular
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resistance. The increased pulmonary vascular resist-
ance and response to acute hypoxia are due to the
persistence and proliferation of the medial muscle.
With advancing age, progressive intimal damage,
fibrous change, and luminal obstruction develop in
a manner similar to that seen in some congenital
heart lesions (see Chapter 5). Associated with these
changes, the pulmonary vasculature becomes less
responsive to both superimposed increased or 
decreased oxygenation.

Even relatively mild degrees of chronic hypoxia
are sufficient to alter the normal pattern of pul-
monary vascular maturation. This is somewhat
contradictory to the studies of the effects of acute
reduction in Po2 in inspired air in newborn 
animals. In these experiments, it was found that it
was necessary to reduce Po2 of pulmonary venous
blood to levels below about 50 mmHg before pul-
monary vasoconstriction was stimulated. This
apparent discrepancy may be explained on the basis
of the magnitude of the response and its length of
duration. If pulmonary vascular resistance is being
examined acutely, fairly large changes are necessary
before any definite conclusion can be drawn, so
that marked reductions in pulmonary venous Po2

are necessary. In chronic exposure at high altitude
there may not be enough of an increase in pul-
monary vascular resistance to give convincing docu-
mentation by physiological measurements, but
mild pulmonary vasoconstriction may prevent
normal maturation of the arteries.

However, it is also possible that morphological
changes in pulmonary vessels may not be entirely
related to the pulmonary vasoconstriction associ-
ated with acute hypoxia. It was generally assumed
that the increase in smooth muscle in the media
was due to pulmonary vasoconstriction. There is
some evidence to support this view, because in 
a study by Rabinovitch et al. [50] in rats one 
pulmonary artery was constricted to prevent the
increased pulmonary arterial pressure associated
with chronic hypoxia. In this lung, there was no
increase in pulmonary arterial smooth muscle,
which did occur in the lung with pulmonary hyper-
tension; however, there were other changes in the
pulmonary vessels of the lung with the constricted
pulmonary artery. It is now thought that although
mechanical distension alone may induce some
increase in smooth muscle growth, it is more likely

that endothelial cells release growth factors on
exposure to lower oxygen environments. These
growth factors stimulate smooth muscle cell hyper-
plasia and hypertrophy, and may also stimulate
fibroblastic activity.

As mentioned above, endothelial cells exposed to
hypoxia produce endothelin, which is a potent
mitogen; endothelin blockade has been shown to
limit the vascular responses to hypoxia. It is also
possible that endothelial damage by hypoxia may
permit transport of growth-promoting factors such
as insulin-like growth factor 1 from circulating
blood into the subendothelial layers. A further pos-
sible effect of hypoxia is to inhibit the production of
growth-inhibitory factors, such as heparin, by
endothelial cells.

Two mechanisms that could be responsible for
the pulmonary vascular changes have been pro-
posed. Studies by Rabinovitch [51] have suggested
that an enzyme with elastolytic activity, a vascular
elastase, is responsible for many of the morpholo-
gical changes associated with pulmonary arterial
hypertension. This could arise from smooth muscle
cells, and its production could be stimulated by
some plasma factor that passes through the dam-
aged intima. It induces hyperplasia and hypertro-
phy of the smooth muscle cells and also increases
fibroblast activity. Administration of an antagonist
to vascular elastase prior to hypoxia has been shown
to reduce the severity of the vascular morphological
changes. Attention has also been directed to the
possible role of angiotensin. Although one study sug-
gested that pulmonary vascular changes resulting
from angiotensin infusion resulted from the increase
in pulmonary arterial pressure, other studies have
suggested that angiotensin II may directly affect
smooth muscle cell growth, as well as stimulate fibro-
blastic activity. Blockade of angiotensin II receptors
with losartan has also been effective in limiting the
morphological changes resulting from hypoxia.

The effect of lowered alveolar Po2 on the pul-
monary vessels may occur in conditions other than
altitude. It is common in infants with idiopathic
respiratory distress syndrome and lung diseases of
various types. Normal pulmonary vasodilatation
may be prevented after birth if the lesion is present
early; alternatively, if the lung disease develops in
the first 2–3 months after birth, marked pulmon-
ary vasoconstriction may occur. The pulmonary 
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vessels are much more responsive to the effects of
Po2 reduction in infants than in older children and
adults, due to the greater amount of medial smooth
muscle. If there is continuous hypoxia after birth,
there is persistence of the medial muscle layer, of
increased pulmonary vascular resistance, and of pul-
monary hypertension (Figure 5.6). Thus the patient
who has had persistent lung disease from birth will
respond more dramatically to hypoxia with pulmon-
ary vasoconstriction than will a normal individual.

Effects of congenital heart disease
on the pulmonary circulation

Changes after birth: pressure–flow
relationships
In many infants with congenital heart lesions there
is a large communication between the aorta and the

pulmonary artery or between the left and right 
ventricle. If the communication is large enough,
after birth pulmonary arterial and right ventricular
systolic pressure will continue to be maintained at
systemic levels due to equalization across the large
defect. With communications at the aortopulmonary
level, diastolic pressures in the aorta and pul-
monary artery may also be similar. In these infants
there is retardation of the normal maturation of the
pulmonary arterioles. The smooth muscle layer in
the arterioles thins to some degree, but not to the
extent noted normally, and the time period of the
changes is prolonged. The persistence of the muscle
interferes with the normal decrease in pulmonary
vascular resistance. After the initial decrease result-
ing from postnatal expansion of the lung with air,
pulmonary vascular resistance falls slowly over the
first 3–4 months. It also does not reach the very 
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Figure 5.6 Comparison of the postnatal changes in infants
with a large ventricular septal defect (VSD) and in infants
born at high altitude, with the normal. The presence of a
large VSD results in persistence of a high pulmonary
arterial pressure. Pulmonary vascular resistance falls more
slowly after birth and does not reach normal levels.
Associated with the fall in pulmonary vascular resistance,
pulmonary blood flow increases markedly due to left-to-
right shunting. The medial muscle layer of the small
pulmonary arteries does not undergo its normal regression.
After a variable period, pulmonary vascular resistance

begins to increase due to secondary intimal changes, and
this is associated with a fall in pulmonary blood flow. In the
infant born and contining to live at high altitude there is
also a delay in the maturation of the small pulmonary
vessel muscle layer, due to the effects of hypoxia in
maintaining constriction. Pulmonary arterial pressure does
not fall as rapidly as normal and remains somewhat
elevated, the actual level of pressure being dependent on
the altitude. In adult life, some intimal change may
develop, with an increase in pulmonary vascular resistance
and pulmonary arterial pressure.
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low levels seen normally (see Figure 5.6). The pul-
monary vascular resistance is maintained at levels
of about two to four times the normal level, but 
it falls enough to permit a large pulmonary blood
flow. Pulmonary blood flow increases as resistance
falls, but pulmonary arterial systolic pressure
remains high at systemic levels, as its level is deter-
mined by the size of the communication between
the two sides of the heart and not by the pulmonary
vascular resistance alone.

If the communication is smaller, pulmonary
arterial pressure will fall after birth; the magnitude
of the fall will be determined by the size of the com-
munication as well as the change in pulmonary vas-
cular resistance. If the defect is small, pulmonary
arterial pressure will fall to normal or near-normal
levels, and pulmonary vascular resistance will drop
normally. With moderate-sized defects, pulmonary
arterial pressure will be somewhat elevated and the
fall in pulmonary vascular resistance will be delayed,
although it may achieve normal levels at rest.

The mechanism responsible for the persistence
of a thick smooth muscle layer and higher 
pulmonary vascular resistance is not known.
Teleologically, it is quite clear that there must be
precapillary vasoconstriction, as otherwise the high
pulmonary arterial pressure would be transmitted
to the capillaries and hemorrhage and massive
transudation of fluid would occur. The persistence
of the smooth muscle in the media of small pul-
monary arteries was previously attributed to the
high pressure which, it was thought, mechanically
stimulated smooth muscle growth. This is in con-
trast to normal, in which pulmonary arterial pres-
sure falls and the medial layer becomes thinner.

Experimental studies in newborn lambs in 
which a large aortopulmonary communication had 
been introduced surgically in utero suggest that, in 
association with increased blood flow and pres-
sure postnatally, endothelial function is altered.
Endothelium-dependent pulmonary vasodilation
was impaired in lambs with shunts and the vaso-
constrictor response to inhibition of NO was
enhanced [52].

It is very likely that some of the mechanisms
responsible for the changes during chronic hypoxia
are also involved in congenital heart disease. It has
been proposed that endothelin may be responsible
for the pulmonary vascular changes associated with

congenital cardiovascular malformations. Because
it is a potent mitogen, it is possible that it is liber-
ated from the endothelium and induces both
smooth muscle and fibroblast stimulation. How-
ever, the role of endothelin is controversial. In
lambs in which an aortopulmonary shunt had been
placed in utero, endothelin abnormalities were
noted before any morphological changes occurred
[53]. ET-1 production in the lungs has been noted
to be increased in children with lesions associated
with increased pulmonary arterial pressure but not
in those with increase pulmonary blood flow alone
[54]. However, Adatia and Haworth found no
abnormalities of endothelin prodiction in patients
with congenital cardiac lesions with either increased
flow or pulmonary vascular resistance [55]. It is
possible that endothelin has a role early in the initi-
ation of pulmonary vascular structural changes, or
that it has a local effect and circulating levels do not
reflect the local effects.

Endothelial damage may result from shear stress
(see Chapter 5) and plasma growth factors may there-
fore pass more readily into the media. Also, it is
possible that vascular elastase activity is stimulated
(see Chapter 5) and this results in the medial changes.

In patients with atrial septal defect, pulmonary
arterial pressure falls normally after birth, pul-
monary vascular resistance falls normally, and the
vessels undergo normal maturation with regard to
the medial muscle layer. This suggests that large
pulmonary blood flows may not alter the normal
regression of the media of the pulmonary vessels.
However, the development of a high pulmonary
blood flow in atrial septal defect is dependent on
the postnatal fall in pulmonary vascular resistance
(see Chapter 8), so that the increased pulmonary
blood flow follows the decrease in vascular smooth
muscle.

If pulmonary blood flow is increased in the post-
natal period, pulmonary vascular smooth muscle
regression is delayed. This has been noted in both
clinical and experimental situations. If one pul-
monary artery is ligated in an adult animal, the 
pulmonary arterial pressure does not rise, due to
distension of the vessels and decrease in pulmonary
vascular resistance in the remaining lung. Thus,
even though pulmonary blood flow is doubled
through this lung, pressure is not increased. If, how-
ever, one pulmonary artery is ligated in a newborn
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animal, blood flow to the remaining lung will
increase and pulmonary arterial pressure will rise
[56]. This is related to the fact that the vessels with
thick muscle walls are less compliant and the pul-
monary vascular resistance cannot fall as readily as
in the adult. Associated with the persistent pul-
monary hypertension is a delay in normal vascular
muscle regression. A similar phenomenon may be
noted in infants born with an absence of one pul-
monary artery or with the condition of so-called
hemitruncus, in which one pulmonary artery arises
normally from the right ventricle but the other
arises from the aorta. Here, too, total systemic
venous return is presented to one lung, and the
high flow immediately after birth prevents normal
pulmonary vessel maturation.

Another instance in which a large flow is pre-
sented to the lungs is where a left-to-right shunt
occurs from a very high pressure to a low-pressure
chamber (obligatory shunt; see Chapter 9). The
high flow occurs independently of the changes in
pulmonary vascular resistance, and since the pul-
monary arterioles do not distend readily to accom-
modate the increased flow, pulmonary arterial
pressure is maintained at a higher than normal level
and the smooth muscle in the media is retained.

The three known factors associated with delayed
maturation of the pulmonary arterioles, namely
large systemic pulmonary communications, alti-
tude, and increased pulmonary blood flow, all 
have one feature in common: increased pulmonary
arterial pressure. If more than one of these disturb-
ances occur in the same individual, the effects 
on the pulmonary vessels are additive. The com-
bined effect of hypoxia produced by altitude and
increased flow produced by ligation of one pul-
monary artery soon after birth has been demon-
strated in calves. When one pulmonary artery was
ligated and the calves kept at sea level, only mild-to-
moderate pulmonary arterial hypertension was
noted. When animals were maintained at an alti-
tude of about 1800 m with both pulmonary arteries
intact, a mild degree of pulmonary hypertension
also occurred. If, however, animals with one pul-
monary artery ligated were exposed to altitude,
severe pulmonary hypertension with a progressive
increase in pulmonary vascular resistance devel-
oped [57]. A similar phenomenon has been noted
in infants with large ventricular septal defects [58].

The ventricular septal defect interferes with normal
regression of smooth muscle, but the additive 
effect of hypoxia, if the infant is born at high alti-
tude, further impedes the postnatal changes in the
pulmonary vascular smooth muscle, and pul-
monary vascular resistance is maintained at high
levels. This retards the development of large pul-
monary blood flows, and thus cardiac failure is less
frequent and of lesser severity in infants with 
systemic–pulmonary communications born at high
altitude.

In early infancy, increased pulmonary vascular
resistance with large systemic–pulmonary commu-
nications is associated with predominantly a thick
medial muscle layer, but the more peripheral arte-
rioles soon become muscularized. No obvious
morphological changes in the endothelium are
apparent although, as mentioned above, experi-
mental studies suggest there may be early disturb-
ance of endothelial function. If the large defect 
persists, further changes occur in the arterioles. The
intimal layer begins to thicken initially by cellular
proliferation, but subsequently fibrosis develops.
The intimal changes are not always uniform and
may be eccentric in the lumen. These secondary
intimal changes result in a progressive decrease in
lumen size and an increase in pulmonary vascular
resistance. The intimal changes are unusual under
the age of 1 year, but undoubtedly have been noted
earlier, although they are not usually extensive in
infants. Their rate of progression beyond the first
year is quite variable, but by the age of 2–3 years
there are usually prominent intimal changes.

The smooth muscle layer in the media also
undergoes further change. The medial layer
increases, with a progressive decrease in the lumen
diameter to wall thickness ratio. It is likely that the
increase in muscle mass is due to both hyperplasia
and hypertrophy of smooth muscle cells, as occurs
with hypoxia. The muscularization of the intra-
acinar and alveolar arterioles also proceeds more
rapidly than in the normal child. In addition there
is a progressive increase in collagen formation in
the media, and particularly the adventitia, of the
arterioles. Heath and Edwards have classified the
magnitude of the morphological changes as fol-
lows: grade I, early muscular changes; grade II, inti-
mal proliferation; grade III, fibrous proliferative
phase; and grade IV, more severe obstruction [59].
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Pulmonary vascular resistance increases as a
result of both the changes in the vessel wall, which
greatly reduces the compliance of the vessel, and
the encroachment of the lumen by the thickened
intima. This reduces pulmonary blood flow and
left-to-right shunt and the symptoms of cardiac
failure may improve. The temporal changes in 
pulmonary arterial pressure, pulmonary blood
flow, pulmonary vascular smooth muscle, and pul-
monary vascular resistance are shown in Figure 5.6.

In patients with atrial septal defects, the pul-
monary circulation responds quite differently. As I
have mentioned, the pulmonary vascular smooth
muscle and pulmonary vascular resistance follow
normal developmental patterns after birth, and
pulmonary arterial pressure falls rapidly to normal
levels. Even with high pulmonary blood flow, these
pulmonary vessels are relatively normal. Only in
later life, usually beyond adolescence and often not
before 20–40 years of age, do secondary changes
occur in the pulmonary arterioles. These changes
are almost exclusively localized to the intima; there
is little medial muscle hypertrophy. The intimal
changes are quite similar to those observed with
large aortopulmonary communications, but they
occur late in life.

The mechanism for the intimal changes and why
they develop at different ages in patients with atrial
septal defects compared to those with aortopul-
monary communications is not known. It has been
shown by Fry that a threefold increase in endothe-
lial shearing force through segments of perfused
artery demonstrates damage to the endothelial
cells; he suggests that these changes result from the
increased shear on the endothelial lining created by
the higher velocity of flow [60]. These findings could
provide an explanation for the intimal changes 
in the pulmonary circulation. In atrial septal defect,
the pulmonary arterioles are thin-walled and
widely dilated; over the course of many years, the
increased velocity due to the large pulmonary
blood flow may gradually result in progressive inti-
mal damage and proliferation. Significant degrees
of pulmonary vascular obstruction develop only
after the changes are quite extensive. In patients
with large systemic–pulmonary communications
with pulmonary hypertension, the pulmonary arte-
rioles are thick-walled due to medial muscle reten-
tion, and their lumina are narrower. For the same

increase in pulmonary blood flow as occurs in atrial
septal defect there is now a much greater increase in
velocity, because the vessels are narrower. This will
create greater wall shear with more severe intimal
damage and more rapid onset of obliterative pul-
monary vascular disease.

This mechanism could also explain the high inci-
dence of pulmonary vascular disease in adults who
are born and continue to live at high altitude. The
persistence of the medial muscle coat makes the
vessels less compliant and narrower, so that over
the course of years the intima becomes damaged by
even normal blood flows.

The role of blood hematocrit in the development
of pulmonary vascular obstructive disease has not
been considered seriously. There are two possible
mechanisms by which increased hematocrit could
contribute toward this. A high hematocrit increases
blood viscosity; this effectively increases vascular
resistance, as a greater pressure difference across
the vascular bed is required to produce the same
flow as at lower viscosity. Thus, there is an elevation
in pulmonary arterial pressure that promotes
retention of the medial muscle layer. The second
mechanism relates to the possible effect of increas-
ing shear on the endothelium. Usually, a layer of
plasma lies on the endothelial cells when blood flow
through a tube or vessel is laminar. However, when
hematocrit is high, there could be increased shear
on the intimal lining, with damage. A high hemat-
ocrit could contribute to the development of early
pulmonary vascular obstruction in infants with
severe cyanotic cardiac lesions, such as aortopul-
monary transposition.

In all these situations in which pulmonary arte-
rial pressure remains elevated after birth, the nor-
mal regressive changes in the main pulmonary
trunk do not occur. The wall remains thick and the
elastic fibers persist after birth. The histology of the
pulmonary trunk provides a history of the develop-
ment of pulmonary hypertension. If pulmonary
hypertension has been present since birth, the pul-
monary trunk shows persistence of the elastic tis-
sue, as seen in patients with large communications
between the ventricles or great arteries. If, however,
pulmonary hypertension develops late in life, as in
patients with atrial septal defect with pulmonary
vascular disease, the main pulmonary trunk is thin
and is composed largely of collagen. In view of the
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different structure, it is most unusual for aneurys-
mal dilatation of the main pulmonary artery to
occur in patients with large ventricular or great ves-
sel defects, but it may occur in adults with atrial
septal defect and pulmonary vascular disease.

The possibility that genetic factors may be
involved in determining the rapidity with which
pulmonary vascular changes occur with congenital
cardiac malformations has not been considered
seriously. Interest in possible genetic factors has
been renewed with the observation that mutations
in the gene for bone morphogenetic protein recep-
tor type II (BMPR2) may be associated with the
development of primary pulmonary arterial hyper-
tension in adults [61]. BMPR2 is a serine/threonine
receptor kinase. Bone morphogenetic proteins 
are members of the transforming growth factor
(TGF)-β superfamily of ligands; they serve several
functions in cells, such as cell growth and differ-
entiation, and are involved in osteogenesis. In the
pulmonary vasculature BMPR2 inhibits the prolif-
eration of vascular smooth muscle and disturbance
in its activity is associated with pulmonary hyper-
tension. A large number of mutations of the gene
have now been detected and are found in about
25% of patients with sporadic primary pulmonary
hypertension [62]. In a study of children and adults
with congenital cardiac malformations and elevated
pulmonary vascular resistance, BMPR2 mutations
were detected in only 6% [63]. Several of the patients
with BMPR2 mutations had atrioventricular com-
munications, raising the question whether there is 
a genetic relationship between the cardiac lesions
and pulmonary vascular abnormalities.

Pulmonary vascular responses in
congenital heart disease
Normally there is a minor response of the pul-
monary circulation to vasomotor agents and to
oxygen administration in the adult. During early
infancy, while there is still a considerable amount of
smooth muscle in the media, hypoxia causes con-
siderable elevation of pulmonary arterial pressure,
and vasodilators produce some fall in pressure. As
mentioned above, individuals born and continu-
ing to live at altitude have persistence of smooth
muscle and also show greater vascular reactivity.
Children with congenital cardiac lesions associated
with pulmonary vascular changes may also show

considerable response to pulmonary vasodilators
and to oxygen.

The responses to vasodilators appear to correlate
with the amount of smooth muscle in the media. In
an early study, in which tolazoline (Priscoline) was
used as the vasodilator, infants and children had
three types of response [64]. Those with normal 
or slightly increased pulmonary arterial pressure
showed negligible response. Some with pulmonary
arterial hypertension showed a marked increase in
pulmonary blood flow, a fall in pulmonary arterial
pressure, especially diastolic, and a decrease in pul-
monary vascular resistance. This group of patients
usually had moderate elevations of resting pul-
monary vascular resistance and large or moderate
left-to-right shunts. Infants or children with pulmon-
ary arterial hypertension and very high pulmonary
vascular resistance with little or no left-to-right
shunt, or with some right-to-left shunt, showed 
little or no change in pulmonary vascular resistance.

The reactivity of the pulmonary circulation was
considered to reflect the amount of smooth muscle
in the media. In those children with no elevation 
of pulmonary arterial pressure, there was no
significant increase in smooth muscle, hence the
lack of response. Lack of a significant response in
the presence of marked pulmonary hypertension
suggested that the smooth muscle in the media had
been largely replaced by fibrous tissue, and also 
that a considerable proportion of the increased 
pulmonary vascular resistance could be related to
intimal thickening. Smooth muscle may undergo
regression when closure of a large ventricular septal
defect reduces pulmonary arterial pressure and
flow. The magnitude of the response of pulmonary
vascular resistance to vasodilators has been used to
predict the likelihood that pulmonary vascular
resistance will fall following closure of a commun-
ication between the ventricles or great arteries.

Although tolazoline was used for many years as a
pulmonary vasodilator, other drugs have replaced
it because of its side effects of tachycardia, nausea,
and vomiting. It was generally administered in a
single bolus, since its effects were variable when
given as a continuous infusion. PGI2 is an effective
pulmonary vasodilator and it can be administered
by continuous infusion. A combination of adeno-
sine triphosphate and magnesium chloride (ATP-
MgCl2) has also been found to be comparable to
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tolazoline as a pulmonary vasodilator. It can be
administered by continuous infusion and is not
associated with significant side effects. These drugs
have a significant vasodilator effect on the systemic
circulation, and systemic arterial pressure should
be monitored during their administration. A fall in
systemic arterial pressure could result in a decrease
in pulmonary arterial pressure without an effect on
pulmonary vascular resistance.

Inhalation of NO has been used to assess whether
pulmonary vascular resistance is responsive to
vasodilators. This gas has a strong pulmonary
vasodilator effect; because it has minimal effect on
the systemic circulation at the concentration admin-
istered, it is now the preferred agent for examining
pulmonary vascular responsiveness. Recently, the
phosphodiesterase V inhibitor sildenafil has been
shown to be a pulmonary vasodilator and is as
effective as NO in assessing responsiveness of the
pulmonary circulation.

The effect of oxygen on pulmonary vascular
resistance has also been used to assess reactivity and
infer the amount of muscularization of the vessels.
In studies in newborn calves, administration of
100% oxygen had no effect on pulmonary vascular
resistance when systemic arterial Po2 was 90 mmHg
or higher during air breathing. In many infants and
children with increased pulmonary vascular resist-
ance associated with large ventricular or aortopul-
monary communications, administration of 100%
oxygen lowers pulmonary vascular resistance, with
an increase in pulmonary blood flow and left-to-
right shunt. The most dramatic effects of oxygen
are noted in those individuals with decreased 
systemic arterial oxygen saturation or Po2. Oxygen
saturation may be in the high 80s or low 90s, yet
oxygen inhalation may have a dramatic effect. If 
the pulmonary veins can be catheterized, oxygen
saturation may be evenly reduced, but often one 
or two of the veins show a considerable reduction
to levels of about 80%. The reduced pulmonary
venous saturation may result from a disturbance 
in ventilation–perfusion relationships; pulmonary
blood flow is high, but alveolar ventilation is either
normal, or may be reduced if some pulmonary
edema or congestion is present. Diffusion may 
also be impaired by pulmonary edema. Additional 
factors that may affect alveolar ventilation are local
areas of atelectasis resulting from airway compres-

sion by large pulmonary arteries, and pulmonary
infection. Infants with Down syndrome and con-
genital cardiac lesions are particularly prone to 
pulmonary involvement, resulting in decreased
pulmonary venous oxygenation and high pulmon-
ary vascular resistance; inhalation of 100% oxygen
often lowers resistance markedly.

Although the most dramatic responses to oxygen
in patients with congenital heart lesions usually
occur in those with impaired oxygenation, occa-
sionally a modest reduction in pulmonary vascular
resistance results in patients with normal arterial
and pulmonary venous oxygen contents. It is
difficult to explain this based on the fact that oxy-
gen does not have a significant effect on pulmonary
vascular resistance in normal well-oxygenated ani-
mals. The response to oxygen could be related to an
effect on endothelial cells, because, as mentioned
above, recent studies suggest endothelial dysfunc-
tion in newborn lambs with simulated aortopul-
monary communications. Possibly oxygen decreases
endothelin production or increases NO liberation
in these circumstances. Perhaps oxygen could have
a direct effect on smooth muscle cells by influenc-
ing oxygen-sensitive K+ channels (see above).

Effects of pulmonary venous and left
atrial hypertension
Pulmonary arterial hypertension is frequently asso-
ciated with conditions that produce an increase in
pulmonary venous pressure. Some degree of the
increased pulmonary arterial pressure is merely
passive, i.e., there is pressure elevation to compen-
sate for the increased venous pressure and to main-
tain perfusion pressure across the vascular bed.
However, frequently there is an elevation in pul-
monary arterial pressure out of proportion to the
increased pulmonary venous pressure, and pul-
monary vascular resistance is increased. The mech-
anisms responsible for the increased pulmonary
vascular resistance are not known. It is common to
find that pulmonary vascular resistance is markedly
increased in infants with increased pulmonary
venous pressure due to lesions such as cor tria-
triatum and total anomalous pulmonary venous
drainage with obstruction of the pulmonary veins.
In infants with left heart failure due to severe aortic
stenosis or aortic coarctation, pulmonary hyper-
tension is also often encountered. It has been 
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suggested that there may be some local axon reflex
that causes pulmonary arteriolar constriction when
pulmonary vascular pressure is increased, but there
is no evidence for its existence. The more likely
explanation is that the elevated pulmonary venous
pressure is transmitted through the capillaries to
the arterioles and the increased intraluminal pres-
sure distends the vessel, stretching the smooth
muscle and thus stimulating its contraction and
persistence.

Another mechanism that has been proposed as
being important in adults with mitral stenosis is
bronchiolar compression. Elevation of left atrial
and pulmonary venous pressure is associated with
edema in peribronchial tissue and because the
small bronchioles in this region are not supported
by cartilage, they are readily compressed. I think
that this mechanism could be important in the
infant with increased pulmonary venous pressure
due to any cause. The bronchiolar compression
would interfere with ventilation to the lung seg-
ment, resulting in decreased Po2 and possibly
increased Pco2, with resultant pulmonary vaso-
constriction. If the bronchiolar compression was
extensive enough, marked increase in pulmonary
vascular resistance could occur.

Effects of prematurity
Premature infants with intracardiac or aortopul-
monary communications behave somewhat differ-
ently from mature infants. They appear to develop
large left-to-right shunts with cardiac failure earlier
after birth, often within the first 2–3 weeks, as com-
pared with onset after 3–6 weeks in the mature
infant. This has been confirmed in premature
infants with patent ductus arteriosus. The more
premature the infant, the sooner after birth it devel-
ops large left-to-right shunts and cardiac failure. In
infants weighing less than 1000 g, cardiac failure
often develops within the first week after birth.

The most plausible explanation for this differ-
ence in behavior of premature infants is that
although the morphology of the vessels is similar to
that in more mature infants, pulmonary vascular
responses are less well developed. The response of
the pulmonary circulation to hypoxia, as well as to
vasodilators, is less prominent in preterm fetal
lambs (see above). It is thus also possible that, in 
the presence of a communication between the ven-
tricles or great vessels, the pulmonary arteries in 

the preterm infant do not have the same capacity 
to react by maintaining constriction as those in 
the mature infant. Therefore pulmonary vascular
resistance falls more rapidly.

Another interesting difference in behavior of 
the preterm infant is the response to left-to-right
shunts. In the mature infant that develops a left-to-
right shunt with a ventricular septal defect or an
aortopulmonary communication, no significant
symptoms occur until the shunt is quite large, usu-
ally with a pulmonary to systemic flow ratio of
more than 2:1. However, premature infants who
have had respiratory distress syndrome tolerate
poorly even small left-to-right shunts, including
those at the atrial level. It is not unusual for an
infant with respiratory distress requiring assisted
ventilation to be intolerant of withdrawal from the
ventilator. Under this circumstance, it is important
to determine if there is a cardiac lesion with a left-
to-right shunt, because improvement in respira-
tory status is frequently readily accomplished by
elimination of the shunt. Although there is often a
reluctance to recommend surgery for a cardiac
lesion in which the pulmonary to systemic blood
flow ratio is only 1.5–2:1, in these infants it may
result in rapid improvement in respiration.

The mechanisms by which small left-to-right
shunts may have such significant effects in these
infants have not been defined. A possible explana-
tion is that blood flow to some areas of the lungs
may be restricted because of poor aeration or
atelectasis. Blood flow through perfused areas
would therefore be greater than normal even in the
absence of left-to-right shunting. If pulmonary
blood flow is increased by the presence of a shunt,
the flow through these areas would be even further
enhanced. Poor reactivity of the precapillary vessels
in the preterm infant could thus permit the arterial
pressure to be transmitted to the capillaries and
veins and result in pulmonary edema.

Effects of pulmonary vasculature on
shunts (dependent and obligatory
shunts)
In many communications between the systemic and
pulmonary circulations, the relationship between
the systemic and pulmonary vascular resistances is
important in determining the size and direction of
the shunt. After birth, when the placental circula-
tion is removed, if there is a large communication

c05.qxd  12/22/08  11:32  Page 110



Prenatal and postnatal pulmonary circulation 111

between the aorta and pulmonary artery or between
the ventricles, the pressures are essentially equal,
and flow to the pulmonary and systemic circula-
tions will be determined by their relative vascular
resistances. Thus, as pulmonary vascular resistance
falls after birth, there is increasing pulmonary
blood flow with a left-to-right shunt. If pulmonary
vascular resistance increases, as might occur if inti-
mal proliferative changes occur, the left-to-right
shunt will decrease, and if the changes become
severe, right-to-left shunt develops. I have used the
term dependent shunting to describe this.

In patients with atrial septal defect, the changes
in afterload of the left and right ventricles are
important in determining the amount of blood
ejected by each ventricle and thus the amount and
direction of shunt. Therefore, the shunt in atrial
septal defect is also of the dependent type. In those
lesions in which there is a communication between
a very high pressure and a low-pressure chamber or
great vessel, the relationship between systemic and
pulmonary vascular resistances is not important in
determining the magnitude of the shunt. In many
endocardial cushion defects there is a mitral valve
cleft and an atrial septal defect. Blood is essentially
ejected from the left ventricle into the right atrium
during ventricular systole. The pulmonary vascular
resistance does not determine the size of the shunt.
This is also noted in peripheral arteriovenous fistu-
lae, and I have applied the term obligatory shunting
to this type of shunt.

In patients with obligatory shunts, the left-to-
right shunt is relatively independent of pulmonary
vascular resistance. If the shunt is present soon after
birth, a large left-to-right shunt will occur even
while pulmonary vascular resistance is still high.
This increased pulmonary blood flow will tend to
delay normal pulmonary vascular maturation, so
that there will be retention of smooth muscle. The
risks of developing right-sided heart failure are
great, since the right ventricle is presented with a
large volume at high pressure. Also, there is a very
significant risk that these individuals will develop
early and severe pulmonary vascular disease.

Pharmacological treatment of increased
pulmonary vascular resistance in
congenital cardiac disease
It was generally believed that in patients with con-
genital cardiovascular malformations with high

pulmonary vascular resistance, unless the lesion
was amenable to surgery, the pulmonary vascular
changes would progress. Compared with primary
pulmonary hypertension, in which the severity of
pulmonary vascular obstruction tends to progress
fairly rapidly, the deterioration with congenital car-
diac lesions is relatively slow. Little attention has
therefore been directed to attempting to institute
medical therapy. However, in recent years, newer
pharmacological agents have proved quite effective
in treating patients with primary pulmonary hyper-
tension. These include calcium channel blockers,
the nonselective endothelial receptor blocker
bosentan and the specific ETA blocker sitaxsentan,
PGI2 (epoprostenol) and its analogs treprostinil
and beraprost, and phosphodiesterase V inhibitors
such as sildenafil. Although they do not cure the
disease, they may slow or even inhibit progression
and greatly improve physical performance and
longevity. Little has been published about the 
experience of these agents in patients with high pul-
monary vascular resistance associated with congen-
ital cardiac lesions.

Calcium channel blockers have been used quite
effectively in patients with primary pulmonary
hypertension. They have been noted to delay the
rate of progression of the disease and to improve
physical performance. They appear to be most
effective in those patients who show an acute fall in
pulmonary vascular resistance with administration
of vasodilator agents. There are few reports of their
use in patients with congenital cardiac lesions with
high pulmonary vascular resistance. In one study of
10 children aged 3–12 years, seven of whom had
Down syndrome, administration of nifedipine for
1–4 years resulted in a fall in pulmonary vascular
resistance and some functional improvement [65].
Enthusiasm for the use of calcium channel blockers
in primary pulmonary hypertension is waning,
because other drugs appear to be more effective.
There does not at present seem to be much
justification for their use for pulmonary hyperten-
sion in congenital cardiac lesions.

The nonselective endothelin blocker bosentan
was administered for a 16-week period to 37
patients with congenital cardiac lesions and severe
elevation of pulmonary vascular resistance; 17
patients served as controls [66]. Bosentan reduced
pulmonary arterial pressure and pulmonary vascu-
lar resistance and improved exercise capacity, but
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had no adverse effect on arterial oxygen saturation.
Other studies have also shown improvement, but it
remains to be seen how much improvement occurs
and for how long it is sustained. Although it would
seem likely that selective ETA blockade would be
desirable, there is as yet no evidence that the selec-
tive ETA blocker sitaxsentan is more effective than
bosentan.

PGI2 has a short half-life, so to achieve an effect it
is administered by continuous intravenous infu-
sion. Rosenzweig et al. [67] studied the effects of
chronic PGI2 infusion in 20 patients (mean age 15
years) with various congenital cardiac malforma-
tions and pulmonary vascular obstruction, none of
whom had shown a change in hemodynamics with
acute infusion. There was considerable improve-
ment, with a fall in pulmonary arterial mean pres-
sure of about 20% and a decrease in pulmonary
vascular resistance of almost 50%. Exercise capacity
also increased substantially.

To overcome the inconvenience and problems of
administration by chronic intravenous infusion,
analogs of prostaglandin have been prepared.
Treprostinil can be administered by subcutaneous
injection, and appears to be as effective as PGI2

when given by intravenous infusion. Because tre-
prostinil has a longer half-life, accidental disrup-
tion of infusion for several hours does not have the
adverse effect of interruption of prostaglandin
infusion. When administered every 3 hours by 
subcutaneous injection, it has the same effect as
intravenous infusion. The serious disadvantage is
that many subcutaneous injections have to be given
every day; the injections are painful and in many
patients produce intense pain and erythema. It is
especially difficult to recommend it for younger
children. The experience with beraprost, the analog
that can be administered orally, is quite limited. It
has been used in Japan and to some extent in Europe.
Preliminary studies suggest it is not as effective as
the other two agents and this has resulted in a delay
of trials in the USA, where it is not yet available.

The phosphodiesterase V inhibitor sildenafil has
been used effectively as a pulmonary vasodilator in
patients with primary pulmonary hypertension. It
has also been administered orally in infants with
persistent pulmonary hypertension of the new-
born, with great effectiveness [68]. The prospect
that it will be effective in patients with high pul-
monary vascular resistance associated with con-

genital cardiac lesions is promising and several
studies are now in progress. A recent review 
presents current concepts regarding management
of pulmonary hypertension [69].
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sus develops from the left sixth arch and extends
from the pulmonary trunk to the left-sided
descending aorta. In the fetus, the ductus is about
the same diameter as the descending aorta; in the
human fetus at term this is about 10 mm. The main
pulmonary trunk arising from the right ventricle
leads into the ductus arteriosus, and in the fetus the
left and right pulmonary arteries appear to arise as
branches from the major pulmonary–ductus arte-
riosus trunk (Figure 6.1). The ductus arteriosus
connects with the aorta just beyond the arch, 
about 5–10 mm distal to the origin of the left sub-
clavian artery.

Morphological features
The morphology of the ductus differs from the
adjacent main pulmonary artery and aorta. The
walls of the aorta and pulmonary artery, which are
about the same thickness as that of the ductus, are
mainly composed of circumferentially arranged
elastic fibers. The medial layer of the ductus arterio-
sus largely consists of smooth muscle, which is
arranged circumferentially in the outer layers and
longitudinally in the inner layers. It has been sug-
gested that some of the smooth muscle is arranged
spirally. Contraction of the smooth muscle would
thus result not only in narrowing of the lumen but
also in shortening of the ductus. The outer layer of
the smooth muscle is interspersed with numerous,
small, thin-walled vasa vasorum, but the inner lay-
ers are avascular. The medial layer is separated
from the intima by a well-formed internal elastic
lamina. The intimal layer is thin during most of the
gestational period, but prior to birth the intima
thickens and the internal elastic lamina begins to
show some fragmentation.

CHAPTER 6

The ductus arteriosus and
persistent patency of 
the ductus arteriosus

115

Patent ductus arteriosus is considered to be one of
the more common types of congenital cardiovascu-
lar malformations. Various studies report an incid-
ence of 5.3–11.0% (median 7.1%) of all congenital
cardiac lesions [1]. Based on an estimated incid-
ence of congenital cardiovascular malformations 
of 0.8%, the incidence of patent ductus arteriosus
in the population is about 0.06%. However, 
these numbers do not include the occurrence of
patent ductus in preterm infants. The incidence 
in these infants depends on gestational age and is
discussed below. Also, since the introduction of
echocardiography and Doppler flow studies, the
presence of a small patent ductus can occasionally
be diagnosed even though no clinical manifesta-
tions are evident. The term silent patent ductus 
arteriosus has been used to describe these malfor-
mations. The incidence of silent ductuses is not
known, but it has been estimated that as many as
0.1–0.2% of the population may be affected [2].
This would suggest that patent ductus arteriosus is
about three times more common than currently
estimated.

Ductus arteriosus in the fetus

The ductus arteriosus is a large channel normally
present in the mammalian fetus. It develops from
the distal portion of the embryonic sixth branchial
arch by about the sixth week of embryonic develop-
ment in the human. Normally, the ductus arterio-

6
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Function
In the fetus, the ductus arteriosus carries a major
proportion of total or combined ventricular output
(CVO) from the right ventricle to the descending
aorta. Studies in fetal lambs have shown that the
right ventricle ejects about 66% of CVO and that
80–90% of this blood traverses the ductus arterio-
sus (see Figure 1.6, p. 7). Thus, about 55–60% of
CVO passes from the pulmonary trunk to the
descending aorta through the ductus arteriosus in
fetal lambs. The blood passing across the ductus is
pulmonary arterial blood that has a Po2 of about 18
mmHg in the fetal lamb, compared with an ascend-
ing aortic blood Po2 of about 26 mmHg. There is
normally no pressure difference across the ductus,
between the pulmonary trunk and the descend-
ing aorta, during most of gestation in the lamb.

However, during the 10–15 days prior to term, a
small pressure gradient of 5–8 mmHg is frequently
noted to develop in chronically instrumented
fetuses.

In the human fetus, measurements of the pro-
portion of CVO and of right ventricular output
flowing across the ductus arteriosus show consider-
able variation. Mielke and Benda [3] reported that
about 45% of CVO passed through the ductus. This
is only moderately lower than the proportion of
CVO passing through the ductus in the lamb.
However, in their studies pulmonary blood flow
was considerably lower than that reported by oth-
ers in human fetuses. In other studies in human
fetuses, right ventricular output was about 55% of
CVO and pulmonary blood flow represented about
25% of CVO [4,5]. Therefore, based on these meas-
urements, only about 30% of CVO passes across
the ductus arteriosus in the human, as compared
with almost 60% in the lamb fetus.

It is interesting to speculate on the function of
the ductus in the fetal circulation. In the fetus, gas
exchange occurs in the placenta and not in the
lungs. There is thus need for only a small amount of
blood in the lungs for nutritional and metabolic
needs. The ductus diverts blood away from the
lungs and to the descending aorta and umbilical–
placental circulation. Shunting of blood away from
the lungs could be effected by increasing right-to-
left flow across the foramen ovale to the left atrium
and left ventricle. If this did occur, the right ventri-
cle would receive less volume and this could inter-
fere with its development. The other advantage of
the ductus is that it distributes blood of relatively
low oxygen saturation to the descending aorta and
to the placenta for oxygenation. This, in association
with the preferential streaming of well-oxygenated
blood from the ductus venosus across the foramen
ovale, facilitates the separation of oxygen contents
in ascending and descending aortic blood (see
Chapter 1).

The ductus arteriosus is widely patent in the
fetus and it was proposed that it is kept open pas-
sively by the pressure in the lumen. However, dur-
ing the latter weeks of gestation in the lamb, the
ductus does constrict with mechanical manipula-
tion and studies on isolated strips or rings of ductus
arteriosus have shown that the fetal ductus is cap-
able of responding to numerous constrictor agents.

Aortic isthmus

Ductus arteriosus

Left & right
pulmonary arteries

Normal fetus

Ascending
aorta

Pulmonary
trunk

Aortic isthmus

Ductus arteriosus

Left & right
pulmonary arteries

Fetus with aortic atresia

Fetus with pulmonary atresia

Coronary
artery

Pulmonary
trunk

Ascending
aorta

Aortic isthmus

Ductus arteriosus

Left & right
pulmonary arteriesPulmonary

trunk

Ascending
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Figure 6.1 Relationships and sizes of the ductus arteriosus
and of the aorta, pulmonary trunk and pulmonary arteries
in a normal fetus, a fetus with aortic atresia, and a fetus
with pulmonary atresia.
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The question has been considered whether patency
of the ductus is maintained in the fetus by active
vasodilatation and whether closure after birth is
due to removal of vasodilator stimuli, or to active
vasoconstriction. The factors that have been con-
sidered as agents that maintain patency of the 
ductus arteriosus in the fetus include exposure to
low Po2, circulating or locally produced prosta-
glandins, local nitric oxide (NO) production, 
and circulating adenosine. Factors that have been
proposed as vasoactive agents causing postnatal
constriction include oxygen, endothelin-1, nor-
epinephrine, acetylcholine, and bradykinin.

Postnatal closure of the ductus
arteriosus

In small animals such as the rat, rabbit and guinea
pig, the ductus closes rapidly after birth. However,
in calves and foals, as well as full-term human
infants, based on the ability to auscultate a mur-
mur, it has been assumed that the ductus arteriosus
is functionally open for about 12–15 hours after
birth. Because murmurs may be the result of many
flow disturbances, this assumption is questionable.
Sequential studies by ultrasound have shown the
presence of bidirectional shunting through the
ductus for several hours after birth, followed by a
small left-to-left shunt [6]. In 25 infants first exam-
ined 2–7 hours after birth, there was bidirectional
flow in 19 and six had flows only in a left-to-right
direction. In only 3 of the 19 infants with bidirec-
tional flow was it noted on the second examination,
at 12, 18, and 24 hours postnatally. Absence of any
shunt, indicating complete functional closure, was
first noted at 8 hours after birth. Functional closure
was noted in 44% of the infants by 24 hours and
88% by 48 hours; no shunt was detected by 72
hours after birth.

These shunting patterns are related to the
changes in pulmonary vascular resistance. In the
early neonatal period, when pulmonary vascular
resistance is still somewhat elevated and pulmonary
arterial pressure still relatively high, some right-to-
left shunt persists. This shunt occurs during systole,
when the kinetic energy generated during ventricu-
lar systole carries blood through the main pul-
monary artery and the ductus to the descending
aorta. During diastole, blood flows from the aorta

to the pulmonary artery, because pulmonary 
vascular resistance is lower than systemic vascular
resistance. When pulmonary vascular resistance
and pulmonary arterial pressure fall further, only a
left-to-right shunt occurs as long as the ductus is
still open. During this period of functional closure,
the ductus is still responsive to changes in Po2.
Inhalation of gas with reduced oxygen (15–16%)
increases pulmonary vascular resistance and possi-
bly dilates the ductus and results in right-to-left
shunting from the pulmonary artery to the aorta.

After the ductus has constricted fully and no
lumen is detected, it is much more resistant to
relaxation. The ductus appears to behave like the
umbilical artery; this has been likened to the action
of the so-called “catch” muscle in the clam, which
can be readily relaxed when partially constricted
but requires a much more potent stimulus to
release when fully constricted. Constriction of the
ductus is frequently ineffective in preterm infants
and patency often persists for a longer period after
birth. The more immature the infant, the greater
the likelihood that the ductus will not close nor-
mally after birth. It thus also commonly reopens
after initial partial closure (see below).

As mentioned above, the intimal layer gradually
thickens over the latter part of gestation, but after
birth the thickening increases rapidly and mounds
of intima form that greatly decrease the size of the
lumen. Associated with the disruption of the inter-
nal elastic lamina, smooth muscle cells migrate 
into the intimal mounds, as do endothelial cells.
Potentially at this stage, if the smooth muscle
relaxes, the ductus could reopen, so further changes
must occur to close the ductus permanently.
Studies by Clyman et al. [7] in the baboon have
shown that constriction of the ductus induces
severe hypoxia in the inner portion of the wall. Vasa
vasorum provide blood flow and oxygen supply
only to the adventitia. The intima and media
receive oxygen supply from blood flowing through
the lumen. However, when the ductus constricts,
the wall is thickened and because oxygen diffuses
only into the intima and inner layers of the media,
the central medial layer becomes hypoxic. Con-
striction of the ductus reduces the Po2 of the inner
muscle layer to 5 mmHg or less on the first day, and
by the fifth day it falls to less than 0.3 mmHg. This
severe hypoxia results in cell destruction with
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fibrous replacement, and appears to be necessary to
permanently seal the ductus. The process of con-
striction appears to start initially at the pulmonary
arterial end of the ductus and progresses to the aor-
tic end. A small projection from the descending
aorta may be seen for several weeks after birth, par-
ticularly well demonstrated by angiography, at the
site where the ductus is attached. This has been
termed the ductus ampulla or bulb.

Permanent closure of the ductus is usually com-
plete within 5–7 days in most infants but may not
occur for up to 21 days.

Regulation of the ductus arteriosus

Role of oxygen
As mentioned above, the lumen of the ductus is
perfused by blood with a Po2 of about 18 mmHg in
the fetal lamb. The vasa vasorum appear to receive
blood from branches of the coronary arteries and
possibly from intercostal arteries; this blood has 
a Po2 of about 26 mmHg. Because arterial Po2

increases to 90–100 mmHg after birth, the role of
the increased level of oxygen in causing ductus clos-
ure has been considered. Since Kennedy and Clark
[8] showed that oxygen constricts the ductus arte-
riosus, numerous investigators have confirmed its
important role in studies of isolated ductus rings or
strips, in isolated perfused ductus preparations, as
well as in intact fetal lambs. The isolated ductus
arteriosus is completely relaxed when the Po2 in a
fluid bath is between 20 and 35 mmHg. Increasing
or decreasing the Po2 from this range results in con-
striction of the ductus derived from mature fetal
lambs (Figure 6.2) [9]. With increasing Po2, the
ductus constricts at levels of 40–50 mmHg and is
intensely constricted at a Po2 of 120–150 mmHg.
When Po2 is reduced below 15 mmHg, mild con-
striction is noted, and at 5–8 mmHg the degree of
constriction is almost as great as the maximal con-
striction with raised Po2.

The response of the ductus arteriosus to oxy-
gen is related to fetal gestational age. In studies 
of perfused fetal lamb ductus preparations, the
ductus did not constrict even when Po2 was raised
to > 500 mmHg in lambs less than 80 days’ gestation
(term gestation in the lamb is 147–150 days).
Responsiveness increased with advancing gesta-
tion; the initial level of Po2 required to elicit a

response fell and the magnitude of constriction
increased (Figure 6.3) [10].

The lack of response of the immature ductus to
oxygen is not entirely due to inability of the muscle
to contract, because it does constrict in response to
calcium and other agents, such as acetylcholine.
The mechanism by which oxygen constricts the
ductus has not yet been defined. The possibility that
oxygen has a direct effect on the smooth muscle
cells has been considered. Fay et al. [11] showed
that the integrity of the cytochrome oxidase system
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Figure 6.2 Effect of changing PO2 in the bath fluid on the
tension of a ductus arteriosus ring derived from a mature
fetal lamb.

500 150 days

130 days

110 days

90 days

400

300

200

100

1000

PO2 (mmHg)

Te
n

si
o

n
 p

er
 c

en
t 

in
cr

ea
se

200 300 400 600500

Figure 6.3 Effects of increasing PO2 from the resting level
(about 35 mmHg) on ductus arteriosus specimens obtained
from lambs at different gestational ages. The level of PO2

required to produce constriction decreases with advancing
gestation and the amount of constriction developed at
similar Po2 levels increases with gestational age.
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is necessary for oxygen to produce ductus con-
striction, and Coceani et al. [12] has proposed that
a cytochrome P450 hemoprotein located in the
smooth muscle cell membrane is the receptor for
the effects of oxygen. It was suggested that oxygen
depolarizes the membrane, resulting in calcium
influx, which induces contraction. Recently, it 
was suggested that oxygen-sensitive K+ channels 
in the smooth muscle cell membrane could be
involved in the ductus response to oxygen and 
that these channels are developmentally regulated.
It is proposed that inhibition of oxygen-sensitive,
voltage-gated K+ channels depolarizes the ductus
arteriosus smooth muscle cell, inducing activation
of the voltage-sensitive L-type calcium channel;
this stimulates influx of calcium that initiates 
constriction.

In a very interesting study, the preterm rabbit
ductus arteriosus was found to contract poorly in
response to oxygen; the ductus smooth muscle cells
showed a diminished oxygen-sensitive K+ current.
Gene transfer of oxygen-sensitive K+ channels to
the preterm rabbit ductus induced a constrictor
response to oxygen. Furthermore, transfer of the
channels to human ductus smooth muscle enhanced
constriction to oxygen exposure [13]. The poor
response of the ductus arteriosus in preterm ani-
mals and infants could be related to the fact that
oxygen-sensitive K+ channels are not yet well devel-
oped and thus the constrictor response is weak or
absent, depending on gestational age.

The Rho kinase system, which has recently been
shown to be actively involved in constriction of the
pulmonary vasculature (see Chapter 5), is now also
thought to be an important contributor to main-
taining oxygen-induced constriction of the ductus
arteriosus. In studies on ductus arteriosus smooth
muscle cells derived from term rabbit fetuses, oxy-
gen activated the Rho kinase system and increased
Rho kinase expression and induced sustained con-
striction. This response could be inhibited by the
Rho kinase inhibitor fasudil. Studies of ductus 
arteriosus tissue derived from human infants with
hypoplastic left heart syndrome at the time of
surgery showed the same responses as the term 
rabbit ductus [14]. This raises the interesting pos-
sibility that Rho kinase inhibitors could be an 
additional means of inhibiting constriction of the
ductus arteriosus after birth in infants with con-

genital cardiovascular malformations in whom
survival is dependent on patency of the ductus.

Another concept that has been proposed suggests
that oxygen results in the release of endothelin-1,
reported by Coceani et al. [15] to be a potent con-
strictor of the ductus. However, blockade of endo-
thelin receptors did not completely prevent the
constrictor response to oxygen of the lamb ductus
arteriosus in either isolated ductus tissue or the 
animal model [16]. It is possible that endothelin
does contribute to the constrictor effect of oxygen
and modification of potassium channel activity,
although endothelin levels do not increase rapidly
enough to account for the constriction of the duc-
tus occurring after birth.

Role of prostaglandins
Prostaglandins are produced by the tissues of 
the wall of the ductus arteriosus in considerable
amounts. The enzyme cyclooxygenase (COX) syn-
thesizes prostaglandins from arachidonic acid. Two
isoforms of the enzyme are now known to occur.
The COX-1 isoform is present in most tissues and
seems to be responsible for synthesis of prosta-
glandins; the COX-2 isoform is predominantly
involved in the responses to inflammation. It was
generally assumed that COX-1 is responsible for
production of prostaglandin by the ductus.
However, COX-2 is expressed in the ductus, and
inhibition of COX-2 activity also constricts both
the isolated ductus and the ductus in the intact fetal
lamb [17]. Thus both isoforms are involved in
prostaglandin production by the ductus and inhi-
bition of either will cause ductus constriction. The
relative importance of each isoform is yet to be
assessed. The ductus synthesizes prostaglandin
(PG)E2 and PGI2 (prostacyclin). Both prosta-
glandins relax ductus arteriosus smooth muscle.
Although more PGI2 is produced than PGE2, duc-
tus tone is probably regulated largely by the action
of PGE2, because isolated ductus rings are about
1000 times more sensitive to PGE2 than to PGI2

[18]. The sensitivity of the ductus to PGE2 is so
great that it has been proposed that circulating
PGE2 may have an important role in maintaining
ductus patency in utero. Blood concentrations of
PGE2 are considerably higher in fetal lambs than in
the mother. After birth PGE2 concentrations fall
rapidly and reach adult levels within about 3 hours
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[19]. PGE2 is metabolized in the lung and if lung
disease or hypoxic pulmonary vasoconstriction
reduces pulmonary blood flow, the fall in PGE2

concentrations could be delayed. In early studies of
the effect of PGE2 on the ductus, it was thought that
it had a relaxant effect on the ductus only in a low
Po2 environment; subsequently it was shown that it
relaxed the ductus even at high Po2, although the
response was less sensitive [20]. PGE2 has a more
important role in ductus relaxation in the imma-
ture than the term fetus. Not only is more
prostaglandin produced by the immature ductus
but it is also more sensitive to the relaxant effect 
of PGE2.

The production of prostaglandins can be reduced
by administration of nonsteroidal antiinflamma-
tory agents, which inhibit the cyclooxygenase
enzyme. Most of these agents inhibit both COX-1
and COX-2, but specific inhibitors of COX-2 are
also available. Indomethacin, a potent inhibitor,
constricts the ductus both in vitro and in vivo. The
constriction is not the result of an oxygen effect,
because the constriction produced by indome-
thacin is accentuated by increasing Po2 [21]. In the
lamb, the relative contributions of indomethacin
and oxygen to constriction change with gestational
age. In the immature fetus, the magnitude of con-
striction with indomethacin is greater than that of
oxygen, whereas in the term fetus oxygen is more
effective in causing constriction. These findings
have been interpreted to indicate that in the imma-
ture fetus, the ductus is more sensitive to the effects
of dilator prostaglandins and that the sensitivity
decreases with advancing gestational age. The
mechanisms responsible for this reduction in sensi-
tivity of the ductus to prostaglandin inhibition have
not been fully resolved, but one possible factor is
the effect of cortisol. Clyman et al. [22] admin-
istered cortisol to immature lamb fetuses in utero
and found that the responses of the ductus to
indomethacin and oxygen became similar to those
of the normal mature fetus. In the lamb fetus, blood
cortisol concentrations gradually increase from
about 120 days’ gestation and this could account
for the change in ductus responsiveness to indo-
methacin and oxygen. Further evidence supporting
the effect of cortisol in maturing the response of the
ductus is the decrease in the incidence of patent
ductus arteriosus in prematurely born human and

animal newborns whose mothers had received
antenatal corticosteroids.

Role of nitric oxide
Nitric oxide (NO) is a vasodilator in most organ
circulations, including the lung. It is produced
locally in endothelial cells from l-arginine by the
action of nitric oxide synthase (eNOS). The likeli-
hood that NO is active in vascular structures has
been assessed by observing the presence of the 
synthase and also by examining the vasoconstrictor
response to inhibitors of NO production. The duc-
tus arteriosus has been shown to express eNOS in
the endothelial cells lining the ductus as well as in
the vasa vasorum. Also the inhibitor N-ω-nitro-l-
arginine (L-NNA) does not affect the ductus at low
Po2, but produces constriction of the ductus arte-
riosus in fetal lambs only when Po2 is high [23]. The
relative roles of PGE2 and NO in maintaining
dilatation of the ductus have not been resolved. It is
apparent that they act independently, because after
inducing constriction by one inhibitor, the other
agent results in further constriction. The relative
sensitivities of the ductus to PGE2 and NO may
change with gestational age. In the rat, the ductus is
more sensitive to PGE2 than to NO in very late ges-
tation, but in earlier gestation it is more sensitive to
NO [24]. These gestational differences in relative
sensitivities should be evaluated in other species.

Role of adenosine
Adenosine produces relaxation of the isolated duc-
tus arteriosus and inhibits the constrictor response
to oxygen. It has been proposed that adenosine may
contribute to maintaining patency of the ductus
prenatally [25]. Circulating adenosine concentra-
tions are high in the fetus and fall rapidly after birth
in the lamb [26] and this could explain postnatal
constriction of the ductus. No information is avail-
able regarding the relative effects of adenosine,
PGE2 and NO, nor of possible interrelationships
between their effects.

Role of other vasoactive agents
Acetylcholine, bradykinin, and norepinephrine
have all been shown to produce constriction of the
isolated ductus arteriosus. They all enhance the
constrictor response to oxygen. However, none of
these agents are essential for ductus constriction
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and selective blockade of each agent does not
inhibit the constrictor response to oxygen. Nor-
epinephrine could have some role in regulating 
ductus tone in utero, because numerous sympa-
thetic nerve endings have been demonstrated in the
media of the lamb ductus. Cholinergic nerves have
not been observed in the media but have been
detected in the adventitia. It is generally thought
that these agents do not have a significant role in
influencing the ductus, but their importance has
not yet been defined.

Whether these mechanisms, or possibly others
concerned with muscle contraction, are fully devel-
oped in the premature animal requires further
study. We also do not know whether the ductus,
which may be underdeveloped in infants with 
pulmonary atresia, responds normally to oxygen.
Although Po2 increase appears to be the most
important mechanism responsible for ductus arte-
riosus closure, other factors must be operative
because in infants with congenital heart disease in
whom Po2 may be maintained at levels below 40
mmHg after birth the ductus arteriosus may still
close. It is not known what these factors are.

Ductus arteriosus in congenital
heart disease

From a consideration of the course of the circula-
tion in various congenital malformations, it is
apparent that the volumes of blood carried by the
ductus may be altered markedly. These possible
changes are discussed in detail in the chapters on
specific abnormalities, but a brief review is pre-
sented here.

Normally, the ductus arteriosus in the fetal lamb
transmits about 55–60% of CVO from the pul-
monary artery to the aorta. It joins the aorta at an
obtuse inferior angle (see Figure 6.1) presumably
because flow is directed down to the descending
aorta. If aortic atresia or aortic isthmus interrup-
tion were present and if CVO were to be main-
tained, a much larger proportion of the output
would have to flow through the ductus; in fact, with
aortic atresia, the total output (excluding pul-
monary flow) would cross the ductus. Thus, assum-
ing that pulmonary blood flow represents about
20% of CVO in the human fetus, about 80% of
CVO would be carried by the ductus, which could

be considerably wider than normal. However, in
the fetus with aortic atresia, there is complete
admixture of systemic venous and umbilical
venous blood in the right atrium, so that the blood
entering the pulmonary artery and passing through
the ductus arteriosus would have a higher than nor-
mal oxygen saturation and this could induce some
degree of constriction of the ductus. The potential
effects of these changes on pulmonary blood flow
and the foramen ovale at different periods of gesta-
tion are discussed in detail in Chapter 5.

In the fetus with tricuspid or pulmonary atresia,
no blood would be ejected from the right ventricle
into the pulmonary artery. Blood will flow from the
aorta through the ductus to the pulmonary arteries.
Pulmonary blood flow is a relatively small propor-
tion of CVO (about 10% in the lamb and probably
about 20% in the human). The ductus may be quite
narrow and underdeveloped and, because blood
flows from the aorta to the pulmonary artery, the
connection of the ductus with the aorta has an
acute inferior angle (see Figure 6.1). In addition,
because all systemic venous, umbilical venous, and
pulmonary venous blood mixes in the left atrium,
blood entering the aorta would have a somewhat
lower oxygen saturation than normal for ascending
aortic blood. However, this blood, which passes
through the ductus arteriosus, has a higher oxygen
saturation than the blood that passes from the pul-
monary artery through the ductus in the normal
fetus. This could result in some constriction of the
ductus, particularly in later gestation, and possibly
interfere with development of the pulmonary arter-
ies (see Chapter 5 for detailed discussion).

In the presence of aortopulmonary transposition
with no ventricular communication, the pul-
monary artery receives blood ejected by the left
ventricle. In the fetus, pulmonary arterial oxygen
saturation would be considerably higher than nor-
mal and this could lower pulmonary vascular resis-
tance and increase pulmonary blood flow. This
may result in elevation of left atrial pressure and
decreased size of the foramen ovale. Also, ductus
arteriosus constriction may result, with elevation 
of pulmonary arterial pressure, possibly resulting
in excessive development of pulmonary vascular
smooth muscle and persistent pulmonary arterial
hypertension postnatally (see Chapter 18 for detailed
discussion).
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The ductus arteriosus frequently does not close
normally after birth in the presence of a number of
congenital cardiac lesions. In infants with cyanotic
lesions such as pulmonary or tricuspid atresia and
aortopulmonary transposition, arterial Po2 may
remain at or only slightly above fetal levels after
birth. If Po2 does not rise above about 35 mmHg,
the oxygen stimulus to constriction of the ductus
would be greatly reduced; this could explain the
prolongation of patency after birth. However, even
if arterial Po2 does remain at low levels after birth,
the ductus does tend to constrict over a few days
and may restrict pulmonary flow in infants in
whom blood flow to the lungs is ductus dependent.
Possibly ductus morphology is not normal, but 
we do not know what factors are responsible for 
the delayed closure of the ductus in these 
circumstances.

Infants with left-sided obstructive lesions may
also have prolonged postnatal patency of the duc-
tus. With anomalies such as severe aortic stenosis,
aortic atresia, and interrupted aortic arch, blood
flows from the pulmonary artery to the aorta after
birth to provide some or all of systemic blood flow.
In these infants, arterial Po2 increases significantly
after birth and may reach normal or near-normal
postnatal levels, yet the ductus remains open. One
factor that may have a role is that the ductus is
exposed to the oxygen saturation of pulmonary
arterial blood after birth, rather than to the high
saturation of aortic blood and this may deter con-
striction. In these infants, pulmonary arterial pres-
sure remains elevated after birth and the high
pressure and relatively high flow through the duc-
tus arteriosus is probably responsible for maintain-
ing its patency. However, it is not known why the
ductus constricts even though the pressure and
flow are maintained.

Ductus arteriosus at high altitude
and with hypoxia

There is considerable evidence indicating that the
incidence of persistent patency of the ductus arte-
riosus in individuals born, and continuing to live,
at high altitudes is greater than in those born at or
near sea level. The incidence of patent ductus arte-
riosus increases slightly at altitudes above 3000 m
and definitely above altitudes of 4000 m [27].

According to Peñaloza, the incidence at 4500–5000 m
altitude is about 30 times greater than that at sea
level [28]. The ductus may remain patent in new-
born infants with hypoxemia due to lung disease.
The patency of the ductus can be explained by lack
of an adequate oxygen stimulus to cause constric-
tion. However, this cannot be the only factor
involved because, of all the people born at the same
high altitude, only a small proportion have persis-
tent patency of the ductus after birth.

We do not know whether the ductus will con-
strict in individuals born at high altitude if arterial
Po2 is raised later in life. I have observed several
mature infants with lung disease in whom the 
ductus, which was patent for several weeks (in one
infant for 3 months), closed spontaneously. How-
ever, there is no knowledge as to whether, or for
how long, the ductus arteriosus retains its normal
musculature after birth if it is kept patent by
hypoxia or whether it retains its ability to respond
to changes in oxygen environment.

Ductus arteriosus in premature
infants

In premature infants, it has long been recognized
that the ductus arteriosus may remain patent after
birth beyond the time of normal closure in mature
infants. Powell [29] suggested that the ductus may
close at the time of normally expected full-term
gestation, but this has not been corroborated.
However, if the infants survive, the ductus closes
spontaneously within days to several weeks. The
more premature the infant, the higher the inci-
dence, and more than 80% of infants weighing less
than 750 g have patency of the ductus arteriosus
beyond the third day after birth. This incidence has
been modified by use of antenatal corticosteroid
therapy. Recently, it has become evident that the
ductus may constrict and appear to be clinically
closed within a few days after birth, but then
reopens. This is most likely to occur in very small
preterm infants.

Mechanisms for ductus arteriosus
patency
The cause of the high incidence of patent ductus
arteriosus in premature infants has been the subject
of much conjecture. It was previously suggested
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that premature infants are not able to achieve nor-
mal postnatal blood Po2 levels and that the oxygen
stimulus to constriction is inadequate. However,
with assisted ventilation, Po2 can be raised to levels
even above usual postnatal values and this has not
reduced the incidence of patency. Based on obser-
vations that the wall thickness of the ductus
increases with gestational age, the possibility was
considered that the smooth muscle is not adequate
to achieve effective constriction in the immature
fetus. This concept does not seem likely, because
the immature ductus can be actively contracted by
potassium. As mentioned above, the immature
ductus has a high threshold of response to oxygen
(see Figure 6.3). The isolated perfused ductus of 
the very immature lamb shows little constrictor
response to Po2 levels well above those normally
achieved after birth. It is possible that the ductus
does not constrict in the premature infant even
though arterial Po2 levels are achieved that are nor-
mal for, and effective in constricting the ductus in, a
mature infant.

The immature ductus arteriosus is very sensitive
to the relaxant effect of PGE2 and it has been pro-
posed that abnormally high concentrations of cir-
culating PGE2 may be responsible for maintaining
ductus patency in the preterm infant. Clyman et al.
[19] showed that PGE2 concentrations in the lamb
fell to normal adult levels within about 3 hours after
birth. The concept has been proposed that prema-
ture infants have persistently high circulating levels
of PGE2 that maintain ductus patency. PGE2 is
metabolized almost completely in one pass through
the lung in the adult, but the immature lung does
not completely metabolize PGE2 and this, as well as
the frequent association of lung disease in preterm
infants, could account for higher levels of PGE2.
Although high concentrations of plasma PGE have
been detected in premature infants as long as 2–4
weeks after birth, results concerning the relation-
ship to patent ductus are inconsistent. Lucas and
Mitchell [30] found high levels of PGE2 in a group
of infants with patent ductus arteriosus, but others
have found elevated PGE2 concentrations in many
infants with respiratory distress syndrome but only
some of these infants had patency of the ductus
[31]. It is thus possible that persistently high con-
centrations of PGE2 may maintain patency of the
ductus, but other factors also appear to be involved.

It has been proposed that persistent patency of
the ductus arteriosus may be determined by the
effectiveness of the initial closure [7]. The mature
ductus constricts to completely close the lumen.
This creates the characteristic intimal mounds and
the severe hypoxia in the media that initiates the
process of permanent closure (see Chapter 6). The
fully constricted ductus is no longer responsive to
changes in Po2 or to PGE2. However, the preterm
ductus does not constrict sufficiently to obliterate
the lumen and the intimal mounds are not as well
developed. Flow of blood through the lumen con-
tinues to provide some oxygen to the media and the
hypoxic changes in the media do not develop. The
ductus that still has even a narrow lumen is more
responsive to PGE2 and other agents. It is thus pos-
sible that the ductus arteriosus in the premature
infant may be constricted after birth, but sub-
sequent exposure to a relaxing agent may result in
widening of the lumen. The possible role of NO in
affecting closure of the ductus in premature infants
should be considered. In a study of the ductus in
premature baboon infants, Clyman et al. [7] found
that the number of cells containing eNOS increased
in association with an increase in the vasa vasorum.
He suggests that the ductus smooth muscle may be
relaxed by NO production locally and that patency
of the ductus is now maintained by NO rather than
PGE2. Based on these observations, the effect of
administration of indomethacin alone or together
with an NO inhibitor (L-NNA) was examined [32].
In the premature baboon, indomethacin alone did
not produce complete obstruction of the ductus
lumen, whereas the combined treatment resulted
in complete closure with morphological changes
typical of those in the mature ductus. This raises the
interesting prospect that use of NO inhibitors could
be effective in constricting the ductus in infants 
in whom indomethacin has not been effective in
inducing or maintaining closure (see Chapter 6).

Hemodynamic considerations
Prior to birth, blood flows through the ductus arte-
riosus from the pulmonary artery to the aorta.
Postnatally, closure of the ductus and decrease in
pulmonary vascular resistance permit pulmonary
arterial pressure to fall. If the ductus remains widely
patent after birth, the pressures in the aorta and
pulmonary artery will be equal as a result of the
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large communication. Blood flow through the duc-
tus will be determined by the relationship between
the systemic and pulmonary vascular resistances. 
A fall in pulmonary vascular resistance associated
with ventilation will be associated with a left-to-
right shunt through the ductus arteriosus and, with
the same size of the ductus, the lower the pul-
monary vascular resistance, the larger the shunt. It
was proposed that pulmonary vascular resistance
falls more rapidly in the premature compared with
the mature infant because the resistance vessels 
in the lungs have a less developed smooth muscle
medial layer. More recent studies have not
confirmed this finding, but there is evidence to
indicate that the pulmonary vasculature in imma-
ture lambs has less capacity to constrict in response
to various stimuli. It is thus possible that pul-
monary vascular resistance does fall more rapidly
in preterm infants, because premature vessels do
not maintain the same tone as mature vessels.
Respiratory distress syndrome, which commonly
occurs in premature infants, may delay the fall in
pulmonary vascular resistance because alveolar
hypoxia associated with the lung disease may main-
tain pulmonary vasoconstriction in some parts of
the lung. Treatment of premature infants with 
pulmonary surfactant reduces the incidence and
severity of respiratory distress syndrome and
enhances left-to-right shunting through the ductus
arteriosus [33].

Blood shunted through the ductus into the pul-
monary artery returns to the left atrium and left
ventricle. To provide adequate systemic blood flow,
the left ventricle must increase its output. Thus, if
33% of the blood ejected by the left ventricle shunts
through the ductus, left ventricular output would
have to increase 1.5 times to maintain the same sys-
temic blood flow. If 50% of left ventricular output
were shunted, left ventricular output would have to
double to maintain systemic blood flow. Left ven-
tricular output normally increases after birth and
the left-to-right shunt places a further load on 
the ventricle. If left ventricular performance can
increase to eject the higher volume, systemic blood
flow will be maintained. It was proposed that the
fetal heart is unable to increase its output above
resting levels even though end-diastolic pressure,
or preload, is increased (see Chapter 1). Therefore
the ability of the left ventricle to increase its output

adequately to compensate for the left-to-right
shunt was questioned. However, both in experi-
mental studies in immature lambs by Clyman et al.
and in observations in preterm infants it is appar-
ent that the ventricle is capable of increasing its 
output when the ductus arteriosus is patent [34].
However, there is a limit to the magnitude of shunt
that can be tolerated without compromising sys-
temic blood flow. In the mature infant, systemic
blood flow may be maintained with left-to-right
shunts of as much as 75% of ventricular output,
whereas in Clyman’s studies in immature lambs
systemic blood flow was inadequate with shunts
greater than 50% of left ventricular output. The
flow to the peripheral circulation (muscles and
skin) fell, as did flow to the kidneys and gastroin-
testinal tract. The decrease in gastrointestinal flow
has been incriminated as a contributing factor in
causing necrotizing enterocolitis, which is not
unusual in premature infants. In studies in human
infants, necrotizing enterocolitis is associated with
presence of patency of the ductus arteriosus and
early closure of the ductus reduces the incidence of
the disorder.

An additional factor that may contribute to inad-
equate perfusion of organs is the low arterial dias-
tolic pressure frequently noted in preterm infants
and which results from the left-to-right shunt
through the ductus arteriosus into the low resist-
ance pulmonary circulation. The organ most sus-
ceptible to the low diastolic pressure in the aorta is
the heart, because the major blood flow to the
myocardium occurs during diastole. Myocardial
blood flow may be compromised not only by a
decrease in aortic diastolic pressure but also by the
increase in left ventricular end-diastolic pressure
resulting from the large volume returning to the left
atrium and ventricle associated with the ductus
shunt. Thus myocardial oxygen supply could be
compromised, particularly since oxygen require-
ments would be increased with the work to main-
tain the high output; interference in oxygen supply
could result in failure of the ventricle to increase
output to meet the requirements of the systemic
circulation.

The increase in left ventricular output is the
result of a decrease in afterload on the left ventricle
resulting from the patent ductus. The preload on
the ventricle also increases in association with the
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increased volume returning to the ventricle. Left
ventricular end-diastolic pressure increases and left
atrial and pulmonary venous pressures increase.
Left atrial pressure usually does not reach very high
levels, but in the preterm infant the permeability 
of the capillaries may be greater than in mature
infants and thus pulmonary edema may develop,
even at relatively low pulmonary venous pressures.
Plasma albumin concentrations are usually rela-
tively low in premature infants and the resultant
lower plasma colloidal osmotic pressure would
facilitate the development of pulmonary edema. An
additional factor that may contribute to pulmonary
edema formation is the fact that the size of the pul-
monary vascular bed is not yet fully developed in
the immature infant. Thus greater flow would
occur through each vessel and this, combined with
the elevation of pulmonary arterial and venous
pressures, may result in edema formation.

Another manifestation of inadequate systemic
blood flow is the observation by Evans [35] that
superior vena cava (SVC) blood flow is often
reduced in preterm infants, especially in the more
immature fetuses. About one-third of preterm
infants born before 30 weeks’ gestation were found
to have low SVC blood flow, which was often asso-
ciated with adverse consequences such as cerebral
intraventricular hemorrhage and neurodevelop-
mental delay [36]. A major factor responsible for
the low SVC flow was the large left-to-right shunt
through the ductus arteriosus. The low SVC flow in
these infants was most frequently observed within
the first 12 hours after birth, flows gradually
approaching normal values by 24–48 hours. There
was a poor correlation between SVC flow and meas-
ured arterial blood pressure or pulse pressure.

The observation that SVC flow is most likely to
be low during the first 12 hours and improves by
24–48 hours after birth raises interesting questions
about the mechanisms involved. The finding sug-
gests that either left ventricular output does not
change (but the proportion shunted through the
ductus decreases) or that left ventricular output is
increased. A decrease in the shunt could result from
constriction of the ductus, or from an increase in
pulmonary vascular resistance. Although it is well
known that the ductus arteriosus is often patent for
at least several days postnatally, the degree of con-
striction at various periods after birth could vary.

Constriction of the ductus may be delayed to a
greater extent in some infants, possibly because
adequate oxygenation of arterial blood is not
achieved. It might be expected that, if this were so,
pulmonary venous blood may not be well oxy-
genated and this might interfere with the fall in pul-
monary vascular resistance and thus reduce the
magnitude of the shunt. Both the pulmonary circu-
lation and the ductus are less sensitive to increase in
oxygen content in earlier gestation, but the rela-
tionship of the response to specific changes in oxy-
genation at various periods of gestation may differ.
Another possible mechanism for delayed constric-
tion of the ductus may be that PGE2 concentrations
remain elevated in some infants during the early
postnatal period and interfere with constriction; a
gradual reduction in plasma levels over 12–24
hours may permit some degree of constriction and
thus improve systemic blood flow.

The other possible explanation for the increase
in systemic blood flow beyond the first 12 hours
postnatally is that left ventricular performance
improves and is thus capable of providing a higher
output to compensate for the shunt. One of the 
factors responsible for increased left ventricular
performance after birth in the mature lamb is
increased sympathoadrenal activity [37]. The pos-
sibility that the preterm infant does not show the
usual increase in plasma catecholamine concentra-
tions noted in mature infants at the time of delivery
could account for an early lack of enhancement in
left ventricular performance, but a delayed increased
catecholamine secretion could result in later im-
provement. This is not likely because norepin-
ephrine concentrations in umbilical cord blood 
of preterm and term infants at the time of delivery
are not significantly different and epinephrine con-
centrations are higher in the preterm infants [38].
Various catecholamines have been administered to
preterm infants, usually as therapy for hypoten-
sion, with variable effects. Although dobutamine
produced modest increases of SVC flow and
dopamine increased blood pressure, almost half of
infants under 30 weeks’ gestation failed to respond
at all [39]. Thus it is unlikely that low cate-
cholamine concentrations soon after birth are
responsible for reduced ventricular performance.

The possibility that the left ventricle does not
respond adequately to catecholamines in the
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preterm infant has been considered. Based on the
observations that some infants who do not respond
adequately to catecholamines following cardiac
surgery demonstrate an increase in cardiac output
with administration of phosphodiesterase inhibitors,
a trial of milrinone in preterm infants with low SVC
flow has been instituted [40]. Preliminary results
do not appear to be encouraging.

Serum concentrations of cortisol in umbilical
cord blood of preterm compared with mature
infants are low and the levels progressively increase
with gestational age [41]. Cortisol has been admin-
istered to preterm infants with blood pressure con-
sidered lower than normal, even after infusion 
of catecholamines. Blood pressure was raised by
cortisol; whether the effect was due to increased
responsiveness of the peripheral circulation to cate-
cholamines, or to a cardiac effect, has not been
ascertained [42]. The effect of cortisol on systemic
blood flow has not been assessed.

In studies in adult dogs, introduction of a large
aortopulmonary shunt resulted in acute left ven-
tricular failure, but if the animals were permitted to
become adapted to a somewhat smaller shunt, they
were soon able to tolerate the large shunt [43]. This
adaptation is the result of myocardial hypertrophy
that enhances left ventricular performance. It is
possible that the ventricle of the preterm infant 
is capable of increasing myocyte mass rapidly 
after birth and this allows the ventricle to provide a
higher output within 24–48 hours. Although it
may seem that this is a short time for myocardial
mass to increase, it is not an unreasonable hypo-
thesis: in fetal lambs in which aortic obstruction 
was induced, left ventricular mass increased 
rapidly [44].

Clinical manifestations
The term “symptomatic ductus arteriosus” is fre-
quently used to indicate that the infant has clinical
manifestations of a patent ductus. This term distin-
guishes these patients from those who have only
ultrasound evidence of a patent ductus arteriosus.
The manifestations in these infants include pres-
ence of a cardiac murmur, increased precordial 
cardiac pulsatility, and bounding pulse due to
increased pulse pressure. The term is unfortunate,
because many of these infants do not have symp-
toms relating to ductus patency. The “symptoms”

are the hemodynamic consequences of patency of
the ductus, but evidence of pulmonary edema or
cardiac failure may not develop.

The clinical features of patent ductus arteriosus
vary with gestational age and thus the weight of 
the infant at the time of birth. Infants weighing
1500–1750 g may have mild respiratory distress
syndrome, which usually resolves within a few days.
It is estimated that about 20% of these infants
develop a patent ductus arteriosus. After 3–10 days,
when the infant appears to be well, a grade 2–3/6
systolic murmur is heard at the upper left sternal
border or below the left clavicle, occupying about
half of systole. The second heart sound may be
somewhat accentuated in the pulmonary area. The
murmur becomes somewhat louder and more pro-
longed, and occasionally extends beyond the sec-
ond sound into early diastole. The pulses develop a
bounding character due to the widening pulse pres-
sure, and on occasion a third heart sound is noted
at the apex. The precordial impulse becomes hyper-
active due to the increased volume load on the left
ventricle. Associated with these developments, the
baby usually shows a slight increase in respiratory
rate and effort. However, this may be the only
symptom, and after 2–3 weeks the murmur becomes
softer, the pulses less prominent, and within a few
days no clinical evidence of patency of the ductus is
present.

However, some infants develop more serious
symptoms in association with the appearance of the
murmur and widening pulse pressure. Respiration
becomes more rapid and labored, and rales may 
be heard in the lung bases. Episodes of apnea may
develop. The liver does not usually become enlarged.
The electrocardiogram is not helpful and shows the
degree of right ventricular hypertrophy normal for
a premature infant. Chest radiography usually
shows that the heart size is only slightly increased
and pulmonary vascular markings may be promi-
nent. Ultrasound examination shows moderate
enlargement of the left atrium and left ventricle and
the ductus is seen to be patent, but the diameter is
usually less than half the aortic diameter. Doppler
study shows only left-to-right shunting through the
ductus. Most of the infants in this group respond
well to conventional treatment of cardiac failure
but infrequently surgical closure of the ductus may
be necessary. This can be accomplished either by
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administration of prostaglandin synthesis inhib-
itors or, if necessary, by surgery. If closure of the
ductus is not necessary to relieve symptoms, it fre-
quently closes spontaneously within several weeks.

Infants weighing 1000–1500 g frequently have
moderate to severe respiratory distress syndrome
from birth. The respiratory distress may begin to
improve after 2–3 days and then, either early or
after a short latent period of 1–2 days, a change in
ventilatory requirements signifies the possibility
that the ductus arteriosus is open. The level of con-
tinuous positive airway pressure may have to be
increased and inspiratory rate or pressures may
have to be higher. The concentration of oxygen in
inspired air may have to be increased to maintain
arterial blood Po2 levels. In addition a rise in arte-
rial blood Pco2 levels often occurs in association
with the development of a patent ductus arteriosus.
About 40–50% of infants in this weight range have
persistent patency of the ductus. Because the duc-
tus-related manifestations tend to be closely related
to the features of respiratory distress syndrome, it is
difficult to decide whether the recrudescence is due
to the lung disease or is the result of a patent ductus
arteriosus. The classical clinical features that are
described include a systolic murmur at the upper
left sternal border, bounding pulses due to a wide
pulse pressure, and increased precordial activity
resulting from the large volume load. However,
these findings are quite variable; a murmur may 
not be audible, the pulse pressure may not be
increased, and pulses may be weak. Increased 
precordial activity is difficult to assess in an infant
with a thin chest wall. Hepatomegaly is not an
important manifestation. The liver can be felt in
most premature infants, and some degree of
enlargement may occur, but it is not a striking
finding. Findings on auscultation of the chest are
difficult to evaluate because of the associated lung
disease. Although rales may be heard posteriorly in
both lungs, the signs of airway obstruction are
more common.

Chest radiography is difficult to interpret, because
the lungs show the changes of respiratory distress
syndrome and it is difficult to assess whether the
pulmonary vascular markings are increased. The
heart may be moderately enlarged, but because the
infants are usually intubated and maintained with
continuous increased positive end-tidal pressure

and positive pressure ventilation, the heart size 
may be normal. Ultrasound examination reveals
enlargement of the left atrium and ventricle and
active ventricular contraction. The size of the left
atrium relative to the diameter of the ascending
aorta as measured on an M-mode examination is a
useful indicator of the size of the left-to-right shunt
[45]; normally, this ratio is 0.7–0.9. If it is increased
to more than 1.1, this indicates that there is a
significant left-to-right shunt, and a ratio of 1.3
signifies a very large shunt. The ductus arteriosus
can be imaged and its diameter estimated. Doppler
examination shows left-to-right shunting. The flow
pattern in the descending aorta beyond the ductus
is often useful in estimating the magnitude of the
shunt. With increasing ductus left-to-right shunt,
the magnitude of forward flow during diastole
decreases and with large shunts diastolic retrograde
flow becomes evident. Retrograde flow in the
descending aorta during diastole has been associ-
ated with feeding intolerance in premature infants
with patent ductus arteriosus; this has been attri-
buted to impaired splanchnic blood flow.

Infants weighing less than 1000 g frequently have
severe respiratory distress from birth, unless the
mother has received antenatal steroid treatment or
the infant has received surfactant therapy. The duc-
tus arteriosus remains patent in 80% or more of the
infants who have received surfactant. Respiratory
distress usually requires continuous positive pres-
sure and assisted ventilation. The first evidence of a
ductus left-to-right shunt may appear within 2–3 days
after birth and includes increasing arterial Pco2 and
increasing ventilatory pressures and rate. There is
often no obvious interval between the presentation
of the features of hyaline membrane and those
associated with patency of the ductus. It is difficult
to assess whether the problems are related to con-
tinuation of the pulmonary pathology alone or
whether the patent ductus is contributing to the
symptoms. As in the other two groups, the develop-
ment of bounding pulses or a wide pulse pressure
on an umbilical arterial pressure tracing is helpful.
However, the majority of these infants have low
systolic and diastolic pressures and thus the pulse
pressure is not wide [46]. The precordial impulse
may be increased, but this is often difficult to assess
in the infant being ventilated with high positive
pressures. A systolic murmur may be heard, but
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absence of a murmur is not unusual in this group.
Hepatomegaly is not a striking feature.

The electrocardiogram usually shows a pattern
of right ventricular hypertrophy of a degree normal
for a newborn infant. Occasionally, ST segment
depression and flattening or inversion of T waves in
the left precordial leads are noted. Chest radiography
is of no value in differentiating between the lung
disease and a patent ductus arteriosus. The lungs
usually show severe changes of respiratory distress
syndrome and the vasculature is not clearly visible.
The heart may be mildly to moderately enlarged. In
these infants, manifestations of left ventricular fail-
ure and pulmonary edema often occur with only 
a mild degree of cardiomegaly. The echocardio-
graphic findings are similar to those mentioned
above for infants weighing 1000–1500 g. In these
infants, the ductus arteriosus may be imaged and
seen to be widely patent. In the early postnatal
hours, the left-to-right shunt may not be very large
because pulmonary vascular resistance is elevated
as the result of poor ventilation and alveolar
hypoxia, but as ventilation improves a large shunt
becomes manifest. In these infants the left atrium/
aortic diameter ratio will not be greatly increased in
the early phase but increases as left-to-right shunt
develops.

Complications of patent ductus
arteriosus in the premature infant
Several complications have been ascribed to the
presence of a patent ductus arteriosus. These asso-
ciations have been confirmed by documenting a
decrease in their incidence in infants in whom the
ductus has been closed early, or before the onset of
symptoms. Prophylactic treatment of premature
infants with pulmonary surfactant increases the
incidence of patent ductus arteriosus [47]. Closure
of the ductus arteriosus reduces the risk of pul-
monary hemorrhage. Intolerance of enteral feeding
and necrotizing enterocolitis are frequently noted
in premature infants. As mentioned above, the
incidence of these conditions appears to be associ-
ated with the decrease in gastrointestinal blood
flow; this has been observed in premature lambs
with patent ductus arteriosus [48]. The incidence
of necrotizing enterocolitis is reduced significantly
in infants in whom the ductus has been closed 
[49].

Infants with a widely patent ductus arteriosus
have elevated pulmonary arterial pressure, and if a
large left-to-right shunt is present, left atrial and
pulmonary venous pressures are increased. This
results in increased transudation of fluid into the
lung tissues and alveoli. In the preterm infant, the
pulmonary capillaries appear to be more permeable
than in mature infants. Plasma proteins may enter
the air sacs and interfere with surfactant function,
thus reducing lung compliance. To achieve ade-
quate oxygenation, it is necessary to increase mean
airway pressures and to raise inspired oxygen con-
centration. It has been proposed that these factors
may contribute to the development of lung damage
and to the subsequent occurrence of chronic lung
disease or bronchopulmonary dysplasia. Early clos-
ure of the ductus arteriosus significantly reduces
the risks of bronchopulmonary dysplasia.

Therapeutic considerations
The approach to management of patent ductus
arteriosus in the premature infant was changed
dramatically in the mid 1970s, when it was shown
that administration of prostaglandin synthesis
inhibitors closed the ductus in about 80% of pre-
mature infants in whom it was demonstrated to be
patent [50]. Prior to this, management was similar
to that of cardiac failure in infants, with the use of
digoxin and diuretic agents. The use of digoxin
involved considerable risk of toxicity, because the
tendency was to increase dosage in an attempt to
achieve an effect without inducing toxicity. It was
administered in doses similar to those recom-
mended for mature infants: 40–50 μg/kg as a digi-
talizing dose over about 24 hours followed by a
maintenance dose of one-quarter to one-third 
of the digitalizing dose every 24 hours. It was 
soon appreciated that toxic effects, especially heart
block, were quite common. This, it was realized,
was due to the reduced renal elimination of digoxin
in the premature infant. The recommended dose
was then reduced to about 25–30 μg/kg as a digital-
izing dose. However, considerable questions were
raised about whether digoxin was effective in
relieving symptoms, and in many centers the use of
digoxin for treatment of patent ductus arteriosus in
the premature infant was abandoned.

Diuretic therapy proved to be very useful in
improving pulmonary edema. The agent most
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commonly recommended was furosemide (Lasix),
given parenterally in doses of 1 mg/kg two to four
times daily. It is important, particularly in these
premature infants, to check serum electrolytes
before and after giving diuretics, because severe
degrees of hyponatremia and hypokalemia can be
induced. If furosemide is used over extended periods,
hypocalcemia may develop. Furthermore, as a
result of the increased urinary excretion of calcium,
renal calculi may develop in infants maintained on
high doses of furosemide for many weeks.

If the infant did not respond to medical manage-
ment, the only option was to close the ductus surgi-
cally. This was done with some reluctance because,
at that time, the risks of thoracotomy on small
preterm infants were considerable. However, with
experience, the mortality was reduced to a very low
rate. After ligation of the ductus, the infants usually
improved rapidly with a decrease in end-expiratory
pressure requirement, a reduction in the percent-
age of inspired oxygen necessary to maintain ade-
quate arterial Po2, and a fall in arterial Pco2.

Inhibition of prostaglandin synthesis
Indomethacin is the prostaglandin synthesis
inhibitor that was first used and is still generally
recommended. In the early studies with indome-
thacin, it was found to be effective in closing the
ductus arteriosus, in various reports, in about
75–90% of infants. However, the relative numbers
of infants of less than 1000 g that are now being
encountered have increased. Consequently, the
incidence of patent ductus arteriosus in infants
born at a younger gestational age is higher; 
of infants born before 30 weeks’ gestation who
develop severe respiratory distress, 80% or more
have a patent ductus arteriosus demonstrated by
ultrasound. However, only about half of these
infants develop the classic clinical manifestations of
patent ductus arteriosus. Indomethacin is more
effective in closing the ductus arteriosus in infants
of greater gestational age; the younger the gesta-
tional age at birth, the less effective is indomethacin
in inducing permanent closure of the ductus. The
ductus may be constricted by indomethacin ini-
tially, but often reopens within 2–3 days.

Initially, indomethacin was administered when
the ductus was considered to be “symptomatic,” as
indicated by the presence of a murmur, increased

precordial activity, bounding pulses, and deteriora-
tion in respiratory status. Many infants were there-
fore not treated until 7 days or more after birth. As
mentioned above, the ductus can often be demon-
strated to be patent by ultrasound study in the
absence of clinical manifestations, particularly in
very preterm infants. Mahony et al. [51] studied the
effectiveness of administering indomethacin pro-
phylactically before manifestation of the clinical
features of patent ductus arteriosus in preterm
infants with birth weights of less than 1700 g. 
In those above 1000 g, there was no significant 
difference in the clinical features of those given
indomethacin compared with those given placebo.
However, in the smaller infants, 80% of those given
placebo developed large ductus shunts. Prophy-
lactic indomethacin greatly reduced the incidence
of large shunts and reduced the need for surgical
ligation.

Based on these studies, it would seem desirable
to treat premature infants prophylactically with
indomethacin rather than wait for the clinical man-
ifestations of patent ductus arteriosus. However,
this would result in a large number of infants being
treated unnecessarily, because the ductus would
have closed spontaneously. If indomethacin had no
undesirable effects, this would not be of great con-
cern. However, indomethacin does have potential
adverse effects. When administered by intravenous
injection, it frequently causes hypertension. It also
results in decreased gastrointestinal perfusion; this
could contribute to the development of necrotizing
enterocolitis, although there is no clinical evidence
of increased incidence of this condition after
indomethacin administration. The drug decreases
renal blood flow and urinary output and may
induce a rise in plasma creatinine concentrations.
In addition, it interferes with platelet function and
could increase any bleeding tendency. Indome-
thacin reduces cerebral blood flow and oxygen sup-
ply, but in experimental studies in fetal lambs it did
not significantly affect cerebral oxygen consump-
tion [52]. Also no adverse cerebral effects have been
observed in clinical studies.

Despite the effect of prophylactic therapy with
indomethacin in closing the ductus, it offers no
advantage compared with treatment when the duc-
tus becomes clinically manifest, with regard to the
incidence of chronic lung disease or to survival

c06.qxd  12/22/08  11:33  Page 129



130 CHAPTER 6

[53]. The recommendations regarding timing of
indomethacin therapy vary considerably. Some
delay treatment until clinical manifestations of the
patent ductus arteriosus appear. Others consider
that prophylactic therapy during the first 24–48
hours after birth is indicated. It seems reasonable to
recommend early treatment (during the first 24
hours) in those infants most likely to develop clin-
ical evidence of patency, namely infants with birth
weights less than 1000 g.

If a prostaglandin synthesis inhibitor that had
fewer side effects than indomethacin could be
identified, perhaps its early administration would
be more generally favorable. In view of the adverse
effects of indomethacin, another prostaglandin
synthesis inhibitor, ibuprofen, was recommended,
because it appeared to have no adverse effect on
renal blood flow. Several studies have compared the
effects of ibuprofen and indomethacin. In an ana-
lysis in a Cochrane review, the conclusions were 
that, with the use of ibuprofen, there was indeed
less reduction of urine output compared with
indomethacin. Apart from this there was no statis-
tically significant difference in the occurrence of
intraventricular hemorrhage or necrotizing entero-
colitis, but there was possibly a higher incidence of
chronic lung disease in the infants receiving
ibuprofen. Both drugs were equally effective in
achieving ductus closure. The conclusion was that
there is no current indication to change the recom-
mendation to use indomethacin [54].

The regimen of treatment with indomethacin
varies somewhat in different institutions. The
lyophilized preparation is administered by intra-
venous infusion over 20–30 min. This relatively
slow rate of administration is used because it avoids
the marked systemic arterial hypertension that
often follows rapid intravenous injection. The drug
is usually administered in two or three doses. The
recommended first dose is 0.2 mg/kg at all post-
natal ages and at all gestational ages. The second
dose is given after 12 hours, but the dose depends
on postnatal age and birth weight. Beyond 7 days,
the second dose is also 0.2 mg/kg for infants of 
all weights. However, infants with birth weights of
less than 1250 g are given only 0.1 mg/kg during 
the first postnatal week. The difference in dosage 
is based on the change in plasma clearance of
indomethacin. At 7 days postnatally, the half-life is

21 hours, but on the first day it is 71 hours. Thus the
plasma concentration may be maintained at high
levels over a prolonged period during the first week.
The third dose is given 36 hours after the first dose
in the same amount as the second dose. In one
report, a single dose of indomethacin given on the
first postnatal day was effective in closing the duc-
tus. This requires confirmation.

The current recommendation in most centers is
to administer indomethacin for three doses over 
a 36-hour period. However, in small premature
infants, the ductus may reopen within several days,
after apparently having closed initially. This could
be related to the fact that plasma prostaglandin
concentrations gradually rise again within about a
week after cessation of therapy. It has therefore
been proposed by some that indomethacin should
be administered over a more prolonged period of
5–7 days with a daily dose of 0.1 mg/kg. However, a
Cochrane review in 2007 concluded that prolonged
indomethacin therapy did not appear to improve
important outcomes, such as failure of the ductus
to close, intraventricular hemorrhage, chronic lung
disease, or mortality [55]. Although the effect of
indomethacin on the kidney is somewhat reduced
by prolonged therapy, there is a significant increase
in the incidence of necrotizing enterocolitis. The
authors concluded that a prolonged course of
indomethacin cannot be recommended for the
routine treatment of patent ductus arteriosus in
preterm infants.

Contraindications to the use of indomethacin
include necrotizing enterocolitis, overt bleeding,
and increased plasma creatinine concentrations.

Nitric oxide inhibitors
As mentioned above, infants born very prema-
turely are less likely to respond to prostaglandin
synthesis inhibitors and are also more likely to
experience reopening of the ductus after initial
constriction by indomethacin. Because it is possible
that patency of the ductus after birth may be main-
tained by NO activity, a trial of the use of inhibitors
of NO production has been instituted [56]. Infants
with gestational ages below 28 weeks were initially
given the usual regimen of indomethacin therapy.
Those who still had persistent left-to-right shunts
by ultrasound were divided into two groups: 38
infants received a second course of indomethacin
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therapy and ductus closure was achieved in 42%; 
12 infants received an NOS inhibitor, N(G)-
monomethyl-l-arginine, in addition to a second
course of indomethacin and ductus closure was
successful in 92%. Thus NOS inhibitors could 
be a useful addition to indomethacin for treating
patent ductus in preterm infants, but at present 
it cannot be recommended because it has signi-
ficant adverse effects, particularly systemic arterial
hypertension as well as a rise in serum creatinine
concentrations.

Surgery
In early experience with surgical ligation of the 
ductus arteriosus in premature infants, there was
considerable mortality, partly because the proced-
ure was delayed until the infant had severe cardio-
respiratory distress and partly because of lack of
experience with managing preterm infants after
thoracotomy. The procedure can now be per-
formed with few postoperative complications and
low mortality. In many centers the surgery is per-
formed in the neonatal intensive care facility; this
offers the advantage of not having to transport
small infants who are being mechanically venti-
lated, and also avoids many of the difficulties of
maintaining body temperature that often arise in
the operating room.

Because of the small size of the infant, it is neces-
sary to make a relatively large chest incision and to
retract ribs extensively to obtain access with con-
ventional surgical instruments and techniques.
Recently, successful ligation of the ductus arterio-
sus using video-assisted thoracoscopy has been
reported [57]. There was no operative mortality.
This procedure avoids the large chest incisions and
could also be readily performed in the neonatal
unit. It will very likely become standard practice
after surgeons gain more experience with the 
technique.

Persistent patency of the ductus
arteriosus: the abnormal ductus

If the ductus arteriosus is exposed to the normal
oxygen stimulus after birth, and the infant is not
premature, failure of the normal constriction is
probably related to some biochemical or structural
abnormality. Little is known about the factors that

may occasion such abnormalities, but there is a
high incidence of patent ductus arteriosus in
infants who have been infected with rubella virus in
utero. The rubella virus appears to have a predilec-
tion for the ductus and the adjacent pulmonary
trunk and pulmonary arteries. The walls of the ves-
sels show hyaline degeneration and fibrosis with
persistent patency of the ductus and stenosis of the
left or right pulmonary artery, or both, at their ori-
gin. Often, the main pulmonary artery is involved,
so that it too is narrowed between the ductus and
the pulmonary valve. Apart from this specific infec-
tion, little is known about the failure of the ductus
to close. Histological studies have not been reveal-
ing, mainly showing some collagen fibers in the
wall with some elastic tissue, but this may be a 
secondary replacement process. An interesting
observation has been made by Patterson and
Detweiler [58], who used inbreeding to create a line
of dogs with a better than 80% incidence of persis-
tent patent ductus arteriosus. Examination of the
ductus of these fetal puppies has shown some
replacement of normal muscle, explaining the lack
of constriction. The reason for this anomaly has not
been explained. Patent ductus arteriosus has been
known to occur on a hereditary basis, and I have
encountered two families in which patent ductus
arteriosus occurred in the females of three 
generations.

Patent ductus arteriosus may occur in associ-
ation with other lesions, such as aortic coarctation
or stenosis, ventricular septal defect, atrial septal
defect, and endocardial cushion defects. The ductus
arteriosus may be the only means of maintaining
pulmonary blood flow after birth in infants with
right-sided obstructive lesions, such as tricuspid or
pulmonary atresia. It may also provide total sys-
temic blood flow in infants with aortic atresia, and
blood flow to the lower portion of the body in
patients with aortic arch interruption. The role of
the ductus in these other congenital lesions is dis-
cussed in the relevant chapters.

Hemodynamic considerations
The circulatory consequences of persistent patency
of the ductus arteriosus after birth are related to the
size of the ductus, the relationship between pul-
monary and systemic vascular resistance, and the
performance of the myocardium.
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Small to moderate-sized ductus arteriosus
If the ductus arteriosus is narrow, pulmonary 
arterial pressure will fall as pulmonary vascular
resistance falls after birth, and an increasing left-to-
right shunt, related to the drop in pulmonary vas-
cular resistance, will develop. Depending on the
magnitude of the shunt, systemic arterial diastolic
pressure may fall and pulse pressure widens (Fig-
ure 6.4). Pulmonary blood flow increases and the
venous return to the left atrium increases. Left ven-
tricular filling is increased and stroke volume is
increased in association with an increase in left ven-
tricular end-diastolic pressure and left atrial pres-
sure. Usually, left ventricular output increases
sufficiently to provide an adequate systemic blood
flow despite the left-to-right shunt. If systemic arte-
rial diastolic pressure falls, peripheral vascular
resistance may decrease in an attempt to achieve
adequate peripheral flow. In most of these infants,
no evidence of serious cardiac failure occurs; there
may be tachycardia, some tachypnea, and mild
increase of respiratory effort, but the infant is usu-
ally not in severe distress.

Patients with a small patent ductus arteriosus
usually do not show any serious hemodynamic
consequences beyond infancy; there is little risk of
the development of pulmonary vascular changes or
of exercise limitation in later life. There is a risk that
infective endocarditis may develop.

Large ductus arteriosus
When the ductus is very large, pressures between
the aorta and the pulmonary artery will remain
equal after birth, and the patterns of flow are 
determined primarily by the relationship between
pulmonary and systemic vascular resistance. Im-
mediately after birth, the rise in systemic vascular
resistance and the fall in pulmonary vascular resist-
ance associated with ventilation of the lungs create
some degree of left-to-right shunting. During the
neonatal period and early infancy, it is not at all
unusual for bidirectional shunting through the
ductus to occur. This probably is related to the fact
that with ventricular systole, the right ventricle
ejects in a stream directed through the main pul-
monary artery to the ductus and thus some pul-
monary arterial blood may pass into the descending
aorta in early systole, because systolic pressures are
nearly equal. This kinetic effect may be aided by the
fact that the aortic stream during systole is chan-
neled around the arch to the descending aorta and
may create a Bernoulli effect at the ductus orifice.
The left-to-right shunt occurs predominantly dur-
ing diastole.

Pulmonary vascular resistance falls after birth
but, as has been mentioned, the presence of a large
systemic–pulmonary communication may retard
normal maturation of the pulmonary vessels after
birth. Thus, the decrease may be prolonged over
several weeks. This is associated with an increasing
left-to-right shunt, widening of pulse pressure, and
increased pulmonary circulation, with a large vol-
ume overload of the left ventricle. Left ventricular
end-diastolic pressure increases, as do left atrial and
pulmonary venous pressures. Left ventricular fail-
ure with pulmonary edema first supervenes, possi-
bly followed by right ventricular failure; usually, the
manifestations of cardiac failure appear within 3–8
weeks after birth but may occur earlier (Figure 6.5).

In many infants with a large patent ductus arte-
riosus and elevated left atrial pressure, a left-to-
right shunt, often of large magnitude, occurs at the
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Figure 6.4 Small patent ductus arteriosus: course of the
circulation, oxygen saturations (circled), and pressures in
the heart and great vessels in an infant postnatally. m,
mean pressure.
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atrial level. In most of these babies there is a large
pressure difference between the left and right
atrium, and after the ductus has been closed the
shunt disappears. The shunt is due to stretching of
the atrial septum because of left atrial enlargement,
with resultant incompetence of the foramen ovale,
or possibly due to herniation of the lower margin of
the foramen ovale under the crista dividens into the
right atrium.

The development of cardiac failure in infants
with a large patent ductus is related not only to the
pulmonary vascular resistance decrease but also 
to the ability of the left ventricle to handle the
increased volume load. As mentioned above, the
left ventricle of the immature fetal lamb is capable
of increasing its output in response to increased
preload resulting from increased pulmonary venous
return associated with expansion of the lung after
birth [34]. Furthermore, it can increase its output
to maintain an adequate systemic blood flow if
about 50% of its output is shunted through the
ductus arteriosus. If a greater proportion is shunted,

systemic blood flow falls and left ventricular failure
develops.

The more mature the infant and the longer after
birth that the increased volume load is presented to
the myocardium, the greater the likelihood that it
will tolerate the increased volume load without fail-
ing. An important factor is the development of
hypertrophy in response to an increased workload;
if there is a rapid decline in pulmonary vascular
resistance, with rapid development of the volume
load on the ventricle, failure may develop because
there is inadequate time for hypertrophy. With
more gradual evolution of the changes there may be
an opportunity for adequate hypertrophy to occur
to allow the ventricle to handle the load.

An additional factor that could be important in
determining the ability of the left ventricle to
increase its output in infants with patent ductus
arteriosus is the adequacy of coronary blood flow.
Relatively little myocardial blood flow to the left
ventricular myocardium occurs during systole,
because intramyocardial pressure is as high as aor-
tic pressure. Coronary blood flow to the left ven-
tricular myocardium occurs predominantly during
diastole. The perfusion pressure providing coro-
nary blood flow is determined by the difference
between aortic diastolic pressure and the diastolic
pressure in the ventricular chamber. In the infant
with patent ductus arteriosus, aortic diastolic pres-
sure is reduced and left ventricular diastolic 
pressure is increased, so that there is a marked
reduction in the pressure difference. Furthermore,
with increased heart rate and some degree of pro-
longation of left ventricular systolic ejection time,
the total duration of diastole over a unit of time
may be reduced. Coronary flow may therefore be
reduced severely in a situation in which increased
oxygen requirements are necessary for the increased
ventricular work, and coronary blood flow and
oxygen delivery may be compromised, particularly
to the subendocardial region of the myocardium.
These factors may account for the development of
ST segment depression and T-wave flattening or
inversion in the left precordial leads in the electro-
cardiogram.

An additional factor that may contribute to
reduction in oxygen supply to the myocardium is
the physiological fall in hemoglobin concentration
after birth. In the normal infant, hemoglobin 
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Figure 6.5 Large patent ductus arteriosus: course of the
circulation, oxygen saturations (circled), and pressures in
the heart and great vessels in an infant 3 months after
birth. m, mean pressure.
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concentration falls to about 10–11 g/dL by 8–10
weeks after birth. The decrease in hemoglobin level
will accentuate the reduction of oxygen supply to
the myocardium. Also systemic blood flow has 
to be increased to meet tissue oxygen require-
ments, with a resultant increased demand on the
left ventricle.

Extramyocardial factors are important in deter-
mining the clinical manifestations of cardiac fail-
ure. These are discussed extensively in Chapter 7.
Other conditions that may stimulate demands for
increased systemic blood flow are infection and
increased environmental temperature. The intro-
duction of these added stresses to an infant who
otherwise is tolerating an increased volume load
reasonably well may precipitate the onset of left
ventricular failure.

In view of the importance of pulmonary vascular
resistance in determining the subsequent hemody-
namic events, conditions that maintain a high pul-
monary vascular resistance after birth may prevent
the development of left ventricular failure or allay
its severity. Infants born and continuing to live at
high altitude do not have the same incidence or
severity of heart failure as those born at sea level.
Also, an infant with a large ductus arteriosus who 
is not in any serious difficulty may conceivably
develop cardiac failure within a relatively short
time (days to weeks) on descending from altitude
to sea level, because pulmonary vascular resistance
falls quite rapidly. We have also had experience
with infants who have had lung disease and a large
patent ductus arteriosus who have developed left-
sided heart failure after the lung disease has been
treated and hypoxia relieved.

If the infant survives the cardiac failure, there is
usually a gradual improvement in clinical manifes-
tations, related to the development of increasing
pulmonary vascular resistance. The evolution of
these changes is discussed in detail in Chapter 5.
Associated with the increasing pulmonary vascular
resistance there is a decrease in left-to-right shunt;
when the pulmonary vascular changes become
severe enough to raise pulmonary vascular resist-
ance above systemic levels, right-to-left shunt
develops. The shunted systemic venous blood flows
predominantly to the descending aorta, thus result-
ing in an oxygen saturation difference between the
upper and lower parts of the body (Figure 6.6). If

pulmonary vascular resistance is moderately 
elevated, right-to-left shunt and cyanosis of the
lower body may be mild at rest, but increase with
exertion. With further increases of pulmonary vascu-
lar resistance, cyanosis becomes persistent. With 
a relatively fixed pulmonary vascular resistance,
changes in systemic vascular resistance will greatly
influence the clinical manifestations. With exer-
tion, for example, systemic vascular resistance falls
and there is increased right-to-left shunt. The con-
sequences of the development of severe pulmonary
vascular obstruction are described in Chapter 5.

Clinical manifestations
Small ductus arteriosus
The patient with a small ductus arteriosus usually
has no symptoms referable to the cardiovascular
system and also has normal development. Blood
pressure is usually normal if the shunt is small, but
with somewhat larger shunts pulse pressure may
increase. Cardiac activity and pulsations are nor-
mal, but mild left ventricular hyperactivity may be
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Figure 6.6 Large patent ductus arteriosus with markedly
increased pulmonary vascular resistance: course of the
circulation, oxygen saturations (circled), and pressures in an
adult. m, mean pressure.
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noted. The first and second heart sounds are nor-
mal. The only significant finding is the presence of a
continuous murmur in the left infraclavicular area,
along the upper left sternal border. The murmur
varies greatly in character. It usually starts shortly
after the first sound and extends beyond the second
sound, but usually ends in mid-diastole. It tends to
have peak accentuation at the second sound. With a
small patent ductus, the murmur does not usually
have the rough or “rocky” quality described with
larger ductuses. The murmur may be heard better
in some postures than in others, and frequently
varies with respiration, increasing in intensity with
expiration.

“Silent” ductus arteriosus
Since the introduction of ultrasound techniques,
particularly Doppler flow studies, it has been recog-
nized that a small ductus arteriosus detectable by
ultrasound may not result in the typical clinical fea-
tures of a patent ductus arteriosus. In some of these
individuals, a soft grade 1–2/6 continuous murmur
may be heard in the infraclavicular area intermit-
tently; in others, only a grade 1–2/6 systolic mur-
mur may be evident. Occasionally, no murmur is
audible. There are also no other clinical manifesta-
tions to suggest the diagnosis.

In the individual with a small patent ductus arte-
riosus, the electrocardiogram is usually normal, but
may show a modest increase in the height of the R
wave in left precordial leads and prominent S waves
in the right precordial leads. Chest radiography is
also usually normal, but may reveal mild increase in
pulmonary arterial markings and slight increase in
left ventricular size.

Moderate-sized patent ductus arteriosus
This usually presents the so-called classic clinical
picture of patent ductus arteriosus. The infant may
appear well but may, often in retrospect, have had
some tachypnea. Weight gain may be slow. By
about 8–10 weeks after birth, evidence of left ven-
tricular failure may appear. The infant is irritable,
feeds poorly, becomes breathless or “tired” with
feeding, and perspires excessively, particularly in
relation to feeding. Increasing tachypnea and dysp-
nea develop. The pulse is rapid and bounding in
quality and pulse pressure is increased. The heart 
is enlarged and there is hyperactivity of the left 

ventricle. The first sound is accentuated at the apex,
and the pulmonary second sound, which may 
not be heard well at the upper left sternal border 
as it may be masked by the murmur, is usually
moderately increased in intensity. There is a typical
“machinery” murmur, a continuous murmur
starting shortly after the first sound, reaching max-
imal accentuation at the second sound, and then
declining in intensity to end in mid to late diastole.
The murmur has an irregular intensity and a low
frequency, often with very rough components; it is
heard best at the upper left sternal border. A promin-
ent third sound, and usually a short mid-diastolic
murmur of low frequency, are heard at the apex,
associated with the increased diastolic flow across
the mitral valve. Rales may be heard at the lung
bases. Hepatomegaly of varying degree is usually
noted.

These infants may survive the cardiac failure
without therapy and gradually, presumably due to
the development of left ventricular hypertrophy,
show improvement. They may be at some risk of
developing pulmonary vascular changes in late
adolescence, but certainly do not have the same
risks as those with large ductuses. They are often
poorly developed, have limitation of exercise toler-
ance, and perspire excessively.

The electrocardiogram in infancy shows an
increase in left ventricular forces and also, in the
first 6 months or so, evidence of increased right
ventricular forces. Beyond infancy there are pre-
dominantly increased left forces, with tall R waves
in leads V5 and V6, but T waves are usually not
inverted. A broad bifid P wave in standard leads I
and II may reflect left atrial enlargement.

Chest radiography shows an enlarged heart with
predominant left ventricular prominence. The left
atrium is large; the main pulmonary artery segment
is prominent and the pulmonary vascular markings
are increased. The ascending aorta and aortic knob
are usually well seen, because they are enlarged due
to the increased volume they conduct.

Large patent ductus arteriosus
When the ductus arteriosus is very large, the clinical
picture described for the moderate-sized ductus is
exaggerated. Evidence of cardiac failure may pre-
sent somewhat earlier, often within 3–6 weeks after
birth, and is more severe. The pulses are bounding,
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with a wide pulse pressure. The cardiac impulse is
prominent, both left and right ventricles being
hyperactive. The first sound is loud at the apex and
the second sound is accentuated at the upper left
sternal border. A loud continuous murmur with
features similar to those described above for the
moderate-sized ductus is usually heard. However,
only a systolic murmur of grade 2–4/6 intensity,
often peaking in late systole, may be heard. Although
the characteristic extension of the murmur into
mid-diastole may be absent, on careful auscultation
extension of the murmur beyond the second sound
into early diastole may be appreciated. Rarely, 
a murmur may not be audible at the upper left 
sternal border. A prominent low frequency mid-
diastolic flow rumble is usually audible at the apex.
It may not be evident when the infant is in cardiac
failure and has marked tachycardia, but with slow-
ing it becomes obvious. Evidence of cardiac failure,
such as pulmonary rales and hepatomegaly, occurs
to varying degrees.

The electrocardiogram usually shows biventricu-
lar hypertrophy and often a broad bifid P wave, 
and chest radiography shows features similar to
those mentioned above. The heart may be more
strikingly enlarged and evidence of pulmonary
edema may be present.

These infants are at risk of succumbing to cardiac
failure if not treated. They may show response to
treatment for failure initially, but often mild failure
persists, growth is slow, and infections may aggrav-
ate the manifestations of cardiac failure. If the
lesion is not corrected, the infant has persistent
sweating, increased respiratory rate and effort, and
growth failure. The enlarged left and right ventri-
cles result in anterior bulging of the sternum and
costal cartilages. Over a varying period ranging
from 3 to 6 months or more, the manifestations 
of cardiac failure improve, related to a gradual
increase in pulmonary vascular resistance and
reduction in the magnitude of left-to-right shunt
(see Chapter 5). The degree of sweating and the res-
piratory distress decreases, and appetite and weight
gain increase. The heart becomes smaller and car-
diac activity decreases. The mid-diastolic apical
murmur gradually disappears and the pulmonary
second sound becomes louder. The continuous
murmur at the upper left sternal border may
become less harsh and the diastolic component

may become shorter in duration. On chest radio-
graphy, the heart size decreases and right ventricu-
lar enlargement becomes more evident. The central
pulmonary arteries become very prominent, but
the peripheral vascular markings become less evid-
ent. The electrocardiogram may show evidence of
increasing right ventricular hypertrophy.

The time course of subsequent changes varies,
depending on the rate of progression of the pul-
monary vascular changes. As pulmonary vascular
resistance increases there is a further lessening 
of symptoms of cardiac failure, the heart size
decreases, left ventricular activity decreases, and the
right ventricular impulse becomes dominant. The
second pulmonary sound remains accentuated but
becomes narrower. The diastolic component may
disappear and later the systolic component may
become shorter and softer. The apical mid-diastolic
flow murmur also disappears.

In the late stages of the development of high pul-
monary vascular resistance, pulmonary valve insuf-
ficiency may develop and manifest as a decrescendo
diastolic murmur immediately following the sec-
ond sound in the pulmonary area. Cyanosis begins
to appear, usually with exertion, and is seen first
only in the lower extremities. The differential
cyanosis may become marked with exertion and
later at rest. Clubbing of the toes, but not of the
fingers, may become manifest. The pulmonary vas-
cular resistance may increase toward the latter part
of the first year, but progression may be slow.
Evidence of markedly elevated pulmonary vascular
resistance may become manifest within 2–3 years,
but may be delayed to adolescence or early adult
life. Pulmonary vascular obstructive changes occur
at an early age in patients with patent ductus arte-
riosus living at high altitude.

The electrocardiogram shows a progressive reduc-
tion in left-sided and an increase in right ventricu-
lar forces. Chest radiography shows increasing
right ventricular dominance, a very large main pul-
monary artery and large hilar vessels, with progres-
sive decrease or “pruning” of the peripheral lung
vessels.

Patent ductus arteriosus associated with other
left-to-right shunt lesions
Although patent ductus arteriosus with left-to-
right shunt occurs as an isolated lesion in most
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patients, occasionally a ventricular septal defect,
atrioventricular septal defect, or atrial septal defect
is associated. The presence of the loud continuous
murmur of the patent ductus arteriosus may mask
the presence of an additional defect. Thus the mur-
mur of atrial septal defect will not be evident and
the separate murmur created by a ventricular septal
defect may not be appreciated. In patients with 
a large patent ductus arteriosus and markedly
increased pulmonary vascular resistance, an associ-
ated ventricular septal defect or atrioventricular
septal defect may not be suspected clinically,
because often there are no signs indicating the pres-
ence of the additional lesion.

Investigations
Ultrasound
In the early experience with ultrasound, the ductus
arteriosus was not directly visualized, the technique
providing information about the physiological
consequences of the ductus left-to-right shunt.
Left-to-right shunting at the ventricular level and/or
mitral regurgitation could also result in the finding
of left atrial and left ventricular dilation, with the
left atrial diameter exceeding the diameter of the
aortic root by a ratio greater than 1.1–1.3 and thus
there was often uncertainty about the presence 
of the lesion. Two-dimensional echocardiography
increased the sensitivity of echocardiography in
finding ventricular septal defects, congenital mal-
formations of the mitral valve and chordae, and
direct visualization of the ductus arteriosus. The
addition of color flow Doppler mapping has made
it possible to detect even very small patent ductuses.
Although the ductus may be visualized by two-
dimensional and color flow Doppler ultrasound
imaging, it is often difficult to image the ductus
along its whole course and thus the narrowest
diameter may not be evident. Apart from detecting
patency of the ductus, other features to be clarified
are the presence of associated lesions, estimation of
the magnitude of the left-to-right shunt, and esti-
mation of pulmonary arterial pressure.

A careful examination should be carried out to
exclude other lesions. As mentioned above, it is
often difficult to detect the presence of other left-
to-right shunt lesions by clinical examination, so
the ultrasound study should exclude ventricular
septal defect, atrioventricular septal defect, and

atrial septal defect. In the infant with a large patent
ductus, the left atrium may be dilated and, associ-
ated with the high pressure, the atrial septum may
bulge into the right atrium. The foramen ovale may
be stretched and Doppler examination may detect 
a left-to-right shunt. In addition, pulmonary and
aortic stenosis should be excluded, because clinical
evidence of these lesions may be masked by a loud
murmur of patent ductus arteriosus. Because
patent ductus arteriosus is not infrequently asso-
ciated with aortic coarctation, this should also be
excluded.

A large-diameter ductus does not necessarily
imply the presence of a large left-to-right shunt,
because the shunting will be determined by the
level of pulmonary vascular resistance. Ultrasound
evidence of a large shunt includes enlargement of
the left atrium and a large hyperdynamic left ventri-
cle. A useful indicator of the magnitude of the 
left-to-right shunt is the pattern of flow in the
descending aorta at the level of the diaphragm as
assessed by Doppler flow study. Normally there is
forward flow throughout diastole, but with increas-
ing size of the left-to-right shunt, the forward flow
decreases and, with large shunts, retrograde flow is
evident in diastole. It is often difficult to calculate
pulmonary blood flow by continuous flow Doppler
because of turbulence resulting from the flow
through the ductus into the pulmonary artery.
Measurement of flow across the tricuspid valve
provides an estimate of systemic blood flow and
measurement of flow across the mitral valve pro-
vides an estimate of pulmonary blood flow.

The velocity of the jet in the ductus has been used
to estimate the pressure gradient between the aorta
and pulmonary artery in order to assess pulmonary
arterial pressure. However, it may be unreliable if
the ductus is long or tortuous. If pulmonary valve
insufficiency is detected, the velocity of the regur-
gitant jet may provide an estimate of pulmonary
arterial diastolic pressure.

Cardiac catheterization
Prior to the introduction of ultrasound techniques,
cardiac catheterization and angiocardiography
were performed for the purposes of confirming the
diagnosis of patent ductus arteriosus, excluding
other lesions, and calculating pulmonary vascular
resistance. Ultrasound examination made it possible
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to confirm the diagnosis and to exclude other
lesions, so that catheterization was performed to
assess pulmonary vascular resistance and its response
to pulmonary vasodilators. Recently, however, cathe-
terization procedures are again being performed to
close the ductus by transcatheter techniques.

Catheter manipulation
Using the groin approach, the venous catheter can
almost invariably be passed through the ductus
arteriosus from the pulmonary artery into the aorta.
When the ductus arteriosus is large, the catheter
usually passes preferentially through the ductus
and considerable manipulation is required to pass
the catheter into the branch pulmonary arteries.
Occasionally, in the patient with a very small duc-
tus, it may not be possible to pass the catheter
through it. Typically, the catheter passes into the
descending aorta, but rarely it may pass proximally
into the arch and enter one or other carotid artery.
If the latter does occur, it is important to exclude
the possibility that the catheter has entered the
carotid vessel from the ascending aorta, by passing
from the pulmonary artery through an aortopul-
monary septal defect. The exact nature of the lesion
can be recognized by performing an angiogram
with the catheter positioned in the aorta just
beyond the ductus. If the venous catheter cannot be
manipulated through the ductus, a catheter passed
retrogradely from the femoral artery can usually be
passed readily through the ductus into the pul-
monary artery. An angiogram done in the aorta in
the region of the attachment of the ductus arterio-
sus clearly demonstrates the lesion.

Oxygen saturation data
In small infants, particularly those with a large
patent ductus, a left-to-right shunt at the atrial level
is not infrequent. The oxygen saturation in SVC
blood may be reduced to 50–60% if the infant is in
cardiac failure. A rise of saturation of 10–15% and
by as much as 20% at the atrial level is not unusual
when the foramen ovale is stretched. The magni-
tude of the left-to-right shunt through the ductus
may not be appreciated, because the atrial shunt
may increase the oxygen saturation of right ventric-
ular blood to such a high level that, even with a large
ductus shunt, pulmonary arterial oxygen satura-
tion is only slightly higher.

In the absence of an atrial left-to-right shunt, the
increase in saturation is noted at the pulmonary
arterial level. In some patients with a large ductus
arteriosus, an increase in oxygen saturation may be
noted in the right ventricular infundibular region,
below the valve, due to pulmonary regurgitation. It
is not usually possible to obtain a sample that is
truly representative of mixed pulmonary arterial
blood. Blood samples obtained in the main pul-
monary artery may show considerable variation in
oxygen saturation depending on whether the sam-
ple is obtained close to the ductus or in the stream
ejected by the right ventricle. Oxygen saturation in
the left pulmonary artery tends to be higher than
that in the right pulmonary artery, because blood
shunted through the ductus passes preferentially
into the left side. When pulmonary vascular resist-
ance is high, no increase in oxygen saturation on
the right side of the heart may be detected.

Oxygen saturation in the left atrium and ventri-
cle and in the aorta is usually normal. However, 
in small infants with cardiac failure, pulmonary
edema may interfere with oxygenation in the lungs
and the arterial saturation may be reduced to
90–92%. The oxygen saturation in the ascending
aorta and the innominate or left carotid artery 
is usually normal in older infants and children. 
In infants with large defects, the oxygen satura-
tion in the descending aorta or its branches may 
be reduced by up to 5–8% compared with the
ascending aorta due to bidirectional shunting. In
patients with increased pulmonary vascular resist-
ance and large right-to-left shunts, a large reduc-
tion in oxygen saturation in the descending aorta is
evident. Oxygen saturation in the left subclavian
artery may be similar to that in the ascending aorta,
but it may be somewhat reduced by retrograde 
flow of some blood shunted right to left through
the ductus.

With a small patent ductus, the left-to-right
shunt may be insignificant and may not be recog-
nized on the basis of oxygen saturation data, but this
should not exclude the diagnosis. An angiogram
performed in the aorta will confirm the diagnosis.

Pressures
With a small patent ductus arteriosus, all vascular
pressures are normal. With moderate-sized defects,
right ventricular and pulmonary arterial systolic
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pressures are usually moderately elevated to about
35–65 mmHg; right ventricular end-diastolic pres-
sure is normal or slightly increased. Pulmonary
arterial diastolic and mean pressures are also mod-
erately elevated, with mean pressures of 20–40
mmHg. Left atrial mean pressure is mildly to mod-
erately elevated to 6–12 mmHg and the v wave is
prominent. Left ventricular systolic pressure is nor-
mal and left ventricular end-diastolic pressure is
slightly to moderately increased. Aortic diastolic
pressure is reduced to a variable degree and pulse
pressure is increased.

With large defects, right ventricular and pul-
monary arterial systolic pressures are equal to those
in the systemic circulation. Pulmonary arterial
diastolic pressure may be relatively low at 25–40
mmHg. Aortic diastolic pressure is low and may be
reduced to the same level as pulmonary arterial
diastolic pressure. Left atrial mean pressure may be
increased to 10–15 mmHg and left ventricular end-
diastolic pressure may be raised to 15–20 mmHg.
Occasionally, patients with very large left-to-right
shunts demonstrate a systolic pressure difference
between the left ventricle and ascending aorta at the
site of the aortic valve. The gradient varies from 10
to 25 mmHg, but has been as high as 60 mmHg. It
is due to a relative stenosis related to the high flow
across the aortic valve. The aortic valve appears
normal by both ultrasound and angiography, and
after closure of the ductus the gradient disappears.
When pulmonary vascular resistance increases,
aortic diastolic pressure increases, as does pul-
monary arterial diastolic and mean pressure.
Simultaneous pressures measured in the aorta and
pulmonary artery may show identical systolic and
diastolic levels.

Blood flows
In view of the difficulty in obtaining a good 
mixed pulmonary arterial sample for oxygen 
analysis, calculations of pulmonary blood flow by
the Fick method are often unreliable. Systemic
blood flow can usually be measured, unless there 
is right-to-left shunt through the ductus, in which
case calculations are unreliable because oxygen 
saturations in the ascending and descending aorta
differ. Systemic blood flow is often reduced in
infants with a large ductus arteriosus and cardiac
failure.

Vascular resistances
Calculations of pulmonary vascular resistance may
be unreliable, in view of the problems in measuring
pulmonary blood flows. In early infancy, with large
ductuses, the calculated resistances are usually some-
what increased, in the range of 3–5 units/m2. If 
pulmonary vascular changes develop, the vascular
resistance increases. Occasionally this begins to
occur in the latter part of the first year, but may not
develop for several years. In patients living at high
altitudes, marked increases in pulmonary vascular
resistance may occur at an early age. Systemic 
vascular resistance is usually normal, but may be
increased in the infant with cardiac failure.

Angiocardiography
The size and site of origin of a patent ductus from
the aorta and some indication of the magnitude 
of left-to-right shunt can be obtained from an
angiogram performed in the aorta just distal to the
arch at the origin of the ductus or just distal to it. It
is usually best visualized in the lateral projection. In
the presence of a small patent ductus arteriosus
there often is a bulge in the aorta, the ductus
ampulla, at the site of origin of the ductus. The
small ductus arises from the apex of the ampulla
and courses to the pulmonary artery. A jet of con-
trast medium may be seen to enter the pulmonary
artery from the ductus. With large left-to-right
shunts through the ductus, the ascending aorta is
dilated.

Differential diagnosis
Large patent ductus arteriosus in the infant in
cardiac failure
Several lesions may simulate a large ductus arterio-
sus because they may cause cardiac failure in
infancy and are associated with a wide pulse 
pressure. Many of these are often also associated
with loud murmurs that extend into diastole,
including:
• aortopulmonary septal defect;
• truncus arteriosus communis;
• systemic arteriovenous fistula;
• aortic–left ventricular tunnel;
• aortic insufficiency with or without a ventricular
septal defect;
• sequestration of the lung;
• coronary arteriovenous fistula.
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Conditions that may cause a systolic and diastolic
murmur but which are not associated with a wide
pulse pressure include pulmonary arteriovenous
fistula and tetralogy of Fallot with absent pul-
monary valve. Examination by ultrasound, includ-
ing Doppler flow studies, will usually readily
differentiate between the lesions.

The clinical features of the rare aortopulmonary
septal defect are indistinguishable from those of
patent ductus arteriosus. Turbulence is noted in the
main pulmonary artery on Doppler examination,
but it is important to identify whether flow into the
pulmonary artery is from the descending aorta, as
with patent ductus arteriosus, of from the ascend-
ing aorta. Truncus arteriosus may present with
many of the features of patent ductus arteriosus.
Usually the infant has mild cyanosis, but with a
large pulmonary blood flow, cyanosis may be so
mild that it is not appreciated. With truncus arte-
riosus and very large pulmonary blood flows, the
peripheral pulse pressure may not be very wide,
because systolic pressure may be low. The murmur
of truncus arteriosus is usually systolic, but may be
continuous and is often heard in both sides of the
chest. If truncus valve regurgitation is present, an
early decrescendo diastolic murmur may be heard.
A systemic arteriovenous fistula between the sub-
clavian artery and vein may cause cardiac failure in
infancy and be associated with wide pulse pressure
and a continuous murmur. The murmur is more
prominent below the outer end of the clavicle,
rather than at the upper left sternal border, as with a
ductus arteriosus. The murmurs of aortic–left ven-
tricular tunnel or aortic insufficiency with ventric-
ular septal defect are characterized by back and
forth timing, rather than continuous, as with a
patent ductus arteriosus. The systolic component
does not usually extend to the second sound, so that
there is a gap between the systolic and diastolic
components of the murmur. With patent ductus
the systolic murmur is crescendic to the second
sound and continues into the diastolic component.
A sequestered lobe of the lung may be supplied by a
large artery from the descending aorta; high flow
may result in cardiac failure. The murmur is often
continuous but is located in the lower chest and 
is usually most prominent posteriorly. Coronary
arteriovenous fistulae do not usually present with
cardiac failure in infancy, but a large shunt may
cause a wide pulse pressure and a continuous mur-

mur, which is most commonly heard along the
lower right sternal border.

Tetralogy of Fallot with absent pulmonary valve
may present with a loud murmur, which may be
confused with, but is not typical of, patent ductus
murmur. The murmur has been described as “see-
saw” in character, as discussed above. Pulmonary
arteriovenous fistulae may present with continuous
murmurs; these are usually best heard in the
periphery of the lungs and cyanosis of varying
degree is evident.

Small patent ductus arteriosus
The lesions that may be considered are mainly
those producing continuous murmurs at the upper
left sternal border or left infraclavicular area,
including coronary arteriovenous fistula, anoma-
lous origin of the left coronary artery from the pul-
monary artery, intercostal arteriovenous fistula,
peripheral pulmonary stenosis, venous hum, and
pulmonary arteriovenous fistula. The distinction is
readily made by ultrasound examination.

Principles of management

The approach is different in the preterm infant ver-
sus the mature infant and child. Management in the
infant and child is usually based on the size of the
ductus. No specific criteria have been developed to
define what is large, medium or small, but often the
size is based on the degree of elevation of pul-
monary arterial pressure and the magnitude of the
left-to-right shunt. Thus if systolic pressure in the
pulmonary artery is above 40–50 mmHg, the duc-
tus is considered to be large; if systolic pressure is
normal or not above 25–30 mmHg, the ductus is
considered to be small. If the ratio of pulmonary to
systemic blood flow is greater than 2:1, the shunt 
is thought to be large; a ratio of less than 1.5:1 
indicates a small shunt. The size of the ductus arte-
riosus, an estimate of the volume overload on the
left ventricle, and information about pulmonary
arterial pressure can usually be provided by ultra-
sound examination.

Patent ductus arteriosus in the
premature infant
Treatment is discussed in the section ‘Complica-
tions of patent ductus arteriosus in the premature
infant’ above.
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Large patent ductus arteriosus
During infancy
If the infant with a large patent ductus develops 
cardiac failure, diuretic therapy should be insti-
tuted. If the infant does not respond rapidly 
to treatment, the ductus should be closed by
surgery. If the failure responds and the infant is free
of symptoms, two possible approaches can be con-
sidered. Surgical closure may be performed with-
out delay, although it is now being suggested by
some that if the cardiac failure is well controlled, it
may be reasonable to observe the infant until the
age of 6–8 months, at which time transcatheter 
closure may be feasible. Currently, transcatheter
closure is not usually recommended in infants
weighing less than about 5 kg. However, successful
procedures have been reported in a few small
infants, and this could become routine as more
experience is gained and better devices developed
(see Chapter 6).

It is widely accepted practice to close the 
ductus arteriosus either with a device or by sur-
gery if the infant has had cardiac failure, even 
if it has responded to medical therapy. This seems
reasonable if the child is not thriving or if pul-
monary arterial pressure is elevated. However, if
there is no evidence of cardiac failure, the infant 
is growing well, and pulmonary arterial pressure 
is only slightly increased, it might be justified to
delay closing the ductus. Spontaneous closure 
of the ductus may occur during the first year, but
the incidence of closure during this period is not
defined.

Beyond infancy
If the ductus diameter is large and pulmonary arte-
rial systolic pressure is elevated above about 30
mmHg, closure is indicated because there is the risk
of development of pulmonary vascular changes
with progressive increase in pulmonary vascular
resistance. Beyond infancy, closure may still occur,
at an estimated rate of 0.6% per year [59]. It is not
known, however, what the incidence of closure is
with ductuses of different size. Beyond early infancy,
cardiac failure is rare before the age of 20–30 or
even 40 years; right heart failure may then develop
as a result of progressive pulmonary vascular dis-
ease. The main risk before that time is considered to
be the development of infective endocarditis. This
is discussed below.

Large patent ductus arteriosus with
increased pulmonary vascular
resistance
Patients of this type should no longer be encoun-
tered, because they should have been treated in
infancy. In the child who has markedly increased
pulmonary vascular resistance with right-to-left
shunt, surgical closure of the ductus is not generally
advised, as many of these patients do not survive
the procedure because systemic blood flow is com-
promised; also acute right heart failure may ensue.
An approach that might be considered is to treat
the patient with a pulmonary vasodilator drug 
such as bosentan, sildenafil, or intravenous PGI2

for several months (see Chapter 5) in an attempt 
to reduce pulmonary vascular resistance prior to
attempting ductus closure.

It is in the patient with moderately increased pul-
monary vascular resistance (8–12 units/m2) that
the decision is difficult. If pulmonary vascular resist-
ance falls considerably with a pulmonary vasodila-
tor such as tolazoline, PGI2 or NO, closure of the
ductus should be performed. If the patient has been
living at high altitude, it is advisable to observe
whether the pulmonary vascular resistance falls
after living near sea level. If it does fall significantly,
surgery is advised.

Often, however, there is no good basis on which
to decide whether surgery should be performed.
Some patients with this level of resistance survive
surgery and show improvement in the pulmonary
circulation. Others, however, show a progressive
increase in pulmonary vascular resistance after 
the ductus has been closed and usually do not sur-
vive long. We do not know what determines the
outcome, and the decision whether or not to 
recommend closure of the ductus is very difficult.
All these patients should be treated with pul-
monary vasodilator drugs after closure of the 
ductus. Possibly this will improve the long-term
expectancy.

Moderate-sized, small, and silent ductus
arteriosus
Decisions regarding management of a patent duc-
tus arteriosus are determined by its potential
adverse effects. The main concerns are cardiac 
failure, pulmonary vascular obstructive disease, 
left ventricular myocardial damage, and infective
endocarditis (endovasculitis). As mentioned above,
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there is general agreement that the ductus should
be closed if acute cardiac failure is present and
response to medical therapy is inadequate. Also, 
if pulmonary arterial pressure is elevated to 
above half of systemic arterial pressure, the ductus
should be closed to try to avoid pulmonary vascular
abnormalities.

Left ventricular myocardium
Concern has been raised that a moderate-sized left-
to-right shunt places a chronic volume load on the
left ventricle and this could induce myocardial
hypertrophy and also fibrosis, resulting in myocar-
dial failure after many years. As Campbell reported,
beyond infancy, cardiac failure is rare in patients
with patent ductus arteriosus before the age of 30 
or even 40 years [59]. Based on this information, most
pediatric cardiologists recommend that the ductus
should be closed if there is a moderate left-to-right
shunt and/or if there is cardiomegaly noted in chest
radiography or ultrasound examination, in order
to prevent possible damage to the left ventricular
myocardium. There are several questions regarding
this reasoning. Campbell’s report was based on
purely clinical observation and there is no informa-
tion regarding the size of the left-to-right shunt and
volume overload. It is possible that all those indi-
viduals who developed cardiac failure had very
large shunts and possibly some had early coronary
artery disease. A recent report on the natural his-
tory of ventricular septal defect suggests that the
risks of myocardial damage related to a moderate
left-to-right shunt have been overstated [60].

Follow-up of patients with ventricular septal
defect with moderate left-to-right shunts and evid-
ence of left ventricular enlargement showed no
progression over at least 2 years, but rather a
decrease in heart size and no echocardiographic
evidence of left ventricular dysfunction. It may not
be appropriate to compare patients with patent
ductus arteriosus with those with ventricular septal
defect, because ventricular septal defects are prob-
ably more likely to become smaller over time.
Furthermore, the study does not resolve the issue
whether exposure to a moderately increased vol-
ume load for decades may have adverse effects on
the left ventricular myocardium. However, there is
little convincing evidence that a moderate increase
in volume load on the left ventricle from a left-to-

right shunt has significant adverse effects on the
myocardium. The issue needs to be examined by
prospective studies.

Without further information, it is difficult to
make specific recommendations about whether to
close a patent ductus arteriosus to avoid the pos-
sible risk of left ventricular failure in later life.
Pediatric cardiologists have generally regarded a
shunt as being large if the ratio of pulmonary to sys-
temic blood flow is greater than 2:1, but this is 
arbitrary. A ratio greater than 2:1 has often been
used as a basis for recommending closure of the
ductus. As mentioned above, it is often difficult to
measure pulmonary blood flow reliably even by
catheterization, because oxygen contents of the
right and left pulmonary artery may differ. Also,
measurement of flows by ultrasound is not reliable.

Currently, my view is that a patient who has a
mild to moderate shunt based on clinical examina-
tion, but with no symptoms, should be studied by
ultrasound to assess left ventricular size and perform-
ance and then should be reevaluated at 1–2 year
intervals. If there are progressive changes in the
ventricle or if symptoms develop, the ductus
should be closed.

Issues of infective endocarditis
Until recently, it was recommended that all patients
with a patent ductus arteriosus should receive
antibiotic prophylaxis for infective endocarditis
[61]. With the advent of ultrasound examination,
and especially Doppler flow study, increasing num-
bers of individuals are being identified who have no
clinical evidence of a patent ductus arteriosus but in
whom a very small patent ductus is detected. This 
is referred to as silent patent ductus arteriosus (see
Chapter 6). Questions have been raised about the
necessity for recommending antibiotic prophylaxis
in these individuals. Although infective endocardi-
tis has been reported in patients with small patent
ductus arteriosus, the necessity for prophylaxis in
the individual with a silent patent ductus has to be
considered. If it is decided that prophylaxis is indi-
cated, this raises the issue of whether ultrasound
studies should be performed in the whole popula-
tion in order to detect whether an individual has a
silent patent ductus arteriosus.

Endocarditis certainly occurs with patent ductus
arteriosus, but the incidence has been controversial.

c06.qxd  12/22/08  11:33  Page 142



The ductus arteriosus and persistent patency of the ductus arteriosus 143

In 1968, Campbell [59] estimated that almost half
the deaths related to patent ductus arteriosus could
be related to infective endocarditis. However,
about 20 years later, the incidence appeared to have
fallen dramatically [62]. Although it is possible that
the decrease in incidence is related to introduction
of prophylactic antibiotic therapy, this does not
seem likely in view of the current concept that
antibiotic prophylaxis is not very effective in pre-
venting infective endocarditis. It could be the result
of improvements in dental hygiene or to a general
reduction in the occurrence of infections in the
population. There has also been great interest in the
influence of ductus size on the incidence of infective
endocarditis. Although infection has been reported
in a patient with a silent ductus [63], this is exceed-
ingly rare. In fact, in an adult population the dia-
meter of the ductus arteriosus was less than 4.5 mm
in 60%, but greater than 4.5 mm in all those who
developed endocarditis [64].

There is increasing evidence that in recent years
endocarditis is not an important complication in
patients with patent ductus arteriosus, and cer-
tainly not in those with small ductuses. Thus in
Sweden a review of almost 3 million deaths over the
period 1960–1993 found that only two deaths could
be attributed to infective endocarditis; both were in
adults, one with Eisenmenger syndrome and in the
other autopsy confirmation was not obtained [65].
These authors reviewed 207 children and adults
with patent ductus over an aggregate of 1196 years
at risk and did not encounter any instance of infec-
tive endocarditis.

The primary reason why pediatric cardiologists
and pediatric cardiac surgeons recommended clos-
ing the ductus was to prevent the development of
infective endocarditis. Also, because prophylactic
therapy was strongly recommended, closure was
advised to eliminate the need for repeated adminis-
tration of antibiotics. However, the guidelines for
prophylaxis of infective endocarditis have now
changed and antibiotic prophylaxis is no longer
recommended for patients with patent ductus arte-
riosus [66]. It is still the practice in most centers to
close even small patent ductuses. It is justified on
the basis that device closure has minimal risk and it
is therefore advisable to close the ductus to prevent
possible development of endocarditis. Some, but
not all, recommend that even silent ductus arterio-

sus should be closed. With the overwhelming evid-
ence that endocarditis is rare, and because it can 
be successfully treated in the rare event that it may
occur, this approach is unreasonable. As stated by
Sullivan [67], “the natural history of a small arterial
duct with a negligible left-to-right shunt is not
known with certainty, but the risk of endocarditis is
vanishingly small.”

Based on current information there appears 
to be diminishing justification for closing small to
moderate-sized ductus arteriosus, even though it
can be done with little risk and few complications.

Techniques for ductus arteriosus closure
Surgical closure of the ductus can be accomplished
through a left thoracotomy without the use of car-
diopulmonary bypass. In the early experience with
surgery, following ligation of the vessel, occasion-
ally a small residual shunt was detected. It therefore
became the practice of most surgeons to divide the
ductus and suture the two open ends. With a large
ductus, this procedure entailed some risk of hem-
orrhage, particularly in small infants. Currently, it
has become common practice to ligate the ductus
in small infants. It is likely that instances of appar-
ent recanalization were due to inadequate ligation
of a large ductus. The procedure has very low mor-
bidity and mortality. The complications that may
result are recurrent laryngeal nerve palsy, because
the left nerve is closely related to the ductus, and
trauma to the thoracic duct, resulting in chylotho-
rax. Recently, ligation of the ductus arteriosus has
been successfully accomplished in infants using
video-assisted thoracoscopic surgery through very
small incisions in the chest [57].

Transcatheter closure of the ductus arteriosus
was first accomplished by Portsmann et al. [68].
Their technique required an approach through
both a femoral vein and artery and the use of very
large catheters and was not widely accepted.
Subsequently, Rashkind et al. [69] have developed a
double-umbrella device. This consists of a stainless
steel wire frame that is held open by a spring mech-
anism; covering the frame is polyurethane fabric.
This device can be used to close ductuses up to 
8 mm diameter. This device has been modified by
Lock to allow closure of ductuses with diameters up
to 12 mm. Several other devices have been devel-
oped. The Gianturco coil is a stainless steel spring
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coil onto which have been embedded fibers of 
various materials. The device is placed in its
uncoiled state in a catheter and embolized into the
patent ductus; they are preformed to create coils of
2–8 mm diameter. The advantage of this device is
that it can be delivered through a very small
catheter. The coil and the embedded fibers induce
thrombosis that closes the ductus. An important
disadvantage is that the coil may embolize into the
pulmonary artery. Although it can usually be
retrieved, this is not always possible. To overcome
this problem, Cook has recently developed a
retrievable coil system; the delivery wire remains
attached to one end of the coil and is freed by a
screw mechanism when the coil has been satisfactor-
ily positioned. Another technique using a button
device has been developed for transcatheter closure
of the patent ductus arteriosus. More recently,
another device called the Amplatzer ductus
occluder has become available. It is constructed of
Nitinol wire mesh and has a skirt on the aortic side
to retain it in the ductus ampulla. When implanted,
the device expands so that the wire is pushed
against the ductus wall. Fabrics made of polyester
induce thrombosis.

The largest experience has been gained with the
use of Gianturco coils and the Rashkind double-
umbrella device. After placement of the device,
there may be a left-to-right shunt of varying size for
a variable period. Complete closure is achieved in
about half the patients soon after the procedure,
but in some closure is not complete until 2–3 years
after the procedure, and in a very small percentage
complete closure may not be accomplished. There
is currently some reluctance to use transcatheter
approaches in the infant under the age of 2–3
months who has a large patent ductus. Also the
technique has not been applied to closure of duc-
tuses in premature infants.

Currently, most patients with patent ductus arte-
riosus can have successful closure by transcatheter
techniques beyond early infancy with no mortality
and very low morbidity. The advantages of this
approach are that a thoracotomy is avoided and
many procedures can be done on an outpatient
basis. Apart from the risk of embolization of coils
into the pulmonary artery, the other main concern
is damage to the femoral artery if an approach is
made through this vessel, particularly in small

infants. Many centers therefore prefer to use a
venous approach if at all possible.

One of the questions that has been raised is
whether the foreign material in the aorta or pul-
monary artery is a potential site for development of
infective endocarditis. Frequently the end of a
Gianturco coil projects into the aorta or pulmonary
artery; whether this could be the site for thrombosis
or infective endocarditis is yet to be resolved. In 
follow-up for several years, it does not appear that
any difficulties have been observed, but further
more extensive information is necessary. Occasional
instances of partial obstruction of the left pul-
monary artery and less frequently of the descending
aorta have been observed.

In a number of patients, a second procedure has
been necessary to effect closure of the ductus,
because the first attempt did not achieve complete
closure. Important unresolved issues include the
indications and timing of a second procedure.
Because closure after the initial procedure may be
delayed for months or even 2–4 years, it is necessary
to make a determination about if and when a sec-
ond procedure should be performed. Rarely, a sec-
ond procedure is required due to detection of
mechanical hemolytic anemia secondary to a resid-
ual high-velocity shunt jet past the foreign body
that was imbedded in the ductus arteriosus during
the first procedure.

References

1 Hoffman JIE. In: Rudolph CD, Rudolph AM, Hostetter

MK, Lister G, Siegel NJ, eds. Rudolph’s Pediatrics. New

York: McGraw-Hill, 2002: 1781.

2 Lloyd TR, Beekman RH III. Clinically silent patent 

ductus arteriosus [Letter]. Am Heart J 1994;127:1664–

1665.

3 Mielke G, Benda N. Cardiac output and central distribu-

tion of blood flow in the human fetus. Circulation

2001;103:1662–1668.

4 Sutton MS, Groves A, MacNeill A, Sharland G, Allan L.

Assessment of changes in blood flow through the lungs

and foramen ovale in the normal human fetus with gesta-

tional age: a prospective Doppler echocardiographic

study. Br Heart J 1994;71:232–237.

5 Rasanen J, Wood DC, Weiner S, Ludomirski A, Huhta

JC. Role of the pulmonary circulation in the distribution

of human fetal cardiac output during the second half of

pregnancy. Circulation 1996;94:1068–1073.

c06.qxd  12/22/08  11:33  Page 144



The ductus arteriosus and persistent patency of the ductus arteriosus 145

6 Shiraishi H, Yanagisawa M. Bidirectional flow through

the ductus arteriosus in normal newborns: evaluation by

Doppler color flow imaging. Pediatr Cardiol 1991;12:

201–205.

7 Clyman RI, Chan CY, Mauray F et al. Permanent

anatomic closure of the ductus arteriosus in newborn

baboons: the roles of postnatal constriction, hypoxia, and

gestation. Pediatr Res 1999;45:19–29.

8 Kennedy JA, Clark SL. Observations on the physiological

reactions of the ductus arteriosus. Am J Physiol 1942;136:

140–144.

9 Oberhansli-Weiss I, Heymann MA, Rudolph AM,

Melmon KL. The pattern and mechanisms of response of

the ductus arteriosus and umbilical artery to oxygen.

Pediatr Res 1972;6:693–700.

10 McMurphy DM, Heymann MA, Rudolph AM, Melmon

KL. Developmental changes in constriction of the ductus

arteriosus: responses to oxygen and vasoactive sub-

stances in the isolated ductus arteriosus of the fetal lamb.

Pediatr Res 1972;6:231–238.

11 Fay FS, Nair P, Whalen WJ. Mechanism of oxygen

induced contraction of ductus arteriosus. Adv Exp Med

Biol 1977;78:123–134.

12 Coceani F, Hamilton NC, Labuc J, Olley PM. Cytochrome

P450-linked monooxygenase: involvement in the lamb

ductus arteriosus. Am J Physiol 1984;246:H640–H643.

13 Thébaud B, Michelakis ED, Wu XC et al. Oxygen-sensitive

Kv channel gene transfer confers oxygen responsiveness

to preterm rabbit and remodeled human ductus arterio-

sus: implications for infants with patent ductus arteriosus.

Circulation 2004;110:1372–1379.

14 Kajimoto H, Hashimoto K, Bonnet SN et al. Oxygen activ-

ates the Rho/Rho-kinase pathway and induces RhoB 

and ROCK-1 expression in human and rabbit ductus

arteriosus by increasing mitochondria-derived reactive

oxygen species: a newly recognized mechanism for sustain-

ing ductal constriction. Circulation 2007;115:1777–1788.

15 Coceani F, Kelsey L, Seidlitz E. Evidence for an effector

role of endothelin in closure of the ductus arteriosus at

birth. Can J Physiol Pharmacol 1992;70:1061–1064.

16 Coceani F, Kelsey L. Endothelin-1 release from lamb duc-

tus arteriosus: relevance to postnatal closure of the vessel.

Can J Physiol Pharmacol 1991;69:218–221.

17 Takahashi Y, Roman C, Chemtob S et al. Cyclo-

oxygenase-2 inhibitors constrict the fetal lamb ductus

arteriosus both in vitro and in vivo. Am J Physiol

2000;278:R1496–R1505.

18 Clyman RI, Mauray F, Roman C, Rudolph AM. PGE2 is a

more potent vasodilator of the lamb ductus arteriosus

than is either PGI2 or 6 keto PGF1alpha. Prostaglandins

1978;16:259–264.

19 Clyman RI, Mauray F, Roman C, Rudolph AM,

Heymann MA. Circulating prostaglandin E2 concentra-

tions and patent ductus arteriosus in fetal and neonatal

lambs. J Pediatr 1980;97:455–461.

20 Clyman RI, Heymann MA, Rudolph AM. Ductus 

arteriosus responses to prostaglandin E1 at high and 

low oxygen concentrations. Prostaglandins 1977;13:

219–223.

21 Clyman RI, Mauray F, Heymann MA, Rudolph AM.

Ductus arteriosus: developmental response to oxygen

and indomethacin. Prostaglandins 1978;15:993–998.

22 Clyman RI, Mauray F, Roman C et al. Effects of antenatal

glucocorticoid administration on ductus arteriosus of

preterm lambs. Am J Physiol 1981;241:H415–H420.

23 Clyman RI, Waleh N, Black SM, Riemer RK, Mauray F,

Chen YQ. Regulation of ductus arteriosus patency by

nitric oxide in fetal lambs: the role of gestation, oxygen

tension, and vasa vasorum. Pediatr Res 1998;43:633–

644.

24 Momma K, Toyono M. The role of nitric oxide in dilat-

ing the fetal ductus arteriosus in rats. Pediatr Res

1999;46:311–315.

25 Mentzer RM Jr, Ely SW, Lasley RD, Mainwaring RD,

Wright EM Jr, Berne RM. Hormonal role of adenosine in

maintaining patency of the ductus arteriosus in fetal

lambs. Ann Surg 1985;202:223–230.

26 Sawa R, Asakura H, Power GG. Changes in plasma

adenosine during simulated birth of fetal sheep. J Appl

Physiol 1991;70:1524–1528.

27 Alzamora-Castro V, Battilana G, Abigattas R, Sialer S.

Patent ductus arteriosus and high altitude. Am J Cardiol

1960;5:761–763.

28 Penaloza D, Arias-Stella J, Sime F, Recavarren S,

Marticorens E. The heart and pulmonary circulation in

children at high altitudes. Physiological, anatomical and

clinical observations. Pediatrics 1964;34:568–582.

29 Powell ML. Patent ductus arteriosus in premature

infants. Med J Aust 1963;2:58–60.

30 Lucas A, Mitchell MD. Plasma-prostaglandins in pre-

term neonates before and after treatment for patient duc-

tus arteriosus. Lancet 1978;ii:130–132.

31 Clyman RI, Brett C, Mauray F. Circulating prostaglandin

E2 concentrations and incidence of patent ductus arte-

riosus in preterm infants with respiratory distress syn-

drome. Pediatrics 1980;66:725 –729.

32 Seidner SR, Chen YQ, Oprysko PR et al. Combined

prostaglandin and nitric oxide inhibition produces

anatomic remodeling and closure of the ductus arterio-

sus in the premature newborn baboon. Pediatr Res

2001;50:365–373.

33 Shimada S, Kasai T, Konishi M, Fujiwara T. Effects of

patent ductus arteriosus on left ventricular output and

organ blood flows in preterm infants with respiratory

distress syndrome treated with surfactant. J Pediatr

1994;125:270–277.

c06.qxd  12/22/08  11:33  Page 145



146 CHAPTER 6

34 Clyman RI, Roman C, Heymann MA, Mauray F. How a

patent ductus arteriosus effects the premature lamb’s

ability to handle additional volume loads. Pediatr Res

1987;22:531–535.

35 Evans M. Assessment and support of the preterm circula-

tion. Early Hum Dev 2006;82:803–810.

36 Kluckow M, Evans NJ. Low superior vena cava flow and

intraventricular haemorrhage in preterm infants. Arch

Dis Child 2000;82:F188–F194.

37 Teitel DF, Sidi D, Chin T, Brett C, Heymann MA,

Rudolph AM. Developmental changes in myocardial

contractile reserve in the lamb. Pediatr Res 1985;19:

948–955.

38 Newnham JP, Marshall CL, Padbury JF, Lam RW, Hobel

CJ, Fisher DA. Fetal catecholamine release with preterm

delivery. Amer J Obstet Gynecol 1984;149:888–893.

39 Osborn DA, Kluckow M, Evans N. Randomised trial of

dobutamine vs dopamine in preterm infants with low

systemic blood flow. J Pediatr 2002;140:183–191.

40 Paradisis M, Evans N, Kluckow M, Osborn D, McLachlan

AJ. Pilot study of milrinone for low systemic blood flow

in very preterm infants. J Pediatr 2006;148:306–313.

41 Kari MA, Raivio KO, Stenman UH, Voutilainen R.

Serum cortisol, dehydroepiandrosterone sulfate, and

steroid-binding globulins in preterm neonates: effect of

gestational age and dexamethasone therapy. Pediatr Res

1996;40:319–324.

42 Seri I, Tan R, Evans J. Cardiovascular effects of hydrocor-

tisone in preterm infants with pressor resistant hypoten-

sion. Pediatrics 2001;107:1070–1074.

43 Rudolph AM, Scarpelli EM, Golinko RJ, Gootman N.

Hemodynamic basis for clinical manifestations of patent

ductus arteriosus. Am Heart J 1964;68:447–458.

44 Fishman NH, Hof RB, Rudolph AM. Models of congen-

ital heart disease in fetal lambs. Circulation 1978;58:

354–364.

45 Silverman NH, Lewis AB, Heymann MA, Rudolph AM.

Echocardiographic assessment of ductus arteriosus shunt

in premature infants. Circulation 1974;50:821–825.

46 Evans N, Moorcraft J. Effect of patency of the ductus arte-

riosus on blood pressure in very preterm infants. Arch

Dis Child 1992;67:1169–1173.

47 Clyman RI, Jobe A, Heymann M et al. Increased shunt

through the patent ductus arteriosus after surfactant

replacement therapy. J Pediatr 1982;100:101–107.

48 Clyman RI, Mauray F, Heymann MA, Roman C.

Cardiovascular effects of patent ductus arteriosus in

preterm lambs with respiratory distress. J Pediatr

1987;111:579–587.

49 Mosalli R, Alfaleh K. Prophylactic surgical ligation of

patent ductus arteriosus for prevention of mortality 

and morbidity in extremely low birth weight infants.

Cochrane Database Syst Rev 2008:23, CD006181.

50 Heymann MA, Rudolph AM, Silverman NH. Closure of

the ductus arteriosus in premature infants by inhibition

of prostaglandin synthesis. N Engl J Med 1976;295:

530–533.

51 Mahony L, Carnero V, Brett C, Heymann MA, Clyman

RI. Prophylactic indomethacin therapy for patent ductus

arteriosus in very-low-birth-weight infants. N Engl J Med

1982;306:506–510.

52 Van Bel F, Bartelds B, Teitel DF, Rudolph AM. Effect of

indomethacin on cerebral blood flow and oxygenation in

the normal and ventilated fetal lamb. Pediatr Res

1995;38:243–250.

53 Fowlie PW, Davis PG. Prophylactic indomethacin for

preterm infants: a systematic review and meta-analysis.

Arch Dis Child 2003;88:F464–F466.

54 Ohlsson A, Walia R, Shah S. Ibuprofen for the treatment

of patent ductus arteriosus in preterm and/or low birth

weight infants. Cochrane Database Syst Rev 2005;19:

CD003481.

55 Herrera C, Holberton J, Davis P. Prolonged versus short

course of indomethacin for the treatment of patent duc-

tus arteriosus in preterm infants. Cochrane Database Syst

Rev 2007;18:CD003480.

56 Keller RL, Tacy TA, Fields S, Ofenstein JP, Aranda JV,

Clyman RI. Combined treatment with a nonselective

nitric oxide synthase inhibitor (l-NMMA) and

indomethacin increases ductus constriction in extremely

premature newborns. Pediatr Res 2005;58:1216–1221.

57 Villa E, Vanden Eynden F, Le Bret E, Folliguet T, La

Borde F. Paediatric video-assisted thoracoscopic clipping

of patent ductus arteriosus: experience in more than 700

cases, Eur J Cardiothorac Surg 2004;25:387–393.

58 Patterson DF, Detweiler DK. Hereditary transmission 

of patent ductus arteriosus in the dog. Am Heart J

1967;74:289–290.

59 Campbell M. The natural history of patent ductus arte-

riosus. Heart 1968;30:4–13.

60 Kleinman CS, Tabibian M, Starc TJ, Hsu DT, Gersony

WM. Spontaneous regression of left ventricular dilation

in children with restrictive ventricular septal defects. 

J Pediatr 2007;150:583–586.

61 Dajani AS, Taubert KA, Wilson W et al. Prevention of

bacterial endocarditis. Recommendations by the Amer-

ican Heart Association. Circulation 1997;96:358–366.

62 Awadallah SM, Kavey RE, Byrum CJ, Smith FC, Kveselis

DA, Blackman MS. The changing pattern of infective

endocarditis in childhood. Am J Cardiol 1991;68:90–94.

63 Balzer DT, Spray TL, McMullin D, Cottingham W,

Canter CE. Endarteritis associated with a clinically silent

patent ductus arteriosus. Am Heart J 1993;125:

1192–1193.

64 Schrader R, Kadel C. Persistierender Ductus arteriosus:

istauch bei asymptomatischen Erwachsenen mit kleinem

c06.qxd  12/22/08  11:33  Page 146



The ductus arteriosus and persistent patency of the ductus arteriosus 147

Ductus und genngen Shunt ein Verschluss indiziert? Z

Kardiol 1993;82:563–567.

65 Thilen U, Astrom-Olsson K. Does the risk of infective

endarteritis justify routine patent ductus arteriosus 

closure? Eur Heart J 1997;18:503–506.

66 Wilson W, Taubert KA, Gewitz M et al. Prevention of

infective endocarditis: guidelines from the American

Heart Association: a guideline from the American Heart

Association Rheumatic Fever, Endocarditis and Kawasaki

Disease Committee, Council on Cardiovascular Disease

in the Young, and the Council on Clinical Cardiology,

Council on Cardiovascular Surgery and Anesthesia, and

the Quality of Care and Outcomes Research Interdis-

ciplinary Working Group. Circulation 2007;116:1736–

1754.

67 Sullivan ID. Patent arterial duct: when should it be

closed. Arch Dis Child 1998;78:285–287.

68 Portsmann W, Wierny L, Warneke H et al. Closure of the

persistent ductus arteriosus: 62 cases treated without tho-

racotomy. Radiol Clin North Am 1971;9:203–218.

69 Rashkind WJ, Mullins CE, Hellenbrand WE, Tait MA.

Non-surgical closure of patent ductus arteriosus: clinical

application of the Rashkind PDA occluder system.

Circulation 1987;75:583–592.

c06.qxd  12/22/08  11:33  Page 147



explanation and is probably accounted for by the
spontaneous closure of the defects even some con-
siderable time after infancy.

Ventricular septal defects also frequently occur
as an integral part of other anomalies, among which
are truncus arteriosus communis, tetralogy of
Fallot, atrioventricular septal defects, double-outlet
right ventricle, and aortopulmonary transposition.
This chapter discusses only isolated ventricular
septal defects; the importance of the defect in other
complexes is discussed in the chapters relating to
the specific lesions.

Morphological considerations

Ventricular septal defects vary greatly in location
and in size. Although the more frequent types of
anatomical defect are described, I would like to
stress that the location of the defect does not appear
to have any major influence on the physiological
abnormalities, except insofar as adjacent structures
may also be involved. However, the location of the
defect may determine some of the clinical features
and the likelihood of spontaneous closure and is of
some importance surgically.

Numerous classifications of ventricular septal
defect have been proposed. In my view, it is conve-
nient to consider the defects in relation to the posi-
tion in the ventricular septum when viewed from
the right ventricle (Figure 7.1). The most common,
comprising about 75% of all ventricular septal
defects, is located in the mid-portion of the upper
region of the septum and is related to the aortic
valve. It has been called an infracristal or subaortic
defect, or type II defect in Kirklin’s classification.
Recently, because it involves the trabecular portion
of the septum, it has become common practice to
use the term perimembranous trabecular defect.
Spontaneous closure is likely in a relatively high
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The incidence of all congenital cardiovascular mal-
formations is generally reported to be about 8 per
1000 births. Isolated ventricular septal defect is by
far the most common lesion, comprising 20–30%
of all patients in numerous publications. In most of
these reports, the diagnoses were based on clinical
assessment. With the advent of echocardiography
and particularly of the use of color flow Doppler
examination, it is now appreciated that many indi-
viduals have congenital cardiovascular malforma-
tions that are not readily recognized, or completely
unrecognized, by clinical evaluation. The real incid-
ence of ventricular septal defect is now known to be
considerably higher than thought previously. Based
on careful routine echocardiographic observations
within 1 week of birth of over 1000 consecutively
born neonates, more than 5% had defects in the
muscular portion of the ventricular septum [1].
Furthermore, the actual incidence of ventricular
septal defect is even higher, because many close
spontaneously prior to birth. This was observed in
nearly half of isolated ventricular septal defects in
26 fetuses [2]. Based on these reports, the incidence
of ventricular septal defects, including fetuses, is
about 10% of all pregnancies. In addition, the con-
cepts regarding the incidence of congenital cardio-
vascular malformations require reconsideration.

As discussed below, many ventricular septal
defects close spontaneously within the first few
years after birth, so that the incidence reported in
many series is underestimated. It also is of interest
that ventricular septal defects are quite unusual in
adults. Although this is partly related to the fact that
some patients die in infancy, it is not the whole

7
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proportion of these defects. Spontaneous closure of
defects is discussed below.

A defect in the anterior and superior portion of
the septum is closely related to both the pulmonary
and aortic valves. It has been called a supracristal or
subpulmonary defect, or type I defect in Kirklin’s
classification. It is now usually referred to as a peri-
membranous outlet defect or, because it is adjacent
to both the aortic and pulmonary valves, as a doubly
committed subarterial defect. In this defect the sup-
port structure for the right coronary cusp may be
disturbed, resulting in prolapse and sometimes
aortic insufficiency. There is not always a correla-
tion between the size of the defect and the sever-
ity of the insufficiency but, generally, small defects
(< 4 mm diameter) are not usually associated with
aortic insufficiency. These defects comprise about
5% of ventricular defects in the USA, but in Asian
populations they are more common, accounting
for about 25% of defects.

A defect in the posterior superior portion of the
septum is adjacent to and beneath the septal leaflet
of the tricuspid valve and has been called an atrio-
ventricular canal defect or type III defect of 
Kirklin, but the more recent nomenclature is peri-
membranous inlet defect. These comprise about 5%
of ventricular septal defects.

The fourth group, comprising about 10% of 
ventricular septal defects, includes those that are
entirely within the muscular portion of the septum.
They may be located anywhere in the muscular sep-
tum, as far down as the apex. They are often slit-
like, especially when small, and may be difficult to
identify at surgery or at autopsy, especially from the
right side, because the opening may be hidden in
the trabecular portion of the septum. These defects,

which were termed muscular or type IV defects of
Kirklin, are now referred to as muscular trabecular
defects. They are the defects most likely to undergo
spontaneous closure. These defects may be multi-
ple, and when numerous fenestrations are present
the term “Swiss cheese septum” has been applied;
this type of defect is not as prone to close spontan-
eously as single defects. Multiple small ventricular
septal defects may allow a large left-to-right shunt,
because the total cross-sectional area of the defect is
quite large.

Hemodynamic considerations

Fetal circulation with ventricular 
septal defect
The majority of infants born with ventricular septal
defect, apart from those who have other genetic
anomalies, are quite normally developed, so it
appears that the defect does not have any significant
effect on blood flow to the fetal organs or to the 
placenta. It is not known whether ventricular septal
defects produce any significant alterations in the
course of the fetal circulation. Right and left ventri-
cular pressures, as well as aortic and pulmonary
trunk pressures, are almost equal in the fetus. Also
the atrial pressures and end-diastolic pressures in
the ventricles are similar on the two sides of the
heart. Therefore shunting patterns will be deter-
mined largely by the impedances of the aorta and
pulmonary trunk. Most of the blood from the pul-
monary trunk normally flows through the ductus
arteriosus to the descending aorta, because pul-
monary vascular resistance is high and placental
vascular resistance relatively low. It might be expected
that, in a fetus with a ventricular septal defect, some

Perimembranous
inlet defect

Doubly committed
subarterial defect

Perimembranous
trabecular defect

Muscular trabecular
defects

Tricuspid valve

Pulmonary valve

Figure 7.1 Location of various types of
ventricular septal defect as viewed from
the right ventricular aspect of the
septum.
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degree of shunting from the right to the left ventri-
cle might occur during systole through the defect.

However, based on observations in fetal lambs,
we have demonstrated that the aortic isthmus in the
fetus is the narrowest portion of the aorta. It
imposes a relatively high resistance to left ventricu-
lar ejection, and flow through it is quite low (see
Figure 1.7, p. 7). In contrast, the ductus arteriosus
diameter is large and the right ventricle ejects
through it into the relatively low-resistance 
placental circulation. If a communication is created
between the two circulations, blood is likely to flow
from the circulation with high impedance to that of
lower impedance. Based on these considerations,
one would predict that, in the fetus with a ventricu-
lar septal defect, left-to-right ventricular shunting
would be likely to occur during systole.

This concept is supported by echocardiographic
and Doppler flow studies in a few human fetuses.
Either no flow was observed in either direction
through a ventricular septal defect, or left-to-right
shunting was noted during systole in an occasional
fetus. In some instances, a right-to-left shunt
through the defect was observed during diastole.
This latter observation is difficult to understand,
but the most plausible explanation is that left-to-
right shunting during systole results in more 
effective emptying so that during ventricular filling,
a small amount of flow occurs from the right to the
left ventricle.

Whatever flow pattern does occur, the magni-
tude of the shunt is not likely to be great. Because
relatively small amounts of blood would be shunted
to the ascending or descending aorta respectively, it
would not be likely to alter the normal difference
between the Po2 of the upper and lower body
greatly. A small decrease in the normal oxygen 
saturation difference between the ascending and
descending aorta could occur. A small increase in
oxygen saturation in pulmonary trunk blood may
be present because the Po2 of left ventricular blood
is higher than that of right ventricular blood in the
fetus (see Figure 1.5, p. 5). This would result in a
slight increase in oxygen saturation of blood per-
fusing the lungs and in blood in the descending
aorta (Figure 7.2).

The position of the defect possibly could
influence the shunt depending on kinetics of blood
flow. A large doubly committed subarterial or sub-

pulmonary ventricular septal defect could possibly
be associated with a larger left-to-right shunt.
During systole, blood ejected by the left ventricle
could be directed preferentially through the defect
into the pulmonary artery. An additional factor
that may contribute to the shunting of blood away
from the left ventricle through the subpulmonary
defect is the presence of some degree of stenosis 
of the outflow tract of the left ventricle. Peri-
membranous defects are also occasionally associ-
ated with a shelf or ridge in the left ventricular
outflow tract. Although this may not cause a
significant gradient between the left ventricle and
the aorta, it may further enhance the outflow resis-
tance of the ventricle and increase the size of the
left-to-right shunt.

If a larger left-to-right shunt did occur, the pro-
portion of left ventricular output ejected into the
ascending aorta would be reduced. This would have
a significant effect on the volume of flow across the
aortic isthmus to the descending aorta, and could
result in narrowing of the isthmus in the fetus
(Figure 7.3). This concept is discussed in detail in
Chapter 12.
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Figure 7.2 Large ventricular septal defect in the fetus:
course of the circulation, oxygen saturations (circled), and
pressures in the heart and great vessels during fetal life. m,
mean pressure.
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The pattern of blood flow in the fetus with a left-
to-right shunt will differ from that postnatally.
After birth, blood shunted through a ventricular
septal defect passes through the pulmonary circula-
tion and returns to the left atrium and ventricle (see
below). This enhances filling of the left ventricle
and its output is increased as a result of increased
pulmonary venous return. In the fetus, shunted
blood ejected by the left ventricle enters the pul-
monary artery and is then likely to flow through 
the ductus arteriosus, rather than through the pul-
monary circulation, because fetal pulmonary vascu-
lar resistance is high. Pulmonary resistance could
possibly be lowered slightly by the small increase in
pulmonary arterial oxygen content resulting from
the shunt (see Figure 7.3), but this effect is probably
not significant. Thus, if left ventricular filling is not
increased, the reduction of flow into the ascending
aorta may further contribute to poor development
of the aortic isthmus. If, associated with the left-to-
right shunt, the left ventricle ejects a larger volume,
end-systolic volume will be reduced and filling may

be maintained to some extent by increased flow
through the foramen ovale.

Postnatal circulatory adaptation
The hemodynamic effects of ventricular septal
defects after birth are related largely to two factors:
(i) the size of the defect and (ii) the relative outflow
resistances of the right and left ventricles. The loca-
tion of the defect is not of particular importance 
in determining the magnitude of the shunt or the 
clinical consequences. The postnatal changes in the
relationship between pulmonary and systemic vascu-
lar resistances determine the direction and magni-
tude of shunting and the pressure and volume loads
placed on the right and left ventricle, respectively.

Systemic vascular resistance is increased suddenly
when clamping or constriction of the umbilical
arteries eliminates the low-resistance umbilical–
placental circulation. Pulmonary vascular resist-
ance is decreased when the lungs are expanded by
ventilation with air (see Chapter 5). In the hours
immediately after birth, only a small left-to-right
shunt occurs because pulmonary vascular resist-
ance is still moderately elevated (Figure 7.4).
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Figure 7.3 Large doubly committed subarterial ventricular
septal defect with narrowing of subaortic region: course of
the circulation, oxygen saturations (circled), and pressures
in the heart and great vessels during fetal life. Note
narrowing of the aortic isthmus. m, mean pressure.
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Figure 7.4 Large perimembranous ventricular septal 
defect in the immediate newborn period: course of the
circulation, oxygen saturations (circled), and pressures 
in the heart and great vessels. m, mean pressure.
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Large ventricular septal defect
With a large communication between two fluid-
filled chambers, the pressures in the chambers are
equal. Equalization of pressures is attained between
the right and left ventricles with septal defects
about the same diameter as the aortic orifice. In
subsequent discussion ventricular septal defects of
this size or larger are termed “large” or “nonrestric-
tive” defects. Under these circumstances of equal
ejection pressure, the outflow resistance deter-
mines the volume ejected by each ventricle. This
could be increased by associated obstructive lesions
such as pulmonary stenosis on the right side, or
aortic stenosis or coarctation of the aorta on the 
left side. In the absence of these associated anoma-
lies, ejection into the systemic and pulmonary 
circulations is determined by their relative vascular
resistances.

As pulmonary vascular resistance falls after
birth, there is preferential flow to the lungs and, 
in addition to systemic venous return, the right
ventricle and pulmonary artery receive blood that
flows across the ventricular septal defect. The total
pulmonary blood flow returns to the left atrium
and the left ventricle (Figure 7.5). The left ventricle
thus receives a larger volume during diastole,
resulting in increased end-diastolic volume. The
muscle fiber length is increased and based on the
Frank–Starling mechanism, the left ventricle con-
tracts more forcibly and its output is increased. The
ability of the left ventricle to maintain an adequate
systemic blood flow is determined by its myocar-
dial performance and the magnitude of shunting.
The proportion of left ventricular blood shunted
influences the volume distributed to the systemic
circulation. Thus to maintain systemic blood flow
at its normal level, left ventricular output would
have to change as follows.

It has become common practice to indicate 
the magnitude of left-to-right shunting by using 
the ratio of pulmonary to systemic blood flow
(Ap/As). Because pulmonary venous blood all
returns to the left ventricle, pulmonary blood flow
is represented by left ventricular output. Thus
Ap/As is 1.33:1 for a 25% shunt, 2:1 for a 50%
shunt, and 4:1 for a 75% shunt. At Ap/As ratios
above about 4:1, left ventricular output has to
increase enormously to maintain an adequate 
systemic blood flow. Small increases in the per-
centage shunt are associated with huge increases 
in Ap/As. Ratios above 4:1 are unusual, because 
the left ventricle is usually incapable of sustaining
such large ejection volumes without developing
failure.

The increased left atrial pressure and resultant
enlargement may cause stretching of the atrial sep-
tum, with incompetence of the foramen ovale, and
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Figure 7.5 Large ventricular septal defect in an infant:
course of the circulation, oxygen saturations (circled), and
pressures in the heart and great vessels. Compared with
Figure 7.4, there has been a decrease in pulmonary vascular
resistance; left-to-right shunt and pulmonary blood flow
have increased and left atrial pressure is raised. Left-to-
right shunt also occurs across the stretched foramen ovale.
m, mean pressure.

• A 25% shunt would require a 1.33-fold increase

in left ventricular output

• A 50% shunt would require a twofold increase
in left ventricular output
• A 75% shunt would require a fourfold
increase in left ventricular output
• An 80% shunt would require a fivefold
increase in left ventricular output
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possible herniation of the lower margin of the fossa
ovalis into the right atrium, resulting in secondary
atrial left-to-right shunting (see Figure 7.5). The
left-to-right shunt through the foramen ovale is
usually small but sometimes is of considerable
magnitude and may be important in modifying the
clinical features. Unless there is a true atrial septal
defect, the mean pressure in the left atrium exceeds
that in the right atrium by several mmHg, indicat-
ing that the foramen ovale opening is still of limit-
ing size.

It has been proposed that shunting of blood away
from the left atrium may be of benefit in diverting
blood from a failing left ventricle that is on the
descending limb of its ventricular function curve.
By reducing left ventricular volume loading and left
ventricular end-diastolic pressure, a fall in left atrial
and pulmonary venous pressures would ensue 
and lead to an improvement in pulmonary edema.
However, infants with a large ventricular septal
defect and a large atrial left-to-right shunt are usu-
ally symptomatic very early, and tend to have severe
symptoms. This is related to the fact that the shunt
at the atrial level does not permit left ventricular
end-diastolic pressure to rise. Therefore, left ven-
tricular output cannot be increased greatly, with
the result that systemic blood flow cannot be main-
tained. The increased flow of blood into the right
atrium would enter the right ventricle, placing an
increased diastolic volume load on the right side.
Because, with a large defect, pressure in the right
ventricle is equal to that in the left ventricle, the
right ventricle is confronted with a large increase in
pressure and volume loading, and failure of this
ventricle may dominate the clinical picture.

Effect of afterload on the left ventricle
An increase in afterload on the left ventricle may
result from associated valvar or subvalvar aortic
stenosis or from interruption or coarctation of the
aorta. It may also occur if systemic vascular resist-
ance is increased. The adverse effects of high sys-
temic vascular resistance in these patients forms the
basis for the use of afterload-reducing agents in
their treatment (see Chapter 7).

An elevation in outflow resistance of the left 
ventricle will increase the magnitude of the left-to-
right shunt, thereby aggravating the volume load
on the ventricle; it will also tend to reduce systemic

blood flow and increase the manifestations of car-
diac failure. Systemic vascular resistance is increased
as a result of α-adrenoceptor stimulation via the
direct action of sympathetic nerves and by increased
circulating catecholamine concentrations. Other
mechanisms that tend to raise systemic vascular
resistance in patients with large defects are
increased angiotensin II and vasopressin concen-
trations (see Chapter 7).

The continued reduction in pulmonary vascular
resistance over the first few weeks results in an
increasing left-to-right shunt; this is accentuated 
to some extent by a modest increase in systemic
vascular resistance. There is thus a progressive 
augmentation of pulmonary blood flow, pul-
monary venous return, and left atrial and ventricu-
lar filling (see Figure 7.5). The high volume load on
the left ventricle is associated with elevation of left
ventricular end-diastolic, left atrial and pulmonary
venous pressures, and pulmonary edema results
from increased hydrostatic pressure. Ultimately,
with the inability of the left ventricle to maintain
the high stroke volume, systemic blood flow falls
and circulatory shock develops.

Factors influencing the onset of
cardiac failure

Pulmonary circulatory changes
The evolution of cardiac failure is very much
dependent on the postnatal changes in the pul-
monary circulation. On the basis of the matura-
tional pattern observed in normal animals and
infants, it would be expected that the volume over-
load on the left ventricle, with onset of failure,
would occur within 1–2 weeks after birth. Because
the pulmonary vascular changes and reduction in
vascular resistance are delayed when pulmonary
arterial hypertension persists (see Chapter 5), the
onset of failure in mature infants born and living
near sea level may be delayed until about 8–10
weeks after birth.

Effect of altitude
The rate of decline in pulmonary vascular resis-
tance may be influenced by other factors, which
may have a bearing on the patient with ventricular
septal defect. These are discussed in detail in
Chapter 5, but are mentioned briefly here in regard
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to their special role in this lesion. In babies born at
high altitude, the lower inspired Po2 results in
hypoxia of variable degree, with consequent delay
in the fall in pulmonary vascular resistance. At high
altitudes of 4000 m, as in the Peruvian Andes, 
this effect is striking, and severe cardiac failure is
unusual in infants with ventricular septal defect
born into this environment. However, even at lower
altitudes, such as at 1800 m in Denver, Colorado,
there appears to be a lesser incidence, lesser sever-
ity, and later onset of heart failure in infants with
ventricular septal defects. Similar effects may occur
in infants with ventricular septal defect who have
persistent chronic pulmonary disease after birth. It
is also of interest that infants with Down syndrome
and a large ventricular septal defect often have high
pulmonary vascular resistance and do not present
with cardiac failure. Whether this is due to their
tendency to suffer frequent respiratory infections,
which may cause variable degrees of hypoxia, or
whether the pulmonary vasculature is abnormal in
these infants has not been resolved.

Decreased alveolar ventilation
The advent of pulmonary edema may itself delay
the fall in pulmonary vascular resistance. Accumula-
tion of edematous fluid in the peribronchial tissues
may cause compression of small bronchioles, with
resulting hypoventilation and hypoxia in the lung
segment involved. This could result in an interest-
ing development, because the increased pulmonary
vascular resistance related to the hypoxia could
decrease the left-to-right shunt; venous return to
the left atrium would be reduced and left atrial and
pulmonary venous pressures would fall. An inter-
esting balance may therefore develop between the
magnitude of the shunt and the effects of pul-
monary edema that may maintain the infant in a
relatively stable state of chronic pulmonary edema
and respiratory distress.

Infants with Down syndrome are prone to respi-
ratory difficulty, which may interfere with adequate
ventilation and delay the fall in pulmonary vascular
resistance after birth. Furthermore, there is some
evidence suggesting that the pulmonary vascula-
ture may be abnormal in infants with Down syn-
drome, perhaps genetically related, and this would
also tend to preserve a high pulmonary vascular
resitance.

Prematurity
In premature infants with ventricular septal defects,
the onset of cardiac failure is frequently noted
within 1–2 weeks after birth. This is probably, at
least in part, related to the fact that pulmonary vas-
cular reactivity is not as well developed in the
preterm infant (see Chapter 5) and thus pulmonary
vascular resistance may not be sustained as in 
the mature infant. Furthermore, the likelihood of
increased transudation of fluid from the capillaries
into the alveoli is greater. Another important con-
sideration in the preterm infant is the high level of
oxygen consumption in relation to body weight,
because the preterm infant has a high surface area
relative to body weight. Therefore, the requirement
for cardiac output to provide oxygen to the tissues
is greater and a larger load would be placed on the
left ventricle.

Metabolism and oxygen requirements
In serial studies in newborn lambs, Lister showed
that cardiac output related to body weight fairly
closely parallels changes in oxygen consumption
[3]. Factors that increase oxygen consumption will
therefore place a greater demand on the heart to
provide a larger systemic blood flow to the tissues.
Oxygen requirements may be increased by several
mechanisms in the infant with a ventricular septal
defect.

Body and environmental temperature
The optimal ambient temperature at which oxygen
consumption is lowest is 32–33°C. Surface cooling
results in increased metabolism to maintain body
temperature; this increases oxygen consumption.
Environmental temperatures above the optimal, as
well as fevers resulting from infection, also raise
oxygen consumption. Infants who have a defect
with no manifest failure, or who have had cardiac
failure well controlled by therapy, frequently develop
failure when an infection is superimposed.

Sympathoadrenal stimulation
Stimulation of the sympathetic nervous system
results from distension of the cardiac chambers and
from baroreflex stimulation if cardiac output is
reduced and arterial pressure falls; plasma cate-
cholamine concentrations also increase. Enhanced
catecholamine activity has been demonstrated in
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infants with cardiac failure by observation of high
excretion rates of vanillylmandelic acid in the 
urine [4]. Sympathoadrenal stimulation increases
metabolic activity, largely through β-adrenoceptors,
and thus increases oxygen consumption and cardiac
output requirements.

Increased respiratory effort
In the normal infant breathing quietly, the oxygen
consumption attributable to respiratory activity is
quite low. However, the infant with a large left-to-
right shunt has both tachypnea and dyspnea, and
this considerably increases oxygen consumption
requirements for the increased work of breathing.
Increased left atrial and pulmonary venous pres-
sures may increase pulmonary interstitial fluid 
and greatly increase the work of breathing, so that
oxygen consumption may increase several fold 
as a result.

Anxiety
Oxygen consumption may be increased con-
siderably in the anxious child. Not only is there
increased sympathetic nervous and catecholamine
activity, but restlessness creates increased physical
activity and this, as well as the effort of crying, may
increase oxygen consumption markedly.

Hemoglobin concentration
The amount of hemoglobin determines the oxygen
content of blood. Therefore, to provide the same
amount of oxygen to the tissues, a higher cardiac
output would be required with a lower hemoglobin
concentration (see Chapter 3). Normally, newborn
infants have an average hemoglobin concentration
of 15–17 g/dL. Red cell production is depressed for
6–8 weeks after birth, and hemoglobin concentra-
tion falls to about 11 g/dL by 8 weeks. This fall in
hemoglobin concentration does not affect oxygen
supply in the normal infant, but it may be an
important contributing factor to the development
of cardiac failure in an infant who has increased
metabolic activity and a left ventricle already 
overburdened with the increased output due to
left-to-right shunting. This may also explain the
manifestation of cardiac failure at 6–8 weeks 
after birth.

The importance of the decreased hemoglobin
concentration in influencing the onset of cardiac

failure has been well demonstrated by Lister et al.
[5] in infants with ventricular septal defect with
large left-to-right shunts. Hemoglobin concentra-
tion was increased by an isovolumic exchange
transfusion to avoid changes in blood volume. This
resulted in a fall in systemic and pulmonary blood
flow and a marked decrease in the left-to-right
shunt. Systemic oxygen transport did not change,
despite the fall in systemic flow.

In the preterm infant, hemoglobin concentra-
tion falls to even lower values. By about 8 weeks 
it drops to about 9.5 g/dL in infants with birth
weights of 1500–2000 g, to 9.0 g/dL in those with
birth weights of 1000–1500 g, and even lower in
smaller infants. Thus the preterm infant with a ven-
tricular septal defect would be even more suscept-
ible to cardiac failure as a result of the fall in
hemoglobin concentration.

Type of hemoglobin
At birth, about 75% of hemoglobin is of the fetal
type in the mature infant. This is gradually replaced
by adult hemoglobin with postnatal hematopoiesis,
and by 4 months only about 20% of hemoglobin 
is of fetal type. The high concentration of fetal
hemoglobin reduces the P50 of blood and this limits
the amount of oxygen extracted at the tissue site
(see Chapter 3). Therefore, for the same oxygen
consumption by the tissues, a higher cardiac output
is required. It is fortunate for the infant that the
amount of fetal hemoglobin falls as total hemo-
globin concentration falls, because this compen-
sates to some extent. However, because the fall in
fetal hemoglobin concentration is the result of pro-
duction of new red cells with adult hemoglobin, 
at 6–8 weeks after birth when hemoglobin concen-
tration reaches its lowest postnatal level, about
40–60% of hemoglobin is still of the fetal type.

The preterm infant is born with higher concen-
trations of fetal hemoglobin, and this may be a
more important consideration in the onset of fail-
ure in the presence of a ventricular septal defect
than in the mature infant.

It has been shown in piglets that replacement of
hemoglobin with a low P50 by hemoglobin with a
high P50 reduces cardiac output: cardiac output was
inversely related to hemoglobin P50 [6]. Further-
more, reducing the proportion of fetal hemoglobin
in infants with cardiac failure by exchange transfusion
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with adult blood results in considerable clinical
improvement [5].

Factors involved in manifestations
of failure

In adults, cardiac failure is most commonly associ-
ated with disturbances in heart muscle function, so
that a decrease in ventricular output is an early
manifestation. In infants and children with con-
genital heart lesions, the myocardium is usually
normal until late in the course of the syndrome of
failure. Ventricular output is initially normal and
may, with shunt lesions, be markedly increased.
The term “cardiac failure” is not really appropriate,
because the heart is maintaining not only a normal
but often an increased output. In left-to-right
shunt lesions such as ventricular septal defect and
patent ductus arteriosus, the demands on the left
ventricle to maintain normal systemic blood flow
are not remarkable with shunt proportions of up to
about 60% (see Chapter 7). With shunt percentages
larger than this, the Ap/As ratio or left ventricular
output has to increase dramatically for small
increases in the proportion of output shunted. It is
usually at these levels of shunt that the heart is
unable to maintain an output adequate to provide
normal systemic blood flow. The clinical manifes-
tations of what we now designate cardiac failure
may appear well before this occurs, and are due to a
combination of neurohormonal events and pul-
monary circulatory changes.

Neurohormonal changes
Increase in volume of the heart and great vessels
stimulates stretch receptors in the walls of the atria
and veins. This results in sympathetic stimulation
that exerts its effects directly through the nervous
system and also by influencing several hormonal
functions. Plasma catecholamine concentrations are
increased in infants with large shunts [6]. The direct
effects of sympathetic nerve stimulation are not
separable from those of circulating catecholamines.

Increased activity of sympathetic cholinergic
fibers accounts for the sweating that is a com-
mon manifestation in infants with cardiac failure.
Stimulation of α-adrenoceptors in the splanchnic,
renal, and peripheral circulations causes vasocon-
striction and increases systemic vascular resistance.

Constriction of skin vessels causes pallor. Renal
vasoconstriction results in a fall in renal blood flow
and this may contribute to sodium retention
because a reduced glomerular filtration rate inter-
feres with sodium excretion.

The increased catecholamine secretion may also
be a factor in the increased metabolism and oxygen
consumption (see Chapter 7). Glucose metabolism
may also be altered in these infants. Hait has
described suppression of insulin response to an oral
glucose load in infants in cardiac failure associated
with large left-to-right shunts [7]. Often there is
also resting hyperglycemia and an abnormally high
response, similar to a diabetic curve, after an oral
glucose load. This could interfere with tissue de-
position of carbohydrates. The high catecholamine
secretion could induce the altered handling of glu-
cose; this could also explain the low insulin levels,
because α-adrenergic stimulation depresses insulin
secretion by the pancreatic islets.

Stimulation of β-adrenoceptors in the myocar-
dium causes tachycardia and enhances myocardial
contractility. However, β-adrenoceptors become
downgraded over time, so that myocardial responses
to catecholamine or sympathetic stimulation are
somewhat blunted.

Sympathetic and catecholamine activity stimu-
lates renin secretion from the juxtaglomerular cells
in the kidney. Renin acts on angiotensinogen, an
α2-globulin synthesized by the liver, to produce
angiotensin I. This decapeptide is acted on by
angiotensin-converting enzyme (ACE) synthesized
by pulmonary vascular endothelium to produce
angiotensin II, the active octapeptide, which is a
potent vasoconstrictor.

Plasma aldosterone concentrations are increased
in infants with cardiac failure. This is probably
largely due to stimulation of the adrenal glands by
angiotensin II, but if hepatic blood flow is reduced
as a result of failure, disturbed aldosterone clear-
ance may also contribute to the high levels.
Aldosterone is an important contributor to the
sodium retention that is a prominent feature of car-
diac failure.

Arginine vasopressin (AVP) concentration in
plasma may also be raised in infants in cardiac 
failure. The most likely mechanism for increased
AVP concentrations is baroreceptor stimulation
resulting from a decrease in cardiac output. AVP
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enhances water retention by the kidney and this,
together with the sodium retention, further contri-
butes to increased plasma and tissue fluid volumes.

It is apparent that these neurohormonal mechan-
isms may result in many of the manifestations of
cardiac failure in patients with left-to-right shunts,
before there is any reduction in cardiac output.

Pulmonary edema
Pulmonary blood volume is increased in the pres-
ence of a left-to-right shunt because pulmonary
arterial and venous diameters are larger than nor-
mal. Pulmonary arterial diameter will be increased
markedly if pulmonary arterial pressure is raised, as
with a large ventricular septal defect. If left atrial
and pulmonary venous pressures are elevated, pul-
monary venous distension occurs. This increase in
vascular volume in the thorax, in association with
an increase in heart size associated with the large
volume load, may result in increased ventilatory
effort, mainly tachypnea but also some dyspnea.

If left ventricular end-diastolic pressure is con-
siderably increased as the result of a large left-to-
right shunt, left atrial and pulmonary venous
pressures are elevated and this may cause increased
fluid transudation with interstitial accumulation of
fluid in the lungs, resulting in dyspnea. The level of
left atrial pressure at which significant fluid accu-
mulation occurs in the lung is probably lower in
preterm than in mature infants. This is related to
the fact that plasma oncotic pressure is low because
albumin concentrations are low in preterm infants.
As a result, at similar hydrostatic pressure, the pul-
monary capillaries allow greater diffusion in the
preterm compared with the mature lamb [8].

Pulmonary vessel morphology
The postnatal development of the pulmonary cir-
culation and the effects of congenital heart lesions
on the pulmonary vessels postnatally are discussed
in Chapter 5. Pulmonary vascular resistance does
not fall to normal levels after birth in infants with
large ventricular septal defects. It drops to levels of
3–4 units/m2 over the first 3–6 months compared
with the normal decrease to 1–2 units/m2. There
may then be a fairly stable period for a varying
length of time. The elevated pulmonary vascular
resistance is largely due to retention of the thick
smooth muscle medial layer during the first 6–12

months after birth. There is then progressive rep-
lacement of the muscle with collagen, and fibrosis
of the media becomes increasingly evident. The
time course of these changes in the medial layer is
quite variable: smooth muscle may be dominant
for many years; the fibrotic changes gradually
increase and later predominate.

In addition to the medial changes there is grad-
ual proliferation of the intimal layer. Often the
changes affect only a portion of the lumen and are
eccentric, but eventually become severe enough to
markedly decrease lumen size. The intimal changes
also vary in the rate they develop, both in regard to
time and to the vessels involved. They may be pre-
sent in only relatively few vessels in the first year or
two, but changes gradually progress with regard 
to the severity and number of vessels involved.
Sometimes extensive changes are seen by 3–4 years,
but may be delayed for 10–15 years. The cause of
this marked variation in progression of pulmonary
vascular changes is not known. However, if the pul-
monary vessels are exposed to very high pressures,
such as in infants with large ventricular septal
defects associated with coarctation of the aorta, left
and right ventricular sysyolic pressure may be 120–
160 mmHg. Pulmonary vessel changes are observed
very early and progress rapidly. The mechanisms
that may be involved in causing the pulmonary vas-
cular abnormalities in congenital heart disease are
discussed in Chapter 5.

As pulmonary vascular resistance increases, the
left-to-right shunt, pulmonary blood flow, and
venous return to the left atrium diminish. Left
atrial and left ventricular end-diastolic pressures
fall and left-sided failure improves (Figure 7.6).
This usually starts to occur in the latter half of the
first year, and during the second year manifesta-
tions of cardiac failure have typically improved. As
pulmonary vascular resistance progresses to the
point at which it exceeds systemic vascular resist-
ance, right-to-left shunting of blood across the
defect occurs, first mainly during exercise, because
of the associated fall in systemic vascular resistance.
Later, right-to-left shunt occurs at rest, with persis-
tent cyanosis. Ultimately, there is a marked fall in
pulmonary blood flow, with persistent hypoxemia.
Right ventricular failure finally supervenes. The
development of pulmonary vascular obstructive
disease is discussed in Chapter 5.
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Effect of associated lesions
Left ventricular outflow obstruction
As mentioned above, outflow obstruction of the left
ventricle will exaggerate the size of the left-to-right
shunt and thus contribute to the early onset of car-
diac failure. This occurs with lesions such as aortic
stenosis (Chapter 10), aortic arch interruption, and
aortic coarctation (Chapter 12).

Right ventricular outflow obstruction
Hypertrophy of muscle in the right ventricular
infundibulum develops in some patients with ven-
tricular septal defect, particularly those with peri-
membranous trabecular defects. There may be no
clinical evidence of obstruction to right ventricular
outflow at birth, but over a variable period, with 
a variable time of onset, muscular hypertrophy
results in narrowing of the outflow tract (Figure
7.7). With the increasing resistance to right ventri-
cular ejection, the left-to-right shunt decreases.

With severe muscle hypertrophy, shunt may occur
from the right to the left ventricle and aorta, usually
first during exercise. Cyanosis occurs, first inter-
mittent and later persistent. Clinical manifestations
similar to those of tetralogy of Fallot result (see
Chapter 14). The development of infundibular
hypertrophy is one of the factors that may account
for improvement of cardiac failure in an infant with
a large ventricular septal defect.

Although the clinical manifestations of infundi-
bular stenosis are not evident in many infants 
with ventricular septal defect who develop outflow
obstruction, it is not unusual to find that cardiac
catheterization records a small systolic pressure
gradient of 10–25 mmHg across the outflow 
tract. More recently, narrowing of the outflow 
tract with only a small pressure gradient has been
observed by ultrasound. Progression to severe
stenosis has been documented by both ultrasound
and catheterization.
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Figure 7.6 Large ventricular septal defect with markedly
increased pulmonary vascular resistance: course of the
circulation, oxygen saturations (circled), and pressures in
the heart and great vessels. Note that right-to-left shunt
has developed across the ventricular septal defect. m, mean
pressure.
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Figure 7.7 Large ventricular septal defect with
development of right ventricular infundibular stenosis:
course of the circulation, oxygen saturations (circled), and
pressures in the heart and great vessels. Muscular
hypertrophy of the infundibulum has increased right
ventricular outflow resistance, resulting in a right-to-left
shunt through the defect. m, mean pressure.
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Aortic insufficiency
Aortic insufficiency is most likely to develop in
patients with doubly committed subarterial defects,
but has been noted with other defects. The support
structure for the right coronary cusp is deficient.
Initially, during infancy and early childhood, no
functional insufficiency may be present, although
the cusp may be prolapsed; progressive regurgita-
tion may develop. This is potentially a serious 
complication because if there is already a large left-
to-right shunt through the defect, the regurgitation
places an additional volume load on the left ventri-
cle and progressive failure may occur (Figure 7.8).

It has been suggested that there may be kinetic
factors involved in the production of aortic valve
prolapse, based on the high velocity of flow through
the ventricular septal defect. This hypothesis pro-
poses that the flow of blood across the ventricular
septal defect results in a Bernoulli type of effect on
the aortic cusp immediately related to the defect,
pulling it into the ventricle and over the course of
time resulting in prolapse and insufficiency. This
hypothesis seems unlikely, because the major left-

to-right shunt through a ventricular septal defect
occurs during systole. At this time the aortic valve
cusps would be pushed up away from the annulus
by the stream of blood being ejected into the aorta,
and would be unlikely to be affected by the stream
crossing the defect.

Small ventricular septal defect
Ventricular septal defects vary in size from the large
defects described above to very small openings, and
a spectrum of all sizes occurs. For convenience, I
now discuss the opposite extreme: small defects.
Small defects are most frequently located in the
muscular portion of the septum but may occur
elsewhere. Since they do not permit equalization of
pressures between the ventricles, after birth the
pulmonary arterial pressure falls when the ductus
arteriosus closes. Maturation of the pulmonary cir-
culation proceeds in its usual time course, or may
be slightly delayed. Associated with the fall in pul-
monary vascular resistance, left-to-right shunt occurs
across the defect, resulting in a small to moderate
increase in pulmonary blood flow (Figure 7.9).
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Figure 7.8 Doubly committed subarterial ventricular septal
defect with secondary aortic insufficiency: course of the
circulation, oxygen saturations (circled), and pressures in
the heart and great vessels. m, mean pressure.
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However, the size of the shunt is limited by the size
of the defect. Shunting occurs almost entirely dur-
ing ventricular systole. The left-to-right shunt is
usually less than 50% of left ventricular output,
with a ratio of pulmonary to systemic blood flow of
less than 2:1.

Because the increase in pulmonary blood flow is
not great, there is only a small increased volume
load on the left ventricle. Pulmonary arterial and
right ventricular pressures may be increased
slightly but left-sided pressures are usually normal
and cardiac failure does not occur. There is almost
no risk of developing pulmonary vascular obstruc-
tive changes. A very high percentage of small ven-
tricular septal defects close during the first 2 years
after birth, but closure may be delayed until later
(see below).

Medium-sized ventricular septal defect
The hemodynamic changes with these defects vary;
they may tend toward those with nonrestrictive
ventricular septal defects or to the small muscular
defects, depending on their size. Following closure
of the ductus arteriosus, right ventricular and pul-
monary arterial systolic pressures fall but do not
reach normal levels (Figure 7.10). As pulmonary
vascular resistance falls, an increasing left-to-right
shunt develops. Left ventricular end-diastolic and
left atrial pressures increase, and if the shunt is
large, left ventricular failure develops. It is usually
not as severe as with the large defects and is con-
trolled more readily by medical management. The
course varies with the size of the defect and the
degree of pulmonary arterial and right ventricular
hypertension. In those patients with pulmonary
arterial systolic pressures greater than 50% of sys-
temic arterial systolic pressure, there is a significant
risk of pulmonary vascular changes similar to those
occurring with large defects. The measured pul-
monary vascular resistance falls to high normal 
levels in infancy and, unless the defect becomes
smaller, only gradually rises over the ensuing years.
These individuals may have a relatively stable
hemodynamic and clinical picture for several years,
with a persistent moderate left-to-right shunt and
moderate pulmonary arterial hypertension with
mild, or no, cardiac failure.

When pulmonary arterial and right ventricular
systolic pressures are less than 50% of systemic

arterial systolic pressure, a moderate or large left-
to-right shunt develops, with possible cardiac fail-
ure. The failure is usually controlled easily and
these patients may maintain this relatively stable
hemodynamic status for many months. Pulmonary
vascular resistance usually does not increase after
the initial fall after birth, but there is a small risk for
it to increase progressively. There is a tendency for
these defects to become smaller over time, with
improvement in symptoms; the incidence of spon-
taneous closure of the defect is quite high in these
patients.

Spontaneous closure of ventricular 
septal defects
Spontaneous closure of ventricular septal defects
has long been recognized from clinical examina-
tion. In a large number of patients who had serial
cardiac catheterization, we documented spontan-
eous closure of about 30% of all defects diagnosed
in infancy, during the first 2 years after birth [9].
More recently, a high incidence of closure has been
confirmed by repeat echocardiographic studies.
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Figure 7.10 Medium-sized ventricular septal defect in
infancy: course of the circulation, oxygen saturations
(circled), and pressures in the heart and great vessels. m,
mean pressure.

c07.qxd  12/22/08  11:33  Page 160



Ventricular septal defect 161

The actual incidence of closure is not known, and
the reported rate varies in different series, depend-
ing on age at first diagnosis and on diagnostic 
acumen. As mentioned above, many defects not
diagnosed clinically become apparent by color flow
Doppler examination. The fact that ventricular
septal defects are encountered infrequently either
clinically or in routine autopsy series in adults,
especially considering their relatively high fre-
quency in childhood, suggests that most defects
close spontaneously, because few people die of ven-
tricular septal defects beyond infancy. Because, as
mentioned above, the actual incidence of ventricu-
lar septal defects in the fetus is probably much
higher than previously considered, the incidence of
spontaneous closure must exceed 75%. We do not
know what factors are responsible for closure. It is
quite clear, though, that small or medium-sized
defects are much more likely to close, as are defects
located in the muscular portion of the septum. In
several studies of ventricular septal defect first diag-
nosed in infancy, spontaneous closure within the
first year was documented in 75–85% of muscu-
lar defects, but in only 25% of perimembranous
defects [10,11]. As mentioned above, almost 50%
of muscular defects detected in fetuses close spont-
aneously. Little information is available regarding 
the likelihood for doubly committed subarterial
defects to close spontaneously, although it has 
generally been thought that it is small. This was
confirmed in a report from Japan of 742 patients
with this defect, where closure could be docu-
mented in only about 4% by annual ultrasound
studies [12].

There are several different mechanisms by which
a ventricular septal defect may close. Perhaps the
most frequent is by growth and hypertrophy of the
muscular portion of the septum around the defect.
Muscular septal defects are usually ovoid in
infancy, but later in life they are slit-like. As the
heart grows, the septum enlarges more in apex to
base than in anteroposterior wall dimension. This
would tend to elongate the defect. The septum also
increases in thickness and force of contraction.
These factors would all lead to a reduction in defect
size, particularly during systole, when most of the
left-to-right shunt occurs. When only a thin nar-
row slit remains, closure may occur. Occasionally,
small defects of this type may be seen at autopsy in

individuals who no longer had evidence of a ven-
tricular septal defect by clinical and catheterization
studies. This corroborates the fact that functional
systolic closure may occur with muscle defects.

A possible mechanism that has been proposed is
that subacute bacterial endocarditis, which is not
clinically apparent but which is cured by treatment
given for a nonspecific infection, may be respons-
ible for closure. If the infection develops at the rim
of the defect, the septal leaflet of the tricuspid valve
may be involved and become adherent to the defect
in the healing process. If the cusp itself becomes
involved in the infectious process, it may be dam-
aged and perforated, resulting in a communication
between the left ventricle and the right atrium. It is
interesting that a high incidence of subacute bacte-
rial endocarditis has been reported in patients with
left ventricular to right atrial shunts [13]. It seems
highly unlikely, however, that what is usually con-
sidered as inadequate therapy for bacterial endo-
carditis could successfully resolve the infection. It is
quite possible that these represent patients who had
ventricular septal defects, developed subacute bac-
terial endocarditis, and then the left ventricular to
right atrial shunt.

Another mechanism that has been suggested for
tricuspid leaflet apposition is through the negative
pressure effect exerted by a high-velocity stream
flowing through the defect. If the defect is not large,
the high velocity of the left-to-right shunt during
systole, if directed appropriately, may create a nega-
tive pressure immediately beyond the defect under
the valve cusp and thus tend to attract it to the mar-
gin of the defect. It is conceivable that over a pro-
longed period the cusp may become adherent to the
upper margin of the defect, decreasing its size.

Frequently, closure is associated with the devel-
opment of a so-called ventricular septal aneurysm.
Several mechanisms have been proposed to account
for these aneurysms. It appears that involvement of
tricuspid valve tissue adjacent to the defect is the
most usual mechanism. Adherence of the septal
leaflet of the tricuspid valve creates a membranous
structure over the defect, and presents as an
aneurysmal formation, and eventually may result
in complete closure of the defect.

A ventricular defect may also become smaller by
gradual proliferation of the tissues around its mar-
gins, with encroachment on the orifice. This type of
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closure occurs mainly in defects of the membra-
nous portion of the septum but can also occur in
the muscular septum. The process is probably initi-
ated by intimal proliferation along the rim of the
defect; ultimately, even large defects may close
almost completely. Evidence of this type of closure
has been found at autopsy; the margins of the defect
can be seen, and the original opening is seen to be
filled by a membrane, in the center of which a small
hole still persists, surrounded by a thick rolled edge.
This type of closure is not infrequently associated
with the development of aneurysms of the ventric-
ular septum.

Most aneurysms are fairly small, flat, conical
projections of a thin membrane arising from the
margin of the septal defect and bulging about 1–2
cm into the right ventricle. A small opening is 
usually present at the apex, allowing a small left-
to-right shunt. Although most ventricular septal
aneurysms do not cause any difficulties, complica-
tions may occur, even as late as adult life. They may
result in tricuspid regurgitation, probably when the
valve is involved in forming the aneurysm. Infective
endocarditis has been reported as a late complica-
tion, but it probably occurs in those individuals in
whom a left-to-right shunt is still present. The
length of the aneurysms varies greatly; rarely they
may extend a considerable distance into the right
ventricle and may reach the infundibular region
and have been reported to cause some degree of
obstruction of the right ventricular outflow tract.
The late development of aortic valve prolapse has
been noted in association with ventricular septal
aneurysms, but the mechanism responsible for the
development has not been determined.

It is also possible that a doubly committed subar-
terial defect may be functionally closed by prolapse
of an aortic cusp over the defect orifice. Subsequent
prolapse of the cusp through the defect could result
in severe aortic regurgitation through the defect
into the right ventricle.

Clinical features

The clinical manifestations of ventricular septal
defect cover a wide spectrum. They are related to
the hemodynamic changes and the associated
lesions and range from detection of a cardiac mur-
mur with no other symptoms or signs to severe and
life-threatening cardiac failure in infancy. As in the

section on hemodynamic disturbances, the clinical
features are presented in relation to the size of the
defect.

Large ventricular septal defect
The infant with a large defect has no manifestations
in the immediate postnatal period. Apart from a
moderate increase in respiratory rate to 50–60/min
and a tachycardia to 140–160/min, the infant may
appear to be doing quite well. After a variable
period of 1–7 days after birth, a systolic murmur
becomes evident along the lower left sternal border.
The onset of the murmur may be delayed for a
longer period in infants with very large defects or if
pulmonary vascular resistance is maintained at
high levels because of associated pulmonary dis-
ease. The second heart sound is loud in the pul-
monary area and usually narrowly split. During the
second to eighth weeks, the infant develops increas-
ing respiratory distress. This is often first evident
during feeding, when the baby becomes tired and
has to stop sucking because of the effort of respira-
tion. Infants take only small volumes at each feed-
ing and become hungry and irritable within a short
period. Their total daily intake is small and this
contributes to their failure to thrive. Growth in
body length is less delayed than increase in weight;
also head circumference is not interfered with in
early infancy, but if the manifestations of failure
continue for months, head growth may also be
delayed. Excessive perspiration is noted, particu-
larly around the forehead and the back of the neck.
It occurs most prominently with feeding, and the
mother also notes that the sheet under the head is
constantly moist. Respiratory symptoms become
progressively worse and lower sternal retractions
may be noted; the infant becomes progressively
more distressed. Generalized pallor due to peri-
pheral vasoconstriction is noted and mild cyanosis
may occur. The progression of symptoms varies;
some infants may develop severe cardiac failure
within 4–6 weeks after birth, whereas in others
moderate symptoms may persist for 2–3 months.

Early in the course, physical examination reveals
increased respiratory rate and effort, and the skin is
clammy. Heart rate is increased to 140–160/min
and the pulses are weak. Pulse pressure tends to be
reduced. Chest auscultation does not reveal any
findings initially, but as cardiac failure progresses,
rales may be heard at the lung bases and air entry
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may be decreased. Associated with this progression,
respiratory rate may increase to 60–80/min or more
and substernal retractions are common. Initially
the liver is not significantly enlarged, even though
respiratory effort may be greatly increased, but pro-
gressively it does enlarge and the edge may reach
the level of the umbilicus or lower. Deformity of the
chest is unusual in the first 2–3 months after birth,
even with very large ventricular septal defects.
However, if the large left-to-right shunt and cardiac
failure persist, bulging of the lower sternum and
adjacent ribs frequently develops by 5–6 months.
The sternal prominence does not usually occur in
infants with large left-to-right shunts and only
mildly elevated right ventricular pressures. It is
noted in those who have a large volume load on the
right ventricle as well as an elevation of pressure,
indicative of a nonrestrictive defect.

The precordium becomes more active as the
magnitude of the left-to-right shunt increases. The
impulse is diffuse, involving the left and right ven-
tricles. The cardiac apex is displaced outside the left
mid-clavicular line as the heart enlarges and occa-
sionally a systolic thrill is palpable over the pre-
cordium. The first heart sound is usually normal or
soft and the second sound is accentuated in the pul-
monary area at the upper left sternal edge; it is well
split, but it is difficult to define the degree of split-
ting at the rapid heart rates present in these infants.
A systolic murmur is almost invariably present.
Soon after birth, the murmur may be of grade 2–3/6
intensity, is of medium frequency, and may extend
only about halfway through systole. It is usually
best heard along the lower left sternal border, but in
some infants with a doubly committed subarterial
defect, the murmur may be more prominent 
along the upper left sternal edge. As the left-to-right
shunt increases, the murmur becomes louder and
somewhat harsher, extends throughout the whole
of systole, radiates to the whole precordium, and
may be heard all over the chest. Its contour is one 
of even intensity throughout the whole of systole. 
A third heart sound or a short mid-diastolic low-
frequency murmur is often noted at the apex, but
may not be identified because of the tachycardia.
The apical mid-diastolic murmur reflects a rela-
tive mitral stenosis due to increased flow through a
normal-sized mitral valve; it is usually heard only
when the ratio of pulmonary to systemic blood flow
is about 2:1 or greater.

If the baby is not treated, pulmonary edema
becomes progressively more severe, systemic blood
flow falls, resulting in weak pulses and pallor, and
death may ensue. Treatment with digoxin, diuretics
and possibly afterload reducers usually results in
rapid improvement of the manifestations of failure.
Respiratory rate and degree of distress improve, the
liver becomes smaller, heart rate decreases, and
pulse volume increases. With improvement in 
cardiac contraction, precordial hyperactivity may
increase. This, together with slowing of the heart
rate, makes the systolic murmur more prominent
and the apical mid-diastolic murmur becomes
longer and more evident.

If the infant survives and acute symptoms
improve, the subsequent course is one of persistent
dyspnea, sweating, poor feeding with failure to
thrive, and susceptibility to repeated respiratory
infections. Cardiac failure may become much more
severe with infection.

Improvement in symptoms
Symptoms of cardiac failure often slowly begin to
improve spontaneously with no change in therapy.
This may occur within weeks after onset of the
severe symptoms, or several months later, by 5–10
months of age. This improvement may be related to
several mechanisms, such as decrease in size of the
ventricular septal defect, increase in pulmonary
vascular resistance, or development of right ven-
tricular outflow obstruction due to hypertrophy of
muscle in the infundibular region. The clinical fea-
tures of each of these mechanisms are presented,
but patients should be followed carefully by ultra-
sound study.

Each of these developments results in a decrease
in left-to-right shunt and pulmonary blood flow.
Thus, cardiac activity decreases, the heart becomes
smaller, and the apical diastolic murmur becomes
softer. It is important to differentiate between the
mechanisms resulting in this improvement. If the
defect is closing, the second sound becomes softer
and the murmur becomes higher in frequency and
shorter in duration; if closure is complete, the mur-
mur disappears. If a ventricular septal aneurysm
develops, an early systolic click may be heard at the
left sternal border.

If pulmonary vascular resistance is increasing,
the second pulmonary sound continues to be 
very loud and also becomes narrower. The left 
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ventricular impulse becomes less prominent and
right ventricular pulsation increases. Frequently there
is bulging of the lower sternum. These findings
increase progressively and there may be a period of
good health for several years. The systolic murmur
gradually decreases in intensity and duration, and
eventually cyanosis occurs with exertion. The 
features of severe pulmonary vascular obstruction,
decreasing exercise tolerance, increasing cyanosis,
hemoptysis, and right heart failure eventually
develop (see Chapter 5). These changes may occur
by 5–10 years of age, but in most patients are not
evident before the late teens. In many individuals,
though, they may be delayed to the late twenties
and survival into the thirties may occur. When pul-
monary vascular obstruction is marked there is no
hyperactivity of the cardiac impulse, but a promin-
ent right ventricular pulsation may be noted. The
second sound is loud and narrow in the pulmonary
area and sometimes there is an early diastolic
decrescendo murmur reflecting pulmonary valve
incompetence. Systolic murmurs may be absent or
soft and short.

If infundibular hypertrophy develops, there is
also a decrease in evidence of left-to-right shunt.
The intensity of the second sound in the pulmonary
area decreases, and often a systolic murmur of
more crescendo–decrescendo character, stenotic in
quality, becomes evident at the upper left sternal
border in addition to the ventricular septal defect
murmur. The stenosis may become severe enough
to result in shunt reversal with cyanosis, first on
exercise only, then persistent, and also other 
features of Fallot tetralogy such as exercise limita-
tion may ensue (see Chapter 14).

Small ventricular septal defect
As mentioned above, a small defect may be consid-
ered one in which the left-to-right shunt is less than
50% of left ventricular output and pulmonary arte-
rial pressure is not elevated. An infant with a small
defect is usually asymptomatic, but within 2–8
weeks after birth, moderate tachypnea and tachy-
cardia may develop; this is more likely to occur in
association with an infection. The infant usually
has normal weight gain and development.

Precordial activity may be increased somewhat,
but no clinical cardiomegaly is evident. A systolic
murmur is usually audible within the first week; it is

of grade 2–4/6 intensity, of medium frequency, and
maximal along the lower left sternal border. The
murmur may extend through the whole of systole,
but may occupy only the first half to two-thirds of
systole. The shorter murmurs also tend to be of
higher frequency. Spontaneous closure occurs in a
high proportion of small defects; this is associated
with a decrease in intensity and duration and in-
crease in frequency of the murmur. Within 2 months
to 2 years, the murmur may not be detectable, but it
may persist throughout childhood. An apical dias-
tolic murmur is not usually heard with a small
defect.

Medium-sized ventricular septal defect
Infants with these defects are asymptomatic at
birth. Within 2–8 weeks after birth, symptoms may
appear. There is a spectrum of severity of symp-
toms, depending on the size of the defect. With
larger defects, tachypnea and dyspnea, excessive
perspiration, poor feeding, and failure to thrive
become manifest, as described above for large
defects. The infant is often anxious and fussy, takes
frequent small feedings, and has poor weight gain.
Rales may be heard at the lung bases, and hep-
atomegaly may be present. The precordium is
hyperactive, and both left and right ventricular
impulses are increased. The cardiac apex is dis-
placed outside the left mid-clavicular line. The first
heart sound is usually soft and often obscured by
the systolic murmur, which is evident within 2–3
days after birth, increases in amplitude to grade
3–5/6, and becomes holosystolic. The murmur is
best heard at the lower left sternal border and is
usually well heard in the xiphoid region; it radiates
throughout the precordium and frequently is dis-
tributed to both left and right chest. The second
sound is split and is moderately accentuated in the
pulmonary area, along the upper left parasternal
edge. A third heart sound, often followed by a short
mid-diastolic low-frequency murmur, is heard at
the apex.

The infant usually improves rapidly with diuretic
therapy and digoxin; respiratory rate and effort
improve, liver size decreases, and heart rate 
slows. However, the cardiac findings do not change
significantly. If the size of the defect does not
decrease, and even though manifestations of car-
diac failure have improved, tachypnea and poor
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feeding persist and the infant continues to thrive
poorly; weight gain suffers more than growth in
length, and head circumference may not increase
normally. With decrease in defect size, develop-
ment of increasing pulmonary vascular resistance,
or right ventricular outflow obstruction, the course
is similar to that described above for large ventricu-
lar septal defects.

With the smaller defects, the clinical features are
similar to those described above for small ventricu-
lar septal defects. However, there may be some
tachypnea and increased perspiration and the
infant may gain weight slowly. The second sound is
of normal or slightly increased intensity. A grade
3–5/6 systolic murmur extending through two-
thirds or the whole of systole is heard along the left
sternal border, and a short apical mid-diastolic
murmur may be audible. These infants usually
develop quite well and do not usually require any
therapy. Most of these infants develop spontaneous
closure of the defect. However, some continue to
thrive poorly, even though clinical assessment sug-
gests that the ratio of pulmonary to systemic blood
flow is only about 2:1.

Aortic valve prolapse and regurgitation
Aortic valve involvement is most likely to be associ-
ated with doubly committed subarterial defects. As
mentioned above, with these defects the systolic
murmur may be best heard at the upper left sternal
border. Prolapse of the valve support mechanism is
not associated with clinical manifestations, and it
may become marked without being recognized.
Insufficiency of the valve is associated with devel-
opment of an early high-frequency diastolic mur-
mur, starting immediately after the second heart
sound, along the left sternal border. With pro-
gression of the aortic regurgitation, the murmur
becomes louder and longer, left ventricular hyper-
activity increases, and the pulse pressure increases
with the fall in diastolic arterial pressure.

Investigations

Electrocardiography
In general, the electrocardiogram reflects the
increased volume and pressure loads on the respec-
tive ventricles. In patients with small ventricular
septal defects, it is usually quite normal. With

medium-sized defects there often is some mild
increase in left ventricular precordial voltages.
With large defects there is usually right axis devi-
ation and increase in right and left ventricular 
voltages reflecting combined hypertrophy. As the
defect becomes smaller, right forces diminish 
first. If pulmonary vascular resistance increases, 
left forces begin to decrease and right ventricular
hypertrophy becomes more prominent. Similar
changes occur if infundibular obstruction of the
right ventricle develops. A number of patients 
with moderate-sized defects have a ventricular axis
in the 0–30° range. The reason for this is not clear
but it could be related to the position of the defect.

Radiographic features
The chest radiograph may be quite normal in the
infant and child with a small defect. With a large
defect, the heart is enlarged and both left and right
ventricles are prominent. The main pulmonary
artery is enlarged and the pulmonary arteries are
prominent, extending out to the periphery of the
lungs. The left atrium is also enlarged, and if failure
is present the lung fields may be hazy, particularly
in the hilar region, due to pulmonary edema. 
When pulmonary vascular resistance increases there 
is often anterior bulging of the sternum. Right 
ventricular enlargement becomes more prominent
whereas the left ventricle decreases in size. The
main pulmonary artery becomes very large and
there is enlargement of the main pulmonary arter-
ies in the hilum, but the peripheral pulmonary
arteries are much less prominent and, later, the 
vascular markings in the periphery of the lung are
decreased.

Echocardiography
Prior to the availability of echocardiography and
Doppler flow studies, cardiac catheterization and
angiography were frequently performed in patients
with suspected ventricular septal defect to confirm
the diagnosis, exclude associated lesions, and assess
the size and location of the defect. In addition pul-
monary arterial pressure was measured and the
magnitude of left-to-right shunt and of pulmonary
vascular resistance was calculated. Most of this
information can now be deduced from ultrasound
examination. In fact, echocardiography, including
color flow Doppler examination, is more reliable
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than cardiac catheterization in detecting the pres-
ence of small ventricular septal defects.

An ultrasound study should be directed at
specifically answering several questions.
• What is the size and location of the defect?
• Are there multiple defects?
• Are there any associated cardiovascular anoma-
lies?
• What is the magnitude of the pulmonary to sys-
temic blood flow ratio?
• What is the pressure in the right ventricle and
pulmonary artery?
• What is the size of the left ventricle?
• What is the performance of the left ventricle?
• What are the relationships between the papillary
muscles and chordal attachments and the ventricu-
lar septal defect?

The size and location of the defect and the pos-
sible presence of additional defects or other lesions
can be evaluated by both echocardiography and
color flow mapping. The pulmonary and systemic
blood flows can be measured with a reasonable
degree of reliability by obtaining the cross-sectional
area of the aorta and pulmonary artery just beyond
the valves and recording the aortic and pulmonary
arterial velocity profiles. Recording the maximal
velocity of the shunt by Doppler methods allows
estimation of the systolic pressure gradient across
the defect. By subtracting this value from the meas-
ured arterial systolic blood pressure, it is possible to
obtain an estimate of right ventricular pressure.
This helps to determine whether the defect is
restrictive or not and, in the absence of right ven-
tricular outflow obstruction, provides an estimate
of pulmonary arterial systolic pressure. In many
instances a small amount of tricuspid regurgitation
can be detected by the Doppler method. If present,
it provides another means of estimating right ven-
tricular pressure from the velocity of the regurgi-
tant jet.

Cardiac catheterization
Although cardiac catheterization and angiocar-
diography were frequently used to confirm the
diagnosis, exclude associated lesions, and assess
hemodynamic features in infants and children with
clinically diagnosed ventricular septal defects, the
procedures are performed much less often since
echocardiographic evaluation has become increas-

ingly reliable. In recent years, many centers are not
subjecting patients with ventricular septal defect to
catheterization prior to surgery unless a specific
indication is identified. Usually this is to assess 
pulmonary vascular resistance and its response to
pulmonary vasodilator agents. Transcatheter tech-
niques are being applied with increasing frequency
to close ventricular septal defects and these pro-
cedures are discussed below.

Oxygen saturation data
In patients with a small ventricular septal defect
there usually is a modest increase in oxygen satura-
tion at the right ventricular level. This may vary
between 5 and 20%, but with very small shunts
there may be no detectable increase in oxygen satu-
ration of statistical significance, despite the clinical
observation of a murmur and echocardiographic
demonstration of a small defect. The oxygen satu-
ration increase is often small in blood samples
obtained just beyond the tricuspid valve or at the
right ventricular apex and may be more prominent
in the infundibular region. A small additional rise
may be noted in the pulmonary artery. In patients
with doubly committed subarterial defects there
may be only a small increase in oxygen saturation in
the body of the ventricle, and the major increase is
noted in the main pulmonary artery because of
streaming of the shunted blood across the pul-
monary valve. With large defects and large left-to-
right shunts, oxygen saturation in the pulmonary
artery may reach 85–90% and it is in these cases
that it is difficult to exclude an additional patent
ductus arteriosus on the basis of oxygen saturation
data.

In some patients, particularly in infants with car-
diac failure, in addition to an increase in oxygen
saturation at the ventricular level, an increase is
noted in the right atrium. This may be only 5–10%
above superior vena cava levels, but on occasion it
is much larger, on the order of 20% or more. It is
then necessary to distinguish between three possi-
bilities: an atrial septal defect alone, with streaming
of shunted blood through the tricuspid valve,
which creates a further rise in right ventricular oxy-
gen saturation; a ventricular septal defect with tri-
cuspid regurgitation; and the presence of both an
atrial and a ventricular septal defect. Infants with 
a large ventricular septal defect and left atrial
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hypertension and enlargement often develop an
atrial left-to-right shunt as a result of stretching and
incompetence of the foramen ovale. Any of the
conditions mentioned above that may reduce the
magnitude of the left-to-right shunt will decrease
the rise in oxygen saturation at the level of the right
ventricle.

Pulmonary venous and left atrial blood usually
shows normal oxygen saturation and blood gases,
but in infants in cardiac failure oxygen saturation 
is often reduced to 90–92%. Pco2 may be mildly
increased to 45–50 mmHg, with a small decrease in
pH to about 7.30. The systemic arterial oxygen sat-
uration is usually normal, but when failure occurs,
systemic arterial blood shows the same findings 
as in left atrial blood. When pulmonary vascular
resistance increases, systemic arterial oxygen satu-
ration falls, the level depending on the degree of
pulmonary vascular obstruction. In these cases, 
oxygen saturations in the left atrium and body of
the left ventricle are usually normal, and the right-
to-left shunt is detectable by the lower aortic or
peripheral arterial oxygen saturation and Po2.
When pulmonary and systemic vascular resistances
are fairly balanced, the oxygen saturation may be
noted to fall during exercise or with peripheral
vasodilator agents.

Pressures
In patients with small ventricular septal defects,
intravascular pressures are usually normal. With
medium-sized defects, there is an increase in right
ventricular systolic pressure to 30–50 mmHg, but
end-diastolic pressure is usually normal. Systolic
pressure in the pulmonary artery is elevated to the
same level as in the right ventricle but diastolic
pressure may be only slightly elevated and pulse
pressure in the pulmonary artery is increased. The
mean pressure is elevated to 20–30 mmHg. Left
atrial pressure is often mildly increased to mean
levels of 6–10 mmHg and there is a prominent v
wave. Left ventricular end-diastolic pressure is
raised to 8–15 mmHg and systolic pressure is nor-
mal, as is systemic arterial pressure.

With large defects, right atrial pressure may be
increased slightly whereas left atrial mean pressure
is usually raised to 10–15 mmHg or sometimes
even more. In preterm infants, however, left atrial
mean pressure is usually not above 10–12 mmHg,

even when there is clinical evidence of pulmonary
edema. There is a mean pressure difference of vari-
able degree, sometimes as high as 8–15 mmHg,
between the left and right atrium. Pulmonary
venous mean pressure is often 3–4 mmHg higher
than mean pressure in the left atrium. This could be
due to high flow through the relatively small pul-
monary vein, but could possibly be the result of
some constriction of muscle at the junction
between the pulmonary vein and left atrium.

Systolic pressures in the right ventricle and pul-
monary artery are equal to those in the left ventricle
and the systemic arteries. The magnitude of left and
right ventricular systolic pressures is of value in
assessing the size of the defect. If they are always
identical, the defect is unrestrictive and must 
be very large, i.e., greater than the diameter of the
aortic annulus. If right ventricular and either left
ventricular or aortic pressure are measured simul-
taneously, induction of ectopic beats by advancing
the catheter against the wall of the right ventricle
will show that, with unrestrictive defects, the sys-
tolic pressures do not separate, either during
ectopic beats or in the postectopic potentiated beat.
If the defect is smaller, systolic pressures may be
equal, but when ectopic beats are induced there is 
a separation, usually with left ventricular pres-
sure exceeding right ventricular pressure. Similar
separation of systolic pressure may be noted when
pulmonary vasodilatation is induced and systolic
pressures in the right ventricle and pulmonary
artery fall below those in the left ventricle and aorta.

When there is a large left-to-right shunt, pul-
monary arterial diastolic pressure is relatively low,
often in the range of 20–30 mmHg. The diastolic
and mean pressures in the pulmonary artery are
contrasted with the normal aortic diastolic and
mean pressures, so that even though systolic pres-
sures are identical there may be a mean pressure
difference of 10–25 mmHg between the aorta and
the pulmonary artery. When systolic pressure in
the pulmonary artery is close to that in the sys-
temic arteries, low pulmonary arterial diastolic and
mean pressures are indicative of a relatively low
pulmonary vascular resistance (see Chapter 5),
although unusually could be due to the presence of
pulmonary valve insufficiency.

In some infants with large left-to-right shunts
there is a systolic pressure drop of up to about 
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25 mmHg across the pulmonary valve. This may
disappear when the flow is reduced by closure of
the defect or development of pulmonary vascular
disease, and is probably functionally produced by
the high flow. Also, during early infancy, there may
be a pressure difference of up to 25 mmHg systolic
and 15 mmHg mean between the main pulmonary
artery and the left and right branches. This may be
related to the persistence of the fetal pattern of ori-
gin of the branch arteries from the main pulmonary
trunk; the high pulmonary blood flow accentuates
the small pressure difference noted in normal
infants (see Chapter 5).

As pulmonary vascular resistance increases, left
atrial and left ventricular end-diastolic pressures
fall and the diastolic pressure in the pulmonary
artery increases. With severe pulmonary vascular
obstruction, aortic and pulmonary arterial pres-
sures are almost identical, mean and diastolic as
well as systolic levels.

When right ventricular infundibular stenosis
develops, there is a systolic pressure drop across the
hypertrophied muscle area and pulmonary arterial
pressures are lower. Left atrial and left ventricular
end-diastolic pressures also fall as the magnitude 
of the left-to-right shunt decreases. With aortic
insufficiency, the systemic arterial diastolic pres-
sure falls and left ventricular end-diastolic and left
atrial pressures rise.

Blood flows
Systemic blood flow is usually normal, except in
infants in severe failure. The level of pulmonary
blood flow depends on the magnitude of the left-
to-right shunt. At high levels of pulmonary blood
flow, the actual level of flow calculated by the Fick
method may be inaccurate, in view of the small
arteriovenous differences across the pulmonary
circulation (see Chapter 4). Also, when there is a
bidirectional shunt, calculation of flows and shunts
is likely to be unreliable.

Vascular resistances
Systemic vascular resistance is usually normal but
may be increased in patients in cardiac failure.
Pulmonary vascular resistance is normal in the
presence of a small ventricular septal defect. 
In patients with large ventricular septal defects,
pulmonary vascular resistance is either mildly or

moderately increased in infants living at sea level,
but it increases with advancing age. In interpreting
pulmonary vascular resistance and its changes, 
it is necessary to take into account the reliability of
the pressure and flow data used in the calculation,
as well as the actual levels of pressure and flow, 
particularly left atrial pressure (see Chapter 4). 
The response of pulmonary vascular resistance to 
oxygen and pulmonary vasodilator agents has been
considered important in making recommenda-
tions for surgery in patients with ventricular 
septal defect and high resting pulmonary vascular
resistance. This is discussed in the section on 
management.

Cineangiography
Demonstration of the defect by angiography has
become less important because echocardiography
and Doppler flow examinations are very effective in
defining the defects by noninvasive techniques. A
detailed study of patients with ventricular septal
defect includes a biplane angiographic study with a
left ventricular contrast injection to define the loca-
tion and size of the defect. The defect is best defined
when the image intensifier and X-ray tube are posi-
tioned so as to provide a fairly steep left anterior
oblique projection (70°) with cranial angulation of
about 25°. Defects of the inlet septum are better
visualized in a less steep left anterior oblique pro-
jection (about 25°) and more cranial angulation
(about 50°).

In patients with small defects, the left ventricular
cavity is normal in size and configuration. A small
jet of contrast medium is seen to pass through 
the defect and may be located either low in the 
muscular septum or just below the aortic valve.
With doubly committed subarterial defects, the jet
of contrast medium may be seen to enter the
infundibulum just below the pulmonary valve and
stream almost directly into the pulmonary artery.

Ventricular septal aneurysms are usually seen as
small conical projections from the left ventricle, a
little below the aortic valve. A small jet of contrast
medium passes from the apex of the aneurysm into
the right ventricle.

With large defects and large shunts, the left ven-
tricular cavity is enlarged and there is an increase in
its ejection fraction. If there is failure, the residual
volume of the ventricle is increased. The shunt can
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be seen to cross the defect as a wide stream of con-
trast medium. It is important to carefully observe
whether there is a single large defect or whether
there is diffuse shunting through various sites in the
septum, as the latter may indicate multiple small
defects. If ventricular ectopic beats occur during
the injection, some degree of mitral regurgitation is
frequently noted.

The size of the right ventricle is usually normal or
slightly large with small defects, but is enlarged with
large defects. A right ventricular injection may
show some contrast medium crossing the defect
and entering the left ventricle and aorta when a
large defect with purely physiological left-to-right
shunt is present. This right-to-left shunt is prob-
ably due to the elevation of right ventricular pressure
during the injection, with momentary shunting.
Also, if ventricular ectopic beats occur during the
injection, commonly some degree of right-to-left
shunt and tricuspid regurgitation are seen.

In the presence of large shunts, the main pul-
monary artery is enlarged and the pulmonary 
vessels are prominent in the hilum and the peri-
pheral lung fields. The left atrium is also dilated. In
the recirculation phase, contrast medium may be
seen to pass into the right atrium in the presence of
an atrial left-to-right shunt. Left and right ventricu-
lar angiograms are also helpful in distinguishing an
atrial left-to-right shunt in addition to the ventricu-
lar shunt or demonstrating significant tricuspid
regurgitation when there is an increase in oxygen
saturation at the right atrial level.

When pulmonary vascular resistance increases,
left ventricular size and ejection fraction decrease.
The most striking development is that the proximal
pulmonary arteries become very prominent and
there is a reduction in the number of small vessels
in the periphery. The hilar pulmonary arteries
become tortuous and there appears to be a sharp
pruning of the peripheral vessels, the so-called “tree
in winter” appearance.

If aortic valve insufficiency is suspected, a
supravalvar aortic injection should be made by 
retrograde arterial passage of a catheter; this will
demonstrate its presence. An injection through the
venous catheter passed across the aortic valve via
the defect may not be reliable, as some regurgita-
tion may result from the presence of the catheter
across the valve. It is recommended that an aor-

togram be performed in all patients with doubly
committed subarterial defects, because of the 
tendency for aortic insufficiency to develop in this
type of defect. Prolapse of the sinus on Valsalva
associated with origin of the right coronary artery
may be noted before any functional aortic insuffi-
ciency is apparent.

In patients developing outflow tract obstruction,
a right ventricular angiogram shows hypertrophy
of muscle in the outflow tract. The infundibular
region narrows considerably during systole but may
be quite wide in diastole. On occasion, a localized
rim of narrowing in the lower region of the infun-
dibulum is noted, with a distinct chamber between
the stenotic segment and the pulmonary valve.

In patients with left ventricular to right atrial
shunts, the angiogram done in the left ventricle
shows contrast medium passing directly from the left
ventricle to the right atrium, often as a systolic jet.

Differential diagnosis

The wide range of clinical manifestations and com-
plicating lesions associated with ventricular septal
defects can result in confusion with many other
cardiac malformations. In this section, only a brief
discussion of the diagnoses to be considered with
each of the major clinical syndromes is presented.

Small ventricular septal defect
Because the only important manifestation of this
lesion is a systolic murmur, conditions that should
be differentiated are functional murmurs such as a
pulmonary ejection murmur and a Still murmur,
mild pulmonary stenosis, mild aortic valvar steno-
sis, and idiopathic hypertrophic subaortic stenosis.
The pulmonary ejection murmur is best heard at
the upper left sternal border, is usually of somewhat
higher frequency than a ventricular septal defect
murmur, and has a crescendo–decrescendo con-
tour. In pulmonary stenosis the murmur is heard
best at the upper left rather than lower left sternal
border; it is more ejection in character and radiates
to the left clavicle. There is often a prominent ejec-
tion click and the second sound is well split. Chest
radiography may be helpful in showing post-
stenotic dilatation of the main pulmonary artery.

In aortic valvar stenosis, the murmur is also ejec-
tion in quality, is most prominent at the upper right
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sternal border, and radiates to the neck. In infants,
however, the murmur of aortic stenosis may be well
heard at the mid-left sternal border and may be
readily confused with ventricular septal defect. A
systolic ejection click is also often heard in patients
with aortic stenosis. When a ventricular septal
aneurysm is present, the late systolic sound could
be confused with a systolic ejection click, although
it occurs later in systole. Chest radiography in aor-
tic valvar stenosis may be helpful in showing post-
stenotic dilation of the ascending aorta.

Idiopathic hypertrophic subaortic stenosis is
associated with a systolic murmur along the 
lower left sternal border, with some radiation to the
upper right chest. Although these patients usually
have evidence of marked left ventricular hypertro-
phy with ST- and T-wave changes when the lesion
is severe, in the earlier stages of the disease only an
increase in left ventricular precordial voltages may
be noted and the differential may be difficult by
clinical means.

Large ventricular septal defect
In infancy, large ventricular septal defects must be
differentiated from any lesion producing a large
left-to-right shunt with cardiac failure. This includes
patent ductus arteriosus; atrioventricular septal
defect; other lesions in which ventricular septal
defect is part of a complex, such as double-outlet
right ventricle of the Taussig–Bing variety; aor-
topulmonary transposition with large ventricu-
lar septal defect; truncus arteriosus communis; 
and tricuspid atresia with large ventricular septal
defect. Although there are many clinical, radio-
graphic, and electrocardiographic guides that assist
in making a differential diagnosis, the specific dia-
gnosis can rarely be made with assurance; detailed
echocardiography with Doppler flow studies, and 
if necessary cardiac catheterization and angiocar-
diographic studies, should be done.

Several clinical features are particularly helpful.
A continuous murmur at the upper left sternal bor-
der or in the subclavicular area suggests a patent
ductus arteriosus, but it is important to recognize
that this lesion may be associated with a ventricular
septal defect. A continuous murmur may also be
heard with truncus arteriosus. With both these
lesions, pulses may be bounding because of the
wide pulse pressure. Cyanosis of moderate degree

suggests truncus arteriosus, transposition with 
ventricular septal defect, Taussig–Bing anomaly, 
or tricuspid atresia with a large ventricular septal
defect. However, mild cyanosis may occur in an
infant with an isolated ventricular septal defect who
has severe failure with pulmonary congestion and
edema. Weak pulses or lower blood pressure in the
lower as compared with the upper extremities, sug-
gesting the presence of aortic arch obstruction, is
often associated with Taussig–Bing anomaly or
atrioventricular canal defect, but may indicate the
association of aortic arch interruption or aortic
coarctation with a ventricular septal defect.

Left axis deviation on the electrocardiogram
occurs with atrioventricular canal defects and tricuspid
atresia with ventricular septal defect, and may be
noted occasionally in Taussig–Bing anomaly.

Medium-sized ventricular septal defect
The lesions with which a medium-sized defect is
most likely to be confused include endocardial
cushion defect, mitral insufficiency, and left ven-
tricular to right atrial shunt. In endocardial cushion
defects there is often increased activity of the left
ventricle due to mitral regurgitation and of the
right ventricle due to atrial shunting. There may
also be a harsh systolic murmur and a mid-diastolic
murmur at the apex. The electrocardiogram is most
helpful in that there is left axis deviation with a
counterclockwise loop in the frontal plane in endo-
cardial cushion lesions. However, since there is
sometimes an axis of 0–30° in some patients with
ventricular septal defects, confusion may arise.

In patients with mitral insufficiency, the increased
left ventricular hyperactivity, the systolic murmur,
and mid-diastolic low-frequency murmur at the
apex may create some confusion. The murmur of
mitral insufficiency is more prominent at the apex
and radiates to the axilla. In left ventricular to right
atrial shunt, the murmur radiates well to the right
side of the sternum but otherwise the clinical fea-
tures are similar. The diagnoses are clearly distin-
guished by ultrasound studies.

Ventricular septal defect with aortic
insufficiency
This lesion may be difficult to differentiate from
lesions that produce a loud, rough, continuous
murmur or a loud systolic and diastolic murmur at
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the upper left sternal border and a wide pulse pres-
sure. The lesions to be considered include large
patent ductus arteriosus, sinus of Valsalva fistula,
aortic stenosis and insufficiency, large coronary
arteriovenous fistula, and truncus arteriosus com-
munis. It is rarely possible to be positive about the
diagnosis from the clinical, radiographic, and elec-
trocardiographic features. Ultrasound and, if neces-
sary, catheterization and angiographic studies are
necessary. Aortography may be crucial in making a
diagnosis.

Ventricular septal defect with markedly
increased pulmonary vascular
resistance
These patients present with features similar to those
noted in all patients with systemic–pulmonary
communications and pulmonary vascular obstruc-
tive disease, often referred to as Eisenmenger com-
plex or Eisenmenger syndrome. Thus, patients 
with pulmonary vascular obstruction associated
with patent ductus arteriosus, endocardial cushion
defect, atrial septal defect, aortopulmonary trans-
position with ventricular septal defect, and similar
lesions all have similar clinical features. Echocar-
diography with Doppler flow studies and, if neces-
sary, cardiac catheterization and angiography are
necessary to differentiate the lesions.

Principles of management

The approach to management of patients with ven-
tricular septal defect has undergone considerable
change since the natural history of the lesion has
become apparent. The important features that have
emerged are as follows: (i) most small defects close
spontaneously; (ii) many large defects tend to
decrease in size; (iii) pulmonary vascular changes
may begin to develop within 6–12 months and
often are quite advanced by 2–3 years after birth in
infants with large defects; and (iv) patients with
doubly committed subarterial defects are prone to
develop aortic insufficiency.

In making decisions regarding management,
several questions should be raised.
1 What is the size of the defect? The size of the defect
can be assessed clinically from the loudness of the
second sound and the character of the murmur. A
loud second sound at the upper left sternal border

indicates that pulmonary arterial and therefore
right ventricular pressure is elevated, suggesting
that the defect is large. A systolic murmur that does
not extend through the whole of systole, but occu-
pies only the first half to two-thirds, suggests that
the defect is quite small. Most of these defects have
proven by echocardiography to be 3 mm or less in
diameter. This is, of course, not the case in the early
newborn period, or in the older infant or child who
has pulmonary arterial hypertension. The size as
well as the location of the defect can usually be
defined by echocardiography.
2 What is the magnitude of the left-to-right shunt?
The magnitude of the left-to-right shunt is evaluated
clinically from the degree of precordial hyperactiv-
ity and the presence of an apical diastolic murmur.
A large left-to-right shunt is associated with a force-
ful left as well as right ventricular impulse. A mid-
diastolic murmur at the apex usually signifies that
the shunt is large enough to result in a pulmonary
to systemic blood flow ratio of 2:1 or greater.
3 Are there manifestations of “cardiac failure”?
Cardiac failure is evidenced by a history of sweat-
ing, increased respiratory rate and effort, and fail-
ure to thrive. On examination, there is tachypnea
and dyspnea, tachycardia, and usually hepatomegaly.
4 What is the location of the defect? It is difficult to
define the location of the defect clinically. How-
ever, if the systolic murmur is heard maximally at
the upper left sternal border, rather than in the
usual location of the mid to lower left sternal bor-
der, a doubly committed subarterial defect should
be suspected. Also, if an early diastolic murmur
suggesting aortic insufficiency is heard, this would
suggest that the defect is of the subarterial type.
5 What is the pulmonary arterial pressure? Pul-
monary arterial pressure and resistance can be
assessed clinically from the second sound. An
accentuated second sound signifies pulmonary
arterial hypertension. If the sound is well split, 
pulmonary vascular resistance is probably not
markedly increased, but a narrow or single accen-
tuated sound indicates that pulmonary vascular
resistance is greatly elevated.

Ventricular septal defects in infancy
Large defects
Infants with large defects and severe cardiac failure
should be treated immediately with diuretics and
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possibly catecholamines such as dobutamine or
dopamine. If the baby is having severe respiratory
distress and is anxious and irritable, administration
of morphine sulfate subcutaneously in a dose of
0.05–0.1 mg/kg is often helpful. It is desirable to
administer the initial dose of diuretic (most com-
monly furosemide) intravenously or intramuscu-
larly. Although it can be given intramuscularly, this
is not recommended because it is extremely
painful. Digitalis, most commonly administered
intravenously as digoxin, was given routinely to
these infants. However, recent evidence indicates
that it is of little value, and currently its use is 
not recommended. If there is no improvement or 
pulmonary edema progresses despite the use of
diuretics, intravenous infusion of catecholamine
inotropic agents such as dopamine or dobutamine
is currently widely recommended. Dopamine should
not be infused at rates above about 5 μg/kg per min,
because at higher doses it exerts significant α-
adrenoceptor stimulation; the resultant increase in
afterload may limit the increase in cardiac output
achieved by lower doses. Recently, the use of cate-
cholamine infusions has been questioned in treat-
ment of preterm infants with systemic hypotension
because there is no convincing evidence that 
this therapy alters the outcome (see Chapter 6).
Whether it is beneficial in the treatment of infants
with cardiac failure remains to be evaluated. Other
cardiac inotropic agents, such as milrinone, have
also been used in the treatment of acute cardiac fail-
ure, but their effectiveness has still to be evaluated.

As in any infant with cardiac failure, an ultra-
sound study should be performed on an urgent
basis to define the lesion. It is important to do a
careful and complete examination and if a large
ventricular septal defect is identified, associated
lesions such as atrioventricular canal defect, patent
ductus arteriosus, coarctation of the aorta and
other lesions should be excluded. If the diagnosis of
an isolated ventricular septal defect is confirmed,
the size and location of the defect and the number
of defects should be defined. It is distinctly unusual
that a defect in the muscular septum induces car-
diac failure but if there are multiple defects in the
muscular septum, the left-to-right shunt may be
large and induce failure. Cardiac failure in infancy
is most often associated with a perimembranous
defect but occasionally with a subarterial defect.

If cardiac failure has developed in an infant with
a ventricular septal defect without a precipitating
cause such as infection, the likelihood that spontan-
eous closure will occur is quite small, particularly if
the defect is of the perimembranous type. Also,
even if the infant responds rapidly to medical 
therapy, mild manifestations of failure often per-
sist, such as sweating, tachypnea and poor feeding
and the infant fails to thrive. Closure of the defect is
recommended in these infants (see below). If, for
some reason, it is decided not to proceed with 
closure of the defect, it is very important to follow
the baby carefully to evaluate the possible develop-
ment of increasing pulmonary vascular resistance.

Small defects
The newborn infant with a murmur who is sus-
pected on clinical diagnosis to have a small ven-
tricular septal defect, who has no cardiovascular
symptoms, no evidence of a large shunt or of pul-
monary arterial hypertension, and in whom no
other lesions are suspected may be followed with-
out obtaining additional studies. The parents
should be counseled to seek medical advice if the
infant shows respiratory difficulty or sweating, or
tires with feeding, and the infant reassessed at about
10 weeks of age to ensure that cardiac failure has
not developed. If the murmur persists but the baby
is asymptomatic and developing normally, the par-
ents should be reassured that the lesion is not
affecting heart function.

There is some controversy regarding perform-
ance of echocardiographic studies. Some advise
that a study be done in early infancy to make a posi-
tive diagnosis. My opinion is that many unneces-
sary studies may be done, because the murmur,
whether due to a tiny ventricular septal defect or
some other mechanism, often disappears. I recom-
mend the echocardiographic study be done about a
year after birth if the murmur is still present.
Because, as mentioned above, more than 75% of
small ventricular septal defects will have closed by
then, a large number of procedures can be avoided.
Ultrasound studies are also not always infallible;
occasionally a small defect is not evident by
echocardiography or color flow Doppler studies on
one occasion but is detected subsequently.

If the murmur disappears and there is no evid-
ence of a defect on ultrasound, no further follow-
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up is necessary. If a bulging ventricular septal
aneurysm develops with closure of the defect, the
child is followed every 2–3 years. The reason for the
long-term supervision is that, although highly
unlikely, the aneurysm may increase in size and
cause obstruction to right ventricular outflow (see
above). Failure of the defect to close during infancy
creates a dilemma.

Medium-sized defects
Infants with medium-sized defects who have 
clinical evidence of large shunts and moderate 
pulmonary hypertension should be studied by
echocardiography to confirm the diagnosis, exclude
lesions such as patent ductus arteriosus, aortic
coarctation or double outlet right ventricle, and to
attempt to assess right ventricular and pulmonary
arterial pressures. This is done by measuring the
velocity of a tricuspid regurgitant jet or of the jet
across the defect.

If there is evidence of mild cardiac failure with
cardiomegaly, or of obvious cardiac failure, the
infant should be treated with diuretics. Usually the
response is rapid, with improvement in respiration,
decrease in liver size, lessening of sweating, and
increased weight gain. If improvement occurs, it is
reasonable to follow the infant in the hope that the
defect will close spontaneously. The issues to be
considered in the follow-up are (i) whether the car-
diac failure improves; (ii) the concern that infec-
tion may cause recurrence of cardiac failure; (iii)
the possibility that pulmonary vascular changes
may occur; (iv) poor physical development; and 
(v) the size and location of the defect.

If cardiac failure does not improve considerably,
addition of afterload-reducing drugs such as ACE
inhibitors, peripheral α-adrenoceptor inhibitors,
or calcium channel blockers may be considered; 
in general, these promote only limited additional
improvement. Calcium channel blockers should
not be given to young infants with cardiac failure
because acute cardiovascular collapse has occurred
after their administration. The decision then has to
be made whether closure of the defect should be
recommended. This will depend on the morbidity
and mortality of the procedure in young infants in
the center where the surgery is to be performed. If
low, surgical closure should be recommended; if
relatively high, it may be preferable to tolerate a

modest degree of failure and continue with medical
management, with the possibility that clinical
improvement will occur gradually due to decrease
in size of the defect.

Not infrequently in an infant with a medium-
sized ventricular septal defect with cardiac failure
who has had a satisfactory response to therapy, 
cardiac failure may recur in association with an
infection. This is most common with respiratory
infection, a common cause of which in infants is
respiratory syncytial virus (RSV). All infants with
ventricular septal defect and moderate to large
shunts should receive prophylactic immunization
against RSV by monthly palivizumab injections
during the RSV season. The infant who is infected
may become acutely ill, but it is unthinkable to con-
sider surgery during the time of acute respiratory
infection. Medical treatment should be continued
and diuretic dosage should be increased during this
period. The addition of an afterload reducer may
also be considered. Infections should be treated
aggressively with antibiotic or antiviral agents as
indicated. Although it has previously been reported
that RSV infections are associated with a very high
mortality in infants with cardiac lesions, this is not
our recent experience. This is probably because
more aggressive treatment of failure is instituted,
and the management of the respiratory infection
has improved. However, use of prophylactic im-
munization is strongly recommended.

Pulmonary vascular changes are unlikely to
develop to a significant degree in infants less than 6
months of age with isolated ventricular septal
defects. Furthermore, with medium-sized defects,
in which pulmonary arterial pressure is usually less
than half systemic arterial pressure, the likelihood
that significant pulmonary vascular endothelial
proliferative and obstructive changes will develop
within the first 2–3 years of life is quite small.
Therefore, if it is possible to assess right ventricular
and pulmonary arterial systolic pressure from the
ultrasound study and they are estimated to be less
than systemic arterial pressure, it is reasonable to
follow the infant’s progress with little concern for
pulmonary vascular pathology. If the pressures are
deemed to be greater than half the systemic arterial
levels, the infant should be followed carefully, with
repeat ultrasound studies within 3 months to assess
the progress of pulmonary arterial pressure. If it is
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evident that it remains elevated, consideration
should be given to closing the defect. If at any stage
of the evaluation pulmonary arterial pressure can
not be gauged definitively by ultrasound study, car-
diac catheterization is indicated to accurately assess
the hemodynamic status and pulmonary vascular
resistance.

Some infants with medium-sized defects show
mild respiratory symptoms, and some whose
symptoms improve with therapy fail to thrive.
Usually weight gain is affected more than height.
This often occurs despite what is considered to be a
normal caloric intake for an infant. As mentioned
above, this is probably the result of increased
metabolic rate. Measurement of oxygen consump-
tion shows a value high for the infant’s weight and
body surface area, and catecholamine turnover is
increased [4]. Associated conditions, including
chromosomal defects, that may account for the
poor physical development should be excluded.
These infants should be assessed at 2–3 monthly
intervals to determine whether they are growing. If
weight follows the low percentile and is not falling
further, it is reasonable to follow the infant; often,
as the defect size decreases, weight gain improves.
However, if weight percentile shows a downward
trend, closure of the defect should be considered. In
most infants with ventricular septal defect, head
circumference is normal and increases normally
with age. Occasionally, however, an infant who is
not growing normally also shows a reduction in
head growth. It has been suggested that this may be
an indication for surgery, although there is no evid-
ence that defect closure improves head circumfer-
ential growth. It is likely that factors other than the
ventricular septal defect are responsible.

Surgery for ventricular septal defect
If cardiac failure persists or improvement is only
modest, closure of the defect should be con-
sidered. It is desirable to close the defect with a
device placed by an interventional cardiac catheter-
ization procedure. However, although this has 
been accomplished successfully in older children
with small or medium-sized defects, the procedure
has been performed in only a small number of
infants; it is still very difficult technically and has
considerable complications, such as device embol-
ization, arrhythmias, particularly complete heart

block, and possible aortic valve damage. Currently,
therefore, surgery is generally recommended in
infants.

The decision regarding surgery, and the type of
surgery, must be made on the basis of the relative
risk in individual centers. In many centers, the risk
of surgical closure of ventricular septal defects of
most types is quite low, even in small preterm
infants, so this is the procedure recommended. An
exception to this recommendation is the presence
of multiple defects. Because the inner wall of the
right ventricle is heavily trabeculated, location of
multiple defects may be very difficult. The proced-
ure may be only partially successful and failure
often persists. Also, the mortality of surgery to close
multiple defects is higher than with single defect
closure.

If the estimated risks are greater than 5%, the
decision may be made to continue to manage the
failure by medical measures until the infant is
somewhat larger and the risks lower. The problem
with this approach is that even if it is possible to
achieve some improvement of cardiac failure, the
infant usually grows very slowly, so surgery may be
delayed for many months if the surgeon requests
that the infant achieve a specified weight. An addi-
tional concern is that if the defect does not decrease
in size, there is the risk that pulmonary vascular
resistance may increase; significant increases in
resistance have been observed within 6–9 months
after birth.

A second surgical approach in the infant with
cardiac failure is banding of the pulmonary artery.
This procedure is now rarely performed for ven-
tricular septal defect; it is recommended by some in
infants who have multiple defects, because com-
plete closure is frequently difficult to accomplish
surgically. This procedure is designed to increase
the outflow resistance of the right ventricle, thereby
decreasing the left-to-right shunt and left ventricu-
lar end-diastolic and left atrial pressures. The main
difficulty concerning pulmonary artery banding is
that there are no specific guidelines for the surgeon
as to what degree of narrowing to produce. The
main pulmonary artery is constricted by various
means; the ideal constriction is one that will reduce
pulmonary blood flow enough to overcome cardiac
failure but not severe enough to result in a right-to-
left shunt.
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Measurement of blood flow is not practicable 
at surgery, and pressure measurements have been
used to give some indication of the adequacy of
constriction. Usually the pulmonary artery is con-
stricted to about 30–50% of its original diameter.
Systolic pressure in the pulmonary artery is at sys-
temic levels before operation, and the objective of
the procedure is to band the main pulmonary
artery sufficiently tightly to produce a systolic pres-
sure of about 25–30 mmHg beyond the con-
striction. If the constriction is too tight there is
enlargement of the right ventricle, cardiac slowing,
and cyanosis and the band must be loosened imme-
diately. If an adequate constriction is produced, the
heart is noted to decrease in size and become less
active and the anesthesiologist notices that pul-
monary compliance increases. One of the main
problems with the procedure is that even though
the constriction may be perfect with the chest 
open and the baby anesthetized and ventilated by
positive-pressure breathing, following closure of
the chest and recovery there will be an alteration in
both systemic and pulmonary vascular resistances.
The banding then may be found to be inadequate
or too severe. On the whole, it is really rather sur-
prising that so many infants do improve and con-
tinue to do well for several years after banding.
However, some infants with inadequate constric-
tion show only moderate improvement in failure
but can be controlled with medical measures 
reasonably well. Others develop cyanosis fairly
soon, although failure is improved. A further prob-
lem is that with growth of the infant and increasing
cardiac output, the band, which is a fixed constric-
tion, becomes too tight and increasing cyanosis
with hypoxemia and decreased exercise tolerance
occur after a variable period.

The child with pulmonary arterial banding
develops a loud systolic murmur at the upper left
sternal border, which radiates to both lungs; some
extension into diastole may occur. The second
sound becomes widely split, with both components
being well heard. When these patients are studied
by cardiac catheterization, pulmonary arterial 
pressures are quite characteristic. In the segment
between the pulmonary artery and the band, sys-
tolic pressure is equal to that in the right ventricle
but the diastolic pressure is very low, often only
slightly higher than right ventricular end-diastolic

pressure, even though no pulmonary valve insuf-
ficiency is noted. This pressure tracing is character-
istic of supravalvar stenosis of the aorta and 
pulmonary artery in general.

At some stage, the child should be subjected to
closure of the ventricular septal defect, and the
presence of the band complicates the subsequent
repair, since it must be removed. In some instances,
removal of the band allows the pulmonary artery to
assume an adequate diameter, but it may be neces-
sary to open the constricted fibrosed segment and
reconstruct the vessel. If the child is not in any
significant failure and has only mild cyanosis, oper-
ation may be delayed for 4–5 years; sometimes,
however, earlier repair is necessary. Although it is
unusual, occasionally the ventricular septal defect
may decrease in size spontaneously, so that pres-
sure in the right ventricle exceeds that in the left
ventricle due to the obstructed outflow. In view of
these difficulties with the banding procedure there
has been an increasing reluctance to recommend it.

Ventricular septal defects beyond
infancy
Large defects
It is becoming increasingly uncommon to encounter
children beyond 1 year of age who have large 
ventricular septal defects, because most are closed
surgically during infancy. However, some children
are seen who have not had adequate medical 
care. There is the risk of progressive increase in 
pulmonary vascular resistance with age, and this
becomes an important consideration regarding
closure of the defect. Although it is unusual to
encounter very high pulmonary vascular resist-
ances before the age of 3–4 years in children living
at sea level, high values may be noted occasionally.
In patients living at altitudes above about 1550 m,
pulmonary vascular resistance may be markedly
increased at considerably earlier ages, as a result 
of the synergistic effects of increased pulmonary
blood flow, elevated pulmonary arterial pressure,
and relative hypoxia. As mentioned in Chapter 5,
closure of the defect in patients with high pulmon-
ary vascular resistance may not be well tolerated.
Acute right ventricular failure with low cardiac out-
put and shock may develop. If pulmonary vascular
resistance does not fall after closure of the defect,
chronic right ventricular failure may ensue.
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The level of pulmonary vascular resistance at
rest, breathing room air, at which it is generally
considered that risk of closure is relatively low is
about 8 mmHg/L per min per m2 (resistance units).
At levels above about 12 resistance units, closure 
of the defect is usually contraindicated. In the 
range 8–12 resistance units, the risks are very 
high. Cardiac catheterization is indicated in all 
children with suspected large defects to assess 
pulmonary vascular resistance and to evaluate its
response to 100% oxygen inhalation and pul-
monary vasodilators. Children with a high resting
pulmonary vascular resistance that responds to
these measures may tolerate closure of the defect
quite well.

In all children with high pulmonary vascular
resistance, the risks of surgery are greater; careful
monitoring should be instituted in the postopera-
tive period and ventilation and oxygenation should
be carefully regulated, because pulmonary arterial
pressure is very labile, and hypoxia may result in
sudden and dramatic changes in resistance. Use of
pulmonary vascular dilators is indicated to try to
reduce pulmonary vascular resistance.

There is little to offer children with very high
pulmonary vascular resistance. Vasodilator ther-
apy, as discussed in Chapter 5, may improve func-
tional capacity and prevent or delay progressive
pulmonary vascular changes. When resistance is
very high and not reactive, and the patient begins to
become symptomatic, a remaining option is to per-
form a lung transplant and close the defect. Although
immediate survival from this procedure seems
promising, the long-term survival rates are still
uncertain.

Medium-sized defects
This group of patients includes those infants who
had large defects that have become smaller with age
and those who have medium-sized defects that
have not changed from infancy. If pulmonary arte-
rial systolic pressure is 50–75% of systemic arterial
systolic pressure, there is a definite risk of develop-
ment of pulmonary vascular disease. However, this
does not usually occur to a serious degree until
beyond the age of 4 or 5 years. It is therefore reason-
able to delay closing the defect until the age when
interventional catheterization techniques seem 
feasible. However, the child should be observed to

ensure that pulmonary vascular changes are not
occurring. If there is any concern, the defect should
be closed surgically.

If pulmonary arterial systolic pressure is less than
50% of systemic systolic pressure, the risk of devel-
oping pulmonary vascular disease is low, but there
is a risk for infective endocarditis in association
with the defect. Prophylactic antibiotic therapy was
previously advised for all patients with ventricu-
lar septal defect of any size, but in June 2007 the 
recommendations were modified and now pro-
phylaxis is not recommended for infective endo-
carditis [14].

The decision has to be made regarding if and
when the defect should be closed. If defect size is
decreasing on ultrasound examination, it is reason-
able to delay surgery for many years. I have
observed a patient in whom defect closure was docu-
mented as late as 17 years of age. One of the main
concerns regarding patients with ventricular septal
defect with moderate-sized left-to-right shunts is
that the prolonged increased volume load on the
left ventricle could result in myocardial damage
with progressive dilation, including an increase in
collagen formation, and that this could interfere
with myocardial performance. This rationale has
prompted the recommendation for closure of the
defect even in the absence of symptoms. In a recent
study, Kleinman et al. [15] followed 33 children
with moderate left-to-right shunts with left ventric-
ular dilation for a range of 2.8–22 years. In most of
these patients, left ventricular end-diastolic dimen-
sion decreased over time; in only two was there a
small increase. Thus in the majority of these indi-
viduals, surgical or device closure of the defect is
contraindicated.

Small defects
Small defects do not impose any significant volume
overload on the heart and are not associated with
pulmonary vascular complications. There is a risk
for the development of infective endocarditis, but
this appears to be low with small defects.

Currently, closure of small defects is not usually
advised. Possibly opinions may change if defects
can be closed by interventional techniques with
minimal risk and sequelae, but there seems to be lit-
tle compelling reason to close a small ventricular
septal defect at any age.
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Doubly committed subarterial defects
The risks of pulmonary vascular disease and sub-
acute bacterial endocarditis are similar in these
defects to those in other ventricular septal defects,
but there appears to be a much higher incidence of
the development of aortic insufficiency in these
patients. In view of this, some have advised closure
of medium-sized and even small supracristal defects
by 3–4 years of age, especially if ultrasound 
examination shows prolapse of the aortic annulus
or a cusp, even in the absence of any obvious
insufficiency. It was thought that this may prevent
the onset of aortic insufficiency. However, there is
considerable controversy regarding the likelihood
for aortic insufficiency to develop. In a large study
in Hong Kong, over a mean follow-up time of 8.6
years, aortic valve prolapse developed in 78%, and
almost 80% of these developed aortic insufficiency.
It was recommended that all defects with a diame-
ter greater than 5 mm should be closed, but the risk
seemed to be less with smaller defects [16]. There is
disagreement about the relationship of size of the
defect and the development of prolapse of the aor-
tic cusp. Some suggest it is more likely to occur with
small defects [17] but others consider closure of
small defects is not indicated unless there is already
evidence of prolapse [18].

Transcatheter closure of ventricular
septal defects
Various devices have been developed to attempt 
to close ventricular septal defects by transcatheter
techniques. Considerable success has been reported,
but there is a relatively high risk of complications,
many serious. The main devices currently being
tested are the CardioSEAL and a modification
STARFlex, and the Amplatzer device. The Cardio-
SEAL device is a double umbrella with Nitinol
metal arms attached to Dacron fabric. A modifica-
tion, the STARFlex device, has a self-centering
mechanism to aid in placement of the device. The
Amplatzer Muscular VSD Occluder consists of two
disks made of self-expanding Nitinol; it has been
modified for closure of perimembranous defects.
There are numerous reports of successful closure of
both muscular and perimembranous defects with
very low mortality. However, complications are
frequent; most are transient, but some persist.
Device embolization, vascular complications, and

rhythm abnormalities are noted in about 15% of
patients. The most serious problem is the develop-
ment of complete heart block; this may occur 
during the procedure, but has developed at a later
date. In a report from the European VSD Registry,
transcatheter devices were placed in 430 patients
with ventricular septal defect, of which 364 were
Amplatzer devices. Procedures were successful in
95%, but complications included device emboliza-
tion, aortic regurgitation, tricuspid regurgitation,
and rhythm disturbances. One patient died and
complete heart block developed in 16 patients, 10
of whom required pacemakers.

As mentioned above, the procedure is technically
difficult in infants and has not been generally per-
formed below the age of 3–4 years. It is in this age
group that closure is predominantly indicated for
relief of cardiac failure. A major concern is that, as
the procedure is gaining acceptance, the indica-
tions for closing small to medium-sized defects will
be relaxed and many patients not now considered
candidates for surgical closure will be subjected to
transcatheter closure unnecessarily.
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An atrial defect is not uncommonly associated with
aortic coarctation, aortic stenosis, patent ductus
arteriosus, or ventricular septal defect in infants and
may complicate the clinical features of these lesions.

I have included a section on partial anomalous
drainage of the pulmonary veins because the hemo-
dynamic changes and clinical manifestations of this
anomaly and atrial septal defects are almost ident-
ical. In fact, atrial septal defects are found in associ-
ation with all but a rare case of partial pulmonary
venous drainage anomaly, and these are the in-
stances in which the right pulmonary veins drain
into the inferior vena cava (IVC).

Interatrial communications, other than patent
foramen ovale, comprise about 7–8% of all congen-
ital cardiac defects; about two-thirds of these are
fossa ovalis or sinus venosus defects. Atrial septal
defect is a feature of two conditions inherited in an
autosomal dominant manner. Holt–Oram syndrome
includes upper limb bony abnormalities such as
absent radius bones and prolonged atrioventricular
conduction; the other is a syndrome of atrial septal
defect with prolonged atrioventricular conduction
without bony anomalies. Partial anomalous pul-
monary venous drainage has been noted in about
10% of the reported cases, but it is of interest that it
is not commonly associated with atrial defects of
the endocardial cushion type, including ostium 
primum defect and common atrium.

Morphological and embryological
considerations

Separation of the two atria commences when the
septum primum grows into the common chamber

CHAPTER 8

Atrial septal defect and partial
anomalous drainage of the
pulmonary veins
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In this chapter, interatrial communications that do
not involve development of the septum primum
and the endocardial cushions are discussed. These
communications occur in three main sites:
1 in the central portion of the atrial septum in the
position of the foramen ovale, termed fossa ovalis or
secundum defects;
2 in the region of the junction of the superior vena
cava (SVC) and right atrium, termed sinus venosus
defects;
3 between the left atrium and the coronary sinus at
its ostium into the right atrium, termed unroofing of
the coronary sinus.
Defects of the atrial septum associated with abnor-
mal development of the septum primum and the
endocardial cushions are presented in Chapter 9.

In this chapter, only isolated atrial septal defects
are discussed. Interatrial communications are com-
mon in association with other defects and may be
crucial for survival. Thus in patients with tricuspid
or pulmonary atresia, or with total anomalous pul-
monary venous return, the interatrial opening is
essential for blood flow into the left atrium and
ventricle to maintain systemic blood flow. In the
presence of mitral atresia and hypoplastic left ven-
tricle, an interatrial communication is the only path-
way for pulmonary venous blood to return to the
right side of the heart. In infants with aortopul-
monary transposition, in the absence of a ventricular
septal defect, an interatrial communication may
allow bidirectional flow adequate to permit survival.

8
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from the posterosuperior portion of the wall and
moves toward the atrioventricular junction, where
the developing endocardial cushions are separating
the atria and the ventricles. The lower part of the
septum primum is completed by fusion with endo-
cardial cushion tissue, but prior to the complete
closure of the septum primum, a number of fenes-
trations develop in its mid-portion, thus maintain-
ing a continuing communication between the atria.
A second septum, the septum secundum, then
develops in the posterosuperior region of the atrial
wall, just to the right of the septum primum and it
too grows inward to the atrioventricular junction.
It has a semilunar edge that is concave anteroinfer-
iorly and this margin only partly covers the central
hole in the septum primum; it forms the crista divi-
dens of the fetal heart.

Atrial septal defects of the so-called secundum
type usually occur in the region of the fossa ovalis,
i.e., anterior to the rim of the crista dividens. They
could be due to either an excessively large central
hole in the septum primum or to inadequate devel-
opment of the septum secundum. Although these
disturbances may be primarily local developmental
defects, the possibility that hemodynamic changes
in flow patterns from the SVC and IVC may
influence atrial septal development during fetal life
should be considered. Since SVC blood is directed
into the tricuspid valve and a considerable propor-
tion of IVC return passes through the foramen
ovale, it is possible that a decrease in SVC or an
increase in IVC flow could influence the size of the
normal fetal atrial opening. The defects vary greatly
in size. A small opening beneath the limbus of the
fossa ovalis region represents persistence of the
foramen ovale. Large openings may extend antero-
inferiorly to the atrioventricular valve region or
posteriorly and superiorly to the SVC or IVC entry.
However, there is always a rim of septum present
along the anteroinferior margin, which is the endo-
cardial cushion contribution to the atrial septum.
Sometimes two or even more openings may be
found in the fossa ovalis region, with strands of 
septal tissue separating them.

Patency of the foramen ovale persists through
childhood into adult life in about 25% of the popu-
lation. The opening, not more than a few milli-
meters in size, is the result of incomplete sealing of
the septum secundum to the septum primum. The 

septum secundum usually completely covers the
defect from the right side and, because after birth
left atrial pressure is higher than right atrial pres-
sure, the opening is functionally closed by apposi-
tion of the two septa. However, when right atrial
pressure is increased, shunting from the right to left
atrium may occur through the opening.

Incompetence of the foramen ovale occurs quite
frequently in infants. If the foramen is examined, it
is often noted, even in apparently normal hearts,
that the limbus of the fossa does not completely
cover the opening when it is apposed to the mem-
branous valve-like portion, and a small opening 
is evident. In some infants who have left atrial
enlargement due to associated lesions, such as aor-
tic stenosis, patent ductus arteriosus or ventricular
septal defect, the septum bulges into the right
atrium and an orifice of variable size results due to
stretching of the normal foramen. Occasionally,
when the membranous portion of the valve of the
foramen is redundant, it has been seen to herniate
through the foramen, resulting in an opening of
considerable size.

The embryological basis for partial anomalous
pulmonary venous connection to the systemic
venous system is obscure. It has been suggested that
it is due to partial premature obliteration of the
common pulmonary vein at a time when there is
still a communication through channels of pul-
monary and systemic venous systems and that one
or more of these channels persist. The pulmonary
veins from the right lung usually connect with por-
tions of the systemic venous system derived from
the right cardinal system, namely the SVC and IVC
and the right atrium. The left veins connect with
elements of the left cardinal system, the coronary
sinus and the left innominate vein, but this is not
always the case. The majority of patients with
anomalous pulmonary venous drainage have asso-
ciated atrial septal defects of the fossa ovalis type. In
the unusual instances in which the atrial septum is
intact, the most frequent abnormality is drainage of
the right pulmonary veins to the IVC. This has been
termed the vena cava–bronchovascular syndrome
or scimitar syndrome. The right lower lobe vein or
all the right pulmonary veins drain into the IVC
just above or below the diaphragm. This syndrome
is characterized by associated hypoplasia of the
right lung and often an arterial supply to the lower
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lobe by an artery arising from the abdominal aorta
and passing through the diaphragm to the lung
(sequestration of the lower lobe).

The development of sinus venosus defects is even
more difficult to explain. These defects are located
in the posterosuperior portion of the atrial septum
and may even extend into the SVC. Development-
ally, they probably should not, strictly speaking, be
considered atrial septal defects, because they are
not related to abnormalities of the septum pri-
mum or secundum. A possible mechanism for their
development has been proposed. As the right lung
grows, the upper right pulmonary vein becomes
apposed to the surface of the SVC and the walls of
these two venous structures fuse in this region,
forming a membrane that is continuous with the
atrial septum. If, for some unexplained reason, this
membrane degenerates, a connection between the
right upper pulmonary vein and the SVC would
develop. With further growth, this may enlarge and
thus appear to extend into the upper posterior por-
tion of the atrial septum. The location of the sinus
venosus defect is such that on looking into it from
the right atrium and the SVC, the right pulmonary
vein can be seen directly related to the opening. In
some instances, the lower margin appears to pro-
ject forward so that the SVC seems to be overriding
the defect.

Coronary sinus defects result from either failure
of development, or resorption, of the common thin
wall separating the coronary sinus and the left
atrium. They may involve a portion, or the whole,
of this wall. These defects are also termed “unroofing
of the coronary sinus” and are frequently associated
with a persistent left SVC, which drains into the
coronary sinus.

Hemodynamic considerations

Fetal circulation
Since normally there is a large communication
between the two atria in the fetus, it is unlikely that
an additional developmental atrial septal abnor-
mality would profoundly affect the fetal circula-
tion. The main effects that may result are that flow
patterns of SVC and IVC returns may be modified.
Normally, in the lamb fetus, IVC blood is split into
two streams over the crista dividens as it enters the
atria. One stream, comprising about 40% of the

total and consisting mainly of well-oxygenated
ductus venosus blood, passes directly into the left
atrium; the remainder passes into the right atrium.
It is possible that if there were a larger than normal
central defect of the septum primum, more ductus
venosus blood could enter the left atrium, increas-
ing the blood oxygen content of the left ventricle 
as well as the ascending aorta. The right ventricle
would receive less ductus venosus blood, and 
relatively more SVC and distal IVC blood. Right 
ventricular and pulmonary arterial Po2 would
therefore be reduced somewhat. Because descend-
ing aortic blood is derived from the pulmonary
artery through the ductus arteriosus, its oxygen
content could be slightly reduced and there would
be a wider than normal oxygen content difference
between ascending and descending aortic blood. If
the reduction in Po2 of blood moving to the lungs is
great enough, it could perhaps maintain a higher
pulmonary vascular resistance and stimulate greater
than normal development of pulmonary vascular
smooth muscle.

However, if the defect was related to inadequate
development of the septum secundum, with a high
crista dividens not related to the IVC, or if the
defect were of the sinus venosus type, the effect on
venous flow patterns might be quite different. The
effect of the crista dividens in deflecting IVC flow
into the left atrium could be lost or reduced, and in
sinus venosus defects there may indeed be prefer-
ential flow of SVC blood into the left atrium. The
normal separation between left and right atrial Po2

and therefore of ascending and descending aortic
Po2 would be reduced. The somewhat higher than
normal Po2 in blood distributed to the lungs could
possibly achieve a lower than normal pulmonary
vascular resistance and effect a reduction in devel-
opment of the smooth muscle layer in the pul-
monary arterioles (see Chapter 5). Apparently any
changes of this type do not materially affect fetal
development, because most newborn infants with
atrial septal defects are physically normal in rela-
tion to gestational age.

Partial anomalous pulmonary venous drainage
probably does not have any significant influence on
the fetal circulation. Because pulmonary blood flow
in the fetus is quite low, comprising only 8–10% of
combined ventricular output in the fetal lamb, the
drainage of one or two veins to the systemic venous
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system would provide only 2–3% of combined ven-
tricular output, a relatively insignificant amount. In
the human fetus, in which pulmonary blood flow
constitutes up to 25% of combined ventricular out-
put, each pulmonary vein would carry only about
6–7% of combined ventricular output.

Postnatal circulation
Normal and abnormal foramen ovale
Dramatic changes in the flow and pressure rela-
tionships of the major veins and left and right atria
occur after birth. IVC flow is markedly reduced by
elimination of umbilical venous return. Ventilation
of the lungs with air results in a marked increase in
flow through the lungs and in pulmonary venous
return to the left atrium. Before birth, the pressure
in the vena cava and the right atrium exceeds that in
the left atrium. With the change in flow patterns
after birth there is a reversal of pressure relation-
ships, the mean left atrial pressure being about 1–2
mmHg higher than right atrial pressure. This small
pressure difference is adequate to close the foramen
ovale functionally by pressing the membranous
valve against the upper portion of the septum. A
contributory factor to closure of the foramen is the
reduction in velocity of the stream from the ductus
venosus through the IVC passing to the left of the
crista dividens during fetal life because umbilical
venous return is disrupted.

In the immediate postnatal period, before the
lungs are fully expanded, there is a period of several
hours during which blood may shunt from the
right to the left atrium, since the atrial pressures are
still similar and may be altered by many factors.
This shunt may be phasic in nature, occurring par-
ticularly during atrial systole, since the a wave in the
right atrium is higher than that in the left atrium
after birth. In most normal infants, the atrial right-
to-left shunt is not evident after a few hours, based
on measurements of systemic arterial Po2. How-
ever, there are many factors that may result in
recurrence of the right-to-left shunt. Crying or
breath-holding may increase pulmonary vascular
resistance, resulting in a rise in right ventricular
and right atrial pressure and shunting across the
foramen ovale. A common cause of shunting in
infancy is pulmonary disease, particularly idio-
pathic respiratory distress syndrome. The hypoxia
associated with inadequate alveolar ventilation

produces pulmonary vasoconstriction, which may
be accentuated by metabolic acidemia. The result-
ing pulmonary arterial and right ventricular hyper-
tension and increased right ventricular end-diastolic
and right atrial pressures produce right-to-left
atrial shunts that may be quite large, as much as
50% or more of systemic venous return. Similar
effects of hypoxia on pulmonary vessels after birth
occur in infants born at high altitude, and often
they have atrial left-to-right shunting for a longer
period after birth than those at sea level.

The foramen ovale usually becomes anatomic-
ally sealed within about 2–3 months after birth, 
but it may be patent for a longer time, and a small
opening persists in 15–25% of individuals into
adult life. It is of interest that in individuals who
have cardiac lesions that produce a persistent
increase in left atrial pressure in childhood or ado-
lescence, the foramen ovale is rarely patent.

In many congenital cardiac defects, survival after
birth depends on persistent patency of the foramen
ovale. Thus in those conditions associated with
obstruction to the right side of the heart, such as 
tricuspid atresia or pulmonary atresia with intact
ventricular septum, the foramen ovale is necessary
to provide systemic blood flow. This is also the
manner by which systemic flow is provided in total
anomalous pulmonary venous drainage. The fora-
men ovale is also important in aortopulmonary
transposition and mitral atresia. The role of the
foramen ovale is discussed in the chapters describ-
ing these lesions.

Although the frequency of right-to-left shunt
through the foramen ovale after birth has been well
recognized, the occurrence of left-to-right shunts
through the foramen ovale after birth has not been
fully appreciated. In a number of infants without
any evidence of congenital heart lesions, but stud-
ied by cardiac catheterization and angiography for
various reasons, left-to-right shunt through the
foramen ovale was demonstrated [1]. The shunts
were considerable, with ratios of pulmonary to sys-
temic flow as high as 2:1 during infancy. However,
within several months, the shunts decreased and
could not be detected by 18–24 months. It is likely
that the foramen ovale is incompetent because the
inferior septum primum flap does not fully seal at
the upper margin against the crista dividens. These
infants do not have any symptoms directly related
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to the incompetent foramen ovale, but some pul-
monary ejection murmurs could be related to the
increased pulmonary blood flow. The fate of the
foramen ovale in these children is not known. 
The incompetent foramen ovale in the otherwise
normal circulation probably becomes smaller as
the child grows and it may eventually close. It is 
also possible, however, that these individuals con-
tinue to have small openings of the foramen ovale
throughout life.

This shunting of blood through the foramen
ovale in the absence of a true atrial septal defect is
exaggerated in many infants who have lesions that
result in left atrial pressure elevation, such as patent
ductus arteriosus, ventricular septal defect, aortic
coarctation, and aortic stenosis. Considering the
mechanism by which the foramen is closed nor-
mally, one might expect that this would favor early
and effective closure. The shunt through the fora-
men ovale in these infants may be enormous, pro-
ducing pulmonary to systemic flow ratios of 3:1 or
greater. The foramen ovale is stretched by bulg-
ing of the atrial septum associated with left atrial
enlargement, and thus it becomes incompetent.
There thus appears to be a spectrum of competence
of the foramen ovale (Figure 8.1). In some infants,
the valve of the foramen reaches well beyond the
crista dividens and it is always competent after

birth. In others, there is apposition of the two septa,
with only a small degree of overlap, so that when
the atrial septum is stretched by left atrial hyperten-
sion there is separation with incompetence. Atrial
left-to-right shunts have been shown to disappear
in infants after closure of a ventricular septal defect
or a patent ductus arteriosus.

Atrial septal defect
When there is a communication between the atria,
the circulatory changes after birth favor alteration
of the prenatal right-to-left flow to a left-to-right
shunt. The magnitude of the left-to-right shunt will
be determined by the size of the communication
and the relative outflow resistances from the atria
into the respective ventricles or inflow resistances
of the ventricles.

The size of the defect that will permit a large
atrial shunt is greater than with defects of the ven-
tricular septum or aortopulmonary communica-
tions. The atria are low-pressure chambers, and the
pressure differences between the left and right sides
are considerably lower than those encountered in
the ejection portion of the heart. Large atrial septal
defects may be considered as those that have a
diameter equal to or greater than that of the mitral
valve. If the defect is large, it is nonrestrictive and
pressures between the atria are similar. Mean as
well as phasic pressures are almost equal, although
left atrial pressure is slightly higher than right atrial
pressure throughout most of the cardiac cycle.
Because atrial filling pressures are similar, flow
through the mitral and tricuspid valves and the
magnitude and direction of shunt will be related to
the relative inflow resistances of the left and right
ventricles.

The concept that the inflow into the ventricles is
determined by the distensibility (compliance) of
the chamber, and that this is related to muscle
thickness, has been widely accepted. This hypothe-
sis has been used to explain the fact that infants
with atrial septal defect rarely have any symptoms
and, in fact, often do not show the usual clinical fea-
tures encountered in older children. It has been
suggested that because left and right ventricular
muscle masses are similar postnatally, they have
equal compliances and therefore no atrial shunt
occurs. Soon after birth, the left ventricular myocar-
dium grows rapidly and wall thickness increases,

(a)

(d) (e)

(b) (c)

Figure 8.1 Different lengths of the valve of the foramen
ovale resulting in various levels of competence: (a) normal
foramen ovale immediately after birth, (b) competent
foramen ovale closed, (c) slightly shortened valve with
minor patency of the foramen, (d) very short valve giving
rise to a fossa ovalis type of atrial septal defect, (e)
incompetence of foramen ovale due to bulging and
stretching of septum associated with left atrial
enlargement.
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resulting in a change in compliance over a period of
several months. Because pulmonary vascular resist-
ance and right ventricular pressure fall, the right
ventricular myocardium does not grow as rapidly
as the left ventricular muscle after birth, the wall of
the right ventricle becomes thinner than that of the
left, and its compliance becomes relatively higher.
The left-to-right shunt, it is postulated, parallels
these changes in relative muscle mass. It has been
difficult to explain, on the basis of this hypothesis
alone, the fact that in catheterization studies,
infants with equal or almost equal left and right
atrial pressures have shown large atrial left-to-right
shunts within a few days after birth.

The presence of the shunt within a few hours
after birth can be explained by the changes in 
pulmonary and systemic vascular resistances. The
volume of blood ejected by a ventricle is related to
the preload (end-diastolic volume), myocardial
contractility, and afterload (outflow resistance).
The preload is determined by the filling pressure
(end-diastolic and atrial pressures) and by the com-
pliance of the ventricular wall. Myocardial contrac-
tility will not be discussed further at this stage, as it
can be assumed that the two ventricles are under
similar sympathetic and catecholamine stimulation
and are being influenced similarly by other factors
affecting the muscle. Afterload, or outflow resist-
ance, is dependent on changes in pulmonary and
systemic vascular resistances. In the presence of a
large atrial defect, atrial pressures are almost equal
and thus filling pressures are equal. If it is assumed
that the compliances of the two ventricles are equal
after birth, they will be filled to the same extent and
thus preload is similar. With ventricular systole, 
the pulmonary and systemic vascular resistances
determine the stroke volume. In the immediate
postnatal period, with resistances nearly equal, the 
volumes ejected would be the same and the end-
systolic or residual volume would also be the same.
No atrial shunt of significance would occur. When
pulmonary vascular resistance falls below systemic
vascular resistance, the stroke volume of the right
ventricle will exceed that of the left and the residual
volume and therefore pressure at the end of systole
will be lower in the right ventricle. If left and right
atrial pressures are equal, the pressure difference
between atria and ventricles will be greater on the
right side, so more blood will flow into that ventri-

cle. Progressive decline in right ventricular after-
load as pulmonary vascular resistance falls will
result in an increasing stroke volume, smaller resid-
ual volume, and augmented filling from the right
and also the left atrium, with the development of an
increasing left-to-right shunt. The continuing
increase in systemic vascular resistance that gradu-
ally occurs after the immediate rapid rise at birth
will accentuate the difference in afterloads and thus
the left-to-right shunt. The left-to-right shunt in
atrial septal defect may thus be considered a depen-
dent shunt, in that it is dependent on changes in
pulmonary and systemic vascular resistances.

The fall in pulmonary vascular resistance follows
the normal pattern seen after birth. Since there are
no ventricular or aortopulmonary communica-
tions, high pulmonary arterial pressure is not
maintained. It is possible that the increased flow
that occurs as the result of the left-to-right shunt
could have some effect in retarding the matura-
tional change in the pulmonary vessels but, if so, it
is not striking. As the pulmonary arterial and right
ventricular pressures fall, the right ventricular mus-
cle thins relative to the left. This is not due to actual
atrophy or loss of mass but to the rapid increase 
in left ventricular mass, whereas right ventricular
mass is stationary. After about 10–14 days, growth
of both ventricles is relatively proportionate. This
relative decrease in right ventricular muscle may
also result in greater compliance of the right ventri-
cle relative to the left, allowing it to distend more at
the same filling pressure, thus increasing the
preload, the fiber length of the right ventricular
myocardium, and further increasing its stroke 
volume.

The points in the above discussion regarding 
the development of shunting in patients with atrial
septal defects are graphically demonstrated in
Figure 8.2, which shows two pressure–volume (i.e.,
compliance) curves. The solid line shows an arbi-
trary pressure–volume curve of both the left and
right ventricles at about 2–5 days after birth; they
are superimposed, since right and left ventricular
mass is similar. With ejection against different
afterloads, the left ventricle has a smaller stroke 
volume than the right, and right ventricular end-
systolic pressure (RES) is lower than left ventricu-
lar end-systolic pressure (LES). In this example, 
the stroke volume of the right ventricle (RSV1) is
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2.5 times that of the left ventricle (LSV). When the
right ventricular wall becomes relatively thinner
than the left, the compliance curve moves to the
right, as shown by the broken curve. At the same
end-diastolic pressure (RED) the ventricle is now
much more distended because of the higher com-
pliance. With systole, if both the right and left ven-
tricular end-systolic pressures are the same as with
the early curve, the stroke volume of the right ven-
tricle (RSV2) will be five times that of the left.

The relationship of systemic and pulmonary vas-
cular resistances is important not only in the devel-
opment of shunting postnatally but also in later life.
The effects of vascular resistance changes on shunt-
ing patterns have been shown clearly by Douglas et
al. [2] in adult dogs with surgically created atrial
septal defects. A reduction in systemic vascular
resistance or a rise in pulmonary vascular resistance
decreases left-to-right shunt. Similarly, right ven-
tricular outflow obstruction by pulmonary stenosis
will decrease left-to-right shunting and, if severe
enough, could precipitate right-to-left shunt across
the atrial septal defect. Also, left-sided obstructive
lesions, such as aortic stenosis and aortic coarcta-
tion, may aggravate the left-to-right shunt.

The effect of atrial shunting on the circulation is
to markedly increase blood flow returning to the
right atrium and ventricle (Figure 8.3). With large
defects, they both enlarge considerably, as do the
pulmonary arteries; pulmonary venous and left
atrial return also increases greatly. The right ventri-
cle usually tolerates the extra volume load quite
well, since it is handling a large volume at low 
ejection pressures. Occasionally, cardiac failure

develops in infancy, but this is quite unusual, 
and the possibility exists that it is precipitated by
such complicating factors as hypoxia or infections
involving the myocardium. We have noted an
interesting occurrence of a high hematocrit in sev-
eral newborn infants with atrial septal defect who
developed cardiac failure. Whether the atrial left-
to-right shunt played a part is difficult to say, as fail-
ure occurs in infants with high hematocrit without
atrial left-to-right shunts. However, if the high 
viscosity resulting from the high hematocrit effec-
tively increases the pulmonary and systemic vascu-
lar resistances, the left-to-right shunt would still
occur but the right ventricle, now confronted with
a combined pressure and volume load, may fail.

If infants with atrial septal defects develop pul-
monary disease with a high pulmonary vascular
resistance due to hypoxia, the left-to-right shunt
decreases in magnitude, and right-to-left shunt
may occur with resultant cyanosis. Episodic cyanosis
may also be seen with crying or breath-holding,
presumably due to the effect on pulmonary vascu-
lar resistance.
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Figure 8.2 Effects of changes in stroke volumes of left and
right ventricles associated with changes in pulmonary
vascular resistance and with changes in compliance of the
respective ventricles after birth in the presence of an atrial
septal defect. Detailed description is given in the text.
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Figure 8.3 Atrial septal defect with moderate left-to-right
shunt: course of the circulation, oxygen saturations
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The large volume of blood entering the right
ventricle results in dilation and also in prolonga-
tion of right ventricular systole, as compared with
left ventricular systole, throughout the whole of the
respiratory cycle. This results in wide splitting of
the second sound, which does not, as in the normal
individual, narrow on expiration (see Chapter 8).

The large volume loads appear to be handled 
well by the right ventricle for many years without
cardiac failure developing. The presence of a 
large pulmonary blood flow without pulmonary
hypertension does not produce the same risk of 
development of pulmonary vascular disease as in
ventricular or aortopulmonary communications.
In fact, pulmonary vascular resistance is quite low,
as the pulmonary circulation appears to dilate pas-
sively to accommodate the high flow. The pul-
monary vascular smooth muscle undergoes normal
regression. However, there is a risk to the patient of
development of secondary vascular changes. These
are rather slow to develop and are variable in differ-
ent individuals. It is uncommon to find marked
changes before the age of 15–25 years, and most
often they are delayed even longer. Rarely, how-
ever, pulmonary vascular disease is marked by 8–10
years of age, but it is difficult to determine whether
these are patients with primary pulmonary hyper-
tension who coincidentally also have an atrial septal
defect. It is also possible that these patients are
genetically prone to develop pulmonary vascular
disease (see Chapter 5).

In patients with atrial septal defect who develop
pulmonary vascular changes, the first manifesta-
tions are those of intimal proliferation, which may
be patchy. This is followed by gradual occlusion of
the lumens of the small vessels, and some degree 
of thrombosis occurs on the occluded area, with
organization and fibrosis. The changes are prob-
ably initiated by the shear forces induced by the
high-velocity flow on the endothelial lining of the
small vessels, occurring over many years (see Chap-
ter 5). When pulmonary vascular resistance begins
to increase, left-to-right shunting is decreased and
right ventricular and pulmonary arterial pressures
increase; there is progressive pulmonary arterial
hypertension and the shunt becomes reversed to
right to left, with development of cyanosis, and
death occurs from heart failure or pulmonary 
hemorrhage.

When patients with atrial septal defect reach
adult life, apart from the risk of developing pul-
monary vascular disease, the main cause of deterio-
ration is atrial arrhythmia, particularly fibrillation
or flutter and probably due to atrial enlargement,
and right heart failure. When these individuals
reach the age when coronary artery disease or sys-
temic hypertension produces interference in left
ventricular function, they do not develop evidence
of left heart failure but rather that of right heart 
failure. The high end-diastolic pressure in the left
ventricle results in left atrial pressure elevation; this
is transmitted to the right atrium and congestion of
the systemic rather than the pulmonary venous sys-
tem is manifested.

Patterns of shunting
Effects of respiration
Respiration influences the pattern of shunting
across atrial septal defects. During inspiration,
venous return to the right atrium increases as a
result of the development of a larger intrathoracic
negative pressure. Venous return from the pul-
monary veins to the left atrium falls because the
volume of blood in pulmonary vessels is greater.
Thus during inspiration there is a decrease in the
left-to-right shunt across the defect and a small
right-to-left shunt might occur in this phase of the
respiratory cycle. During expiration, with the increase
in intrathoracic pressure, systemic venous return to
the right atrium decreases; also, pulmonary venous
return to the left atrium increases. These events
result in an increase in left-to-right and a decrease
in right-to-left shunt through the defect.

Effect of cardiac cycle
The changes in shunting patterns during the car-
diac cycle have been examined by cineangiography,
as well as ultrasound techniques [3]. The maximal
left-to-right shunt occurs during ventricular sys-
tole, particularly in late systole, at the time of the
peak of the v wave. This coincides with the time of
greatest difference between left and right atrial
pressures. A small right-to-left shunt may occur at
the beginning of ventricular diastole; this is prob-
ably the result of the rapid systemic venous flow into
the atrium at this time, with passage of some IVC
blood across the defect. A small right-to-left shunt
may occur at the onset of ventricular contraction.
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Pattern of blood flow
Dye dilution studies, with selective injection of dye
into the right and left pulmonary arteries, have
shown that in fossa ovalis defects there is greater
shunting from the right pulmonary veins than from
the left [4]. As much as 80% of the right pulmonary
arterial flow may be shunted across the defect as
compared with only 20–40% of left pulmonary
flow. This seems to be related to the location of the
defect in the septum, as this difference is not noted
in patients with defects located low in the septum in
association with atrioventricular septal defects.
With sinus venosus defects, almost all the drainage
of the upper right pulmonary veins may cross the
defect directly to the right atrium or SVC, because
the pulmonary vein entry is closely related to the
defect.

Although significant right-to-left shunts do not
occur with atrial septal defects unless right ventric-
ular outflow resistance rises, small right-to-left
shunts have been detected by indicator dilution
techniques, and this has been confirmed by ultra-
sound studies. These are noted most commonly in
patients with sinus venosus defects, in whom there
may be right-to-left shunts from the SVC, since the
defect is so closely related to this vessel and stream-
ing may occur directly into the left atrium. These
shunts are usually small, but on rare occasions may
be of consequence and reduce systemic arterial
oxygen saturation slightly. In patients with fossa
ovalis defects, small right-to-left shunts may be
noted from the IVC across the defect. Most often
these are detected in infants or young children.
They can be exaggerated by suddenly increasing
venous return from the IVC and can be demon-
strated by a number of physiological maneuvers of
the circulation. If systemic arterial oxygen satura-
tion is continuously monitored by an ear oximeter,
rapid changes can be detected. In patients with
large atrial septal defects, a Valsalva maneuver
causes a drop in systemic arterial oxygen saturation
within 3–4 s after the release. This is due to periph-
eral venous pooling; with release, there is a sudden
increase in IVC return, with a small right-to-left
shunt. In some individuals, a small fall in peripheral
arterial oxygen saturation is also noted with exer-
cise. This is probably due to a combination of two
factors: the decrease in systemic vascular resistance
favors filling of the left ventricle relative to the right,

and the increased IVC return may increase flow
across the defect because of the increased velocity of
IVC flow.

Effect of posture
Shunting may also be affected by posture. In the
erect position, right-to-left shunting is unusual,
probably because pooling of blood in the lower
limbs reduces IVC flow. However, right-to-left
shunting may occur in the recumbent position,
associated with the increased IVC flow.

The changes in shunting patterns help explain
the fact that most patients with atrial septal defects
have good exercise tolerance. During exercise, the
relatively greater decrease in systemic vascular
resistance would favor emptying of the left ventricle
during systole. Since left ventricular end-systolic
volume is lower, preferential filling of the left ven-
tricle would occur, with less left-to-right shunt
across the defect. Pulmonary vascular resistance,
which is already very low, would not change and
thus right ventricular emptying would not be
significantly influenced by afterload changes. The
increased venous return to the right atrium would
compete with the flow across the defect during
right ventricular filling and so total left-to-right
shunt would be reduced and systemic blood flow
well maintained.

Partial anomalous pulmonary venous
drainage
After birth, pulmonary venous return increases as
pulmonary vascular resistance falls. There is thus a
direct relationship between the magnitude of the
pulmonary venous return to the systemic circula-
tion, which is effectively a left-to-right shunt, and
the drop in pulmonary vascular resistance. The
magnitude of shunt occurring immediately after
birth directly through each anomalous pulmonary
vein is not very large, and it is related to the number
of abnormally connected veins. However, the flow
through each vein is considerably higher than what
might be expected if only the normal venous
drainage returned from the respective lobe of the
lung. This is related to the fact that the veins are
draining into the right atrium, in which, soon after
birth, the pressure falls below that of the left atrium,
so that the total resistance to flow from the pul-
monary artery to the right atrium is lower. Also, in a
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manner similar to that described for the develop-
ment of shunting in atrial septal defects, the
decrease in end-systolic volume and pressure in the
right ventricle associated with a decrease in pul-
monary resistance after birth will accentuate the
flow from the pulmonary veins draining into the
right atrium. Since pulmonary arterial pressure is
equal in the left and right sides, the magnitude of
flow to the vein with anomalous drainage is related
to differences in outflow resistance. Since most par-
tial anomalous pulmonary venous drainage is asso-
ciated with an atrial septal defect, it is difficult to
assess how much left-to-right shunt is occurring
through the veins as compared with the defect. In
those cases in which there is a large associated atrial
septal defect, the ratios of flow from the normal and
abnormal pulmonary veins are probably not very
different from usual, since left and right atrial pres-
sures are equal. The abnormal hemodynamics and
the subsequent course of these patients are similar
to those described above for atrial septal defects.

Clinical features

The clinical presentation of patients with atrial sep-
tal defect depends on age, size of the defect, location
of the defect, and presence of associated increase in
pulmonary vascular resistance.

Atrial septal defects in infancy
Premature infants
Most preterm infants with atrial septal defect do
not have symptoms. However, premature infants
with a moderate-sized or large defect occasionally
present with persistent respiratory distress and 
pulmonary edema. Usually these infants develop
respiratory distress syndrome (hyaline membrane
disease) within the first 2–3 days after birth;
although they improve after several days, the respi-
ratory distress may persist and the infant continues
to be ventilator dependent. Prior to the introduc-
tion of ultrasound, cardiac catheterization revealed
the presence of atrial septal defects in some preterm
infants with persistent respiratory distress. The
magnitude of the left-to-right shunts varied, with
pulmonary to systemic blood flow ratios ranging
from 1.5:1 to greater than 2.5:1. Yet even when 
the shunt was relatively small, closure of the defect
resulted in rapid improvement of the respiratory

symptoms, and it was possible to wean the infant
off assisted ventilation. Because closure of an atrial
septal defect has been so effective in some of these
infants, it is strongly recommended that any infant
with bronchopulmonary dysplasia with severe res-
piratory distress should have an echocardiogram to
exclude the presence of an atrial defect with a left-
to-right shunt.

The mechanism by which the atrial left-to-right
shunt causes respiratory distress is not known. It
appears that the symptoms are related to pul-
monary edema, because diuretic agents such as
furosemide produce some improvement. Similar
clinical findings have been encountered with left-
to-right shunts of similar magnitude associated
with ventricular septal defect or patent ductus arte-
riosus. Possible mechanisms are discussed in
Chapter 5.

There are no characteristic clinical findings,
apart from the respiratory distress, to suggest the
presence of an atrial septal defect in the prema-
ture infant. It is therefore important to perform
echocardiography with Doppler flow studies in any
preterm infant who requires assisted ventilation
beyond the period when improvement from hya-
line membrane disease would have been expected.

Mature infants
Most infants with atrial septal defect with or with-
out partial anomalous pulmonary venous drainage
are asymptomatic. In early infancy, mild cyanosis
may be noted with crying, but it is difficult to dis-
tinguish this from the suffusion that may occur
normally. Prior to the development of the left-to-
right shunt, there are no clinical features indicating
the presence of the defect. Thus the second sound is
not widely split and no murmurs may be audible.

Large defects
Some infants with large defects with pulmonary to
systemic blood flow ratios of about 2.5:1 or more
may present with mild symptoms. They may show
slow weight gain and usually at about 3–6 weeks
after birth develop increased perspiration. They
may also have an increased respiratory rate, but do
not usually manifest dyspnea. The heart rate is usu-
ally increased to 140–160/min and the pulse vol-
ume is reduced. The liver is usually palpaple 2–3 cm
below the right costal margin, but it is not firm. 
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The cardiac impulse is increased and maximal over
the lower sternum and along the lower left sternal
border. The first heart sound is accentuated, often
markedly, at the lower left sternal border. This is
probably related to the tricuspid leaflets being
opened maximally by the high flow; marked disten-
sion of the right ventricle causes forceful contrac-
tion and the widely open leaflets snap shut, causing
the prominent sound. The second sound is of nor-
mal or moderately increased intensity and is widely
split during expiration as well as inspiration. A
grade 2–3/6 systolic ejection murmur of medium
frequency is audible most prominently at the upper
left sternal border, but radiation may occur into
both lung fields. It is not known why some indi-
viduals with large atrial septal defects develop these
features relatively early in infancy. If the defect is
not closed, the infants usually show no progression
of symptoms but do not thrive. The main concern
is that if untreated they may have permanent limi-
tation of growth. However, this is open to question.
The features associated with the defect with
advancing age are discussed below.

Medium-sized and small defects
Medium-sized and small atrial septal defects do 
not cause symptoms during infancy and early
childhood. Often they are not diagnosed until 
later in life, because the only manifestations are a
soft murmur and possibly an abnormal second
sound.

Atrial septal defects beyond infancy
This lesion is not uncommonly overlooked in
infancy and early childhood because many clini-
cians do not appreciate the fixed splitting of the 
second sound, and interpret the murmur as a func-
tional pulmonary ejection murmur. Atrial septal
defects do not usually cause symptoms during
childhood. Children with large defects may have
poor physical development and frequently have
both heights and weights in the lower percentiles.
Most children have normal exercise tolerance, but
occasionally a child with a large left-to-right shunt
may have some limitation.

The pulse volume is usually normal but may be
decreased. The liver is usually of normal size. With
larger shunts, the heart is clinically enlarged and
cardiac pulsation is increased over the lower ster-

num, indicating volume overloading of the right
ventricle. In children with thin chest walls, pulsa-
tion may also be noted over the upper left sternal
border, due to increased activity of the right ven-
tricular outflow region. When the shunt is small,
the heart size and pulsations are normal.

The first heart sound is often accentuated at the
lower left sternal border with large shunts, but is of
normal intensity with moderate-sized or small
shunts. The second heart sound is typically widely
split and fails to show the usual respiratory vari-
ation in splitting. Both aortic and pulmonary com-
ponents are of normal intensity at the upper left
sternal border. Normally, the pulmonary compon-
ent of the second sound is heard shortly after the
aortic component during expiration, so the sound
is narrowly split. Inspiration induces greater venous
return to the right atrium, resulting in increased
right ventricular stroke volume and prolongation
of systolic ejection. This causes a greater degree of
separation of the two components of the second
sound (wide splitting). With large atrial shunts
there is a continuously high flow into the right
atrium and ventricle and thus the second sound is
widely split in all phases of respiration. In children
with smaller shunts, the second sound may be split
only moderately or not at all during expiration,
depending on the size of the shunt. The degree of
splitting of the second sound may be influenced by
other factors; with faster heart rates and lower
stroke volumes, and increased respiratory rates,
splitting of the sound may be less evident.

A systolic ejection murmur, crescendo–
decrescendo in character, is usually heard at the
upper left sternal border and probably originates
from the large flow across the pulmonary valve. 
In large shunts, it is of grade 2–3/6 intensity, of
medium to high frequency, occupies most of sys-
tole, and may radiate to the lungs. With small
shunts it is softer and may not extend beyond the
first half or two-thirds of systole. A prominent third
heart sound is often present at the lower left sternal
border. Usually, with moderate-sized to large
shunts, a grade 1–3/6 short low-frequency diastolic
murmur is heard at the lower left sternal border. It
starts shortly after the second sound, at the usual
timing of the third sound and has been described as
“scratchy” in character. This murmur is thought to
originate from the tricuspid valve as a result of the
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high flow across a normal-sized valve, creating
functional tricuspid stenosis.

The majority of children, even those with large
defects, appear healthy and do not experience any
symptoms relating to the cardiac lesion. Unlike
ventricular septal defects, most of which tend to
become smaller with advancing age, atrial septal
defects usually grow in proportion with heart size,
and there is evidence suggesting some defects may
become relatively larger as age increases. However,
as mentioned above, some left-to-right shunts
decease in size with growth. The main concerns in
individuals with atrial septal defects are (i) the
development of pulmonary vascular disease, (ii)
occurrence of atrial arrhythmias, (iii) onset of car-
diac failure, (iv) possible cryptogenic stroke, and
(v) possible migraine.

Pulmonary vascular disease
The association of pulmonary vascular disease with
atrial septal defect is unusual during childhood. It
has been conjectured that other factors may be
involved in the rare infant or child in whom it does
occur. The presence of an atrial septal defect with a
high pulmonary blood flow would probably con-
tribute to progression of the pulmonary vascular
lesions. In children living at high altitudes, the inci-
dence of increased pulmonary vascular resistance
with atrial septal defect is considerably higher than
in those at sea level. The incidence of pulmonary
hypertension with elevated pulmonary vascular
resistance increases with advancing age, but signi-
ficant pulmonary vascular disease is unusual before
the age of 25–30 years. Even beyond this age, a high
pulmonary vascular resistance is encountered in
only 5–10% of patients. The development of pul-
monary vascular disease is related to the altitude at
which individuals with atrial septal defect reside.
Even at altitudes above about 1220 m (4000 feet),
elevated pulmonary vascular resistance is more fre-
quent and occurs at earlier ages. Females are twice
as likely as males to develop pulmonary vascular
changes. Pregnancy in an individual with atrial sep-
tal defect and high pulmonary vascular resistance 
is associated with high mortality. The pulmonary
vascular changes associated with high pulmonary
blood flow are discussed in Chapter 5.

Elevation of pulmonary vascular resistance
increases afterload on the right ventricle and thus

limits systolic emptying. This reduces inflow into
the ventricle during diastole and thus decreases the
left-to-right shunt. Pulmonary arterial and right
ventricular pressures increase, resulting in right
ventricular hypertrophy, which may reduce com-
pliance of the ventricle and thus further decrease
the left-to-right shunt. The right ventricular vol-
ume load is thus reduced and the impulse is less 
evident. Also, the pulmonary ejection murmur
becomes softer and shorter and the diastolic mur-
mur at the lower left sternal border disappears.
Splitting of the second heart sound is reduced 
during both inspiration and expiration. How-
ever, the second (pulmonary) component of the
second sound becomes accentuated. An early high-
frequency murmur immediately following the pul-
monary component of the second sound may
appear because pulmonary valve insufficiency may
result from pulmonary arterial hypertension. As
pulmonary vascular resistance increases, right-to-
left shunting through the defect may occur, with
appearance of cyanosis, first only with exertion,
and later continuously. Exercise tolerance is limited
and right heart failure becomes increasingly severe.
Pulmonary vascular changes, once evident, are
usually rapidly progressive and patients rarely 
survive more than 18–24 months. Recently, these
patients have been treated with long-term pul-
monary vasodilator therapy, as with primary pul-
monary hypertension. Preliminary observations
suggest they do derive some benefit (see Chapter 5).
Death may result from cardiac failure or other con-
sequences of pulmonary vascular disease.

Atrial arrhythmias
Abnormal rhythms, particularly atrial fibrillation
but also flutter and paroxysmal tachycardia, occur
commonly in older patients with atrial septal
defect, but are unusual in children and adolescents.
They are probably related to the atrial enlargement
that occurs in patients with large shunts. In various
reports arrhythmias have been noted in about
15–50% of patients beyond the age of 20 years; the
incidence increases with advancing age. Only 1–2%
of individuals less than 20 years of age have atrial
arrhythmias. However, sinus node dysfunction has
been detected by electrophysiological studies in
children with atrial septal defect; 40% or more of
children above the age of 5 years had delayed sinus
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node recovery time after atrial pacing [5]. Although
the cause of this is not known, it may contribute to
the high incidence of arrhythmias in older patients.
It is possible that sinus node dysfunction is more
common in patients with sinus venosus defects.

Cardiac failure
As mentioned above, cardiac failure is unusual in
children with atrial septal defects, even when left-
to-right shunts are huge. It is encountered in
patients beyond the age of 20 years who have large
shunts, or in those with pulmonary vascular dis-
ease. Because the main increased load is on the right
ventricle, right-sided failure occurs, with hep-
atomegaly, venous congestion, and fluid retention.
In older adults who develop left ventricular dys-
function as a result of coronary artery disease or
systemic hypertension, the presenting features of
cardiac failure are predominantly those of right
heart failure, because the high left atrial pressure is
transmitted through the defect to the right atrium
and systemic venous system. Development of
mitral valve disease, as with rheumatic fever, may
also increase left-to-right shunting through an
atrial septal defect and result in right heart failure
(Lutembacher syndrome).

Investigations

Electrocardiography
The P waves are usually normal in patients with
atrial septal defect; however, in some with sinus
venosus defects, the P-wave axis is displaced toward
0°. Atrioventricular conduction is normal but may
be moderately prolonged with large defects. The
QRS axis is usually deviated to the right with a
mean frontal vector of +90° to +180°. In older chil-
dren and adults, the electrical axis may be in the
+70° to +90° range, particularly with smaller
defects. There is right ventricular hypertrophy with
a rather typical rsR′ or rSR′ in the right precordial
leads, often incorrectly referred to as incomplete
right bundle-branch block. The QRS complex may
be slightly widened, but true right bundle-branch
block is not a feature of atrial septal defect. There
may be complete reversal of RS progression across
the chest in the precordial leads; the S wave in V6 is
often widened. In defects with small or medium
shunts, left precordial leads usually show normal R

waves. The R wave in the right precordial leads is
rarely very tall and usually does not exceed 10–15
mm. With the development of pulmonary vascular
disease, the right precordial R waves increase and
the left decrease.

Chest radiography
Chest radiography shows a heart of variable size. 
In large shunt lesions, there is usually moderate
enlargement, with some right atrial and right 
ventricular enlargement; the outflow region of the
right ventricle is particularly evident in the oblique
and lateral views. The main pulmonary artery is
enlarged and the pulmonary vascular markings are
increased, usually out to the peripheral lung fields.
It is important to stress that although prominent
pulmonary vascular markings are indicative of a
large left-to-right shunt, it is possible to have large
shunts with only slight to moderate prominence of
the pulmonary vasculature. The lack of marked dis-
tension of the pulmonary arteries in the presence of
large shunts can be explained on the basis of the
very low pulmonary vascular resistance. The large
stroke volume is easily accommodated at low pul-
monary arterial pressure and there is also systolic
flow through the pulmonary circulation without
much expansion of the large vessels. I have encoun-
tered many adolescents who have torrential left-to-
right shunts, in whom the pulmonary vasculature
has been interpreted as “top normal” or “somewhat
increased.” When pulmonary vascular resistance
increases, the main pulmonary artery and the hilar
vessels increase in size and the peripheral mark-
ings are decreased. Enormous, almost aneurysmal,
dilatation of the main and right and left pulmonary
arteries may develop, with severe pulmonary vas-
cular obstruction and marked diminution of
peripheral vascular markings.

Echocardiography
Echocardiography is currently the preferred tech-
nique for confirming the presence of an atrial septal
defect. The defect can be identified and its size and
location may be defined. Depending on the size 
of the shunt, the right atrium and ventricle may 
be enlarged. With large left-to-right shunts, the
enlarged right ventricle may result in diastolic dis-
placement and paradoxical systolic motion of the
ventricular septum. Color flow Doppler studies are
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very sensitive in detecting the flow patterns across
the defect. Large left-to-right shunts are readily
demonstrated, but even small left-to-right shunts
across a patent foramen ovale may be detected. In
addition phasic right-to-left shunting may be noted
with either color flow Doppler or contrast echocar-
diography. Right-to-left shunting of SVC blood
through a sinus venosus defect into the left atrium
is clearly demonstrable by contrast echocardiogra-
phy with an injection into an upper extremity vein.

The magnitude of pulmonary and systemic
blood flows can be estimated from measurement by
Doppler of blood flow velocity in the main pul-
monary artery and ascending aorta and of their
diameters to estimate cross-sectional areas. This
permits calculation of the pulmonary to systemic
blood flow ratio and the magnitude of the shunt.

The diagnosis of atrial septal defect with or 
without associated pulmonary venous drainage
anomaly can usually be made clinically and con-
firmed by echocardiography without resorting to
cardiac catheterization. Prior to the use of car-
diopulmonary bypass for surgical repair of atrial
septal defects, closure was attempted without visu-
alization of the atrial cavity; it was important to
document whether the pulmonary veins drained
normally. Exposure of the interior of the atrium
during cardiopulmonary bypass made it possible to
visualize whether pulmonary veins were draining
abnormally and to handle this appropriately.
Recently, the use of devices to close atrial septal
defects by transcatheter techniques has made the
identification of drainage of pulmonary veins
important.

Cardiac catheterization
Prior to the introduction of ultrasound techniques,
cardiac catheterization was recommended in
patients with suspected atrial septal defect for sev-
eral reasons. It was performed to confirm the diag-
nosis, determine the magnitude of the left-to-right
shunt, exclude the presence of associated defects,
and assess pulmonary arterial pressure and pul-
monary vascular resistance. Also, as mentioned
above, it was performed to assess the possible asso-
ciation of partial abnormal pulmonary venous con-
nection. Currently, ultrasound studies by qualified
echocardiographers can, in most instances, resolve
many of these issues. The main indication for 

cardiac catheterization is to assess pulmonary 
vascular resistance in those individuals in whom
pulmonary hypertension is suspected. It may also
be indicated if the pulmonary venous connec-
tions cannot be defined by ultrasound studies and
transcatheter closure is being contemplated.

Approach and catheter manipulation
The groin approach is usually preferred, as it is
much easier to manipulate the catheter through
fossa ovalis defects from the IVC. In sinus venosus
defects, the catheter can usually be passed easily
through the defect from the groin approach, and it
tends to enter the upper right pulmonary vein,
which connects in close approximation to the
defect. There may be some difficulty in manipulat-
ing the catheter into the body of the left atrium in
patients with sinus venosus defects from the groin
approach because the defect is high in the septum
and a sharp angle is required to turn the catheter
down toward the mitral valve.

When a right pulmonary vein drains into the
IVC, the anomalous vein can usually be entered
quite easily using the groin approach. Attempts
should be made to pass the catheter into the right
pulmonary veins to try to assess whether they are
draining into the left or right atrium. When the
oxygen saturation in the SVC is relatively high
(greater than 75–80%), the possibility of pulmon-
ary venous drainage of the upper right pulmonary
vein should be considered and attempts made to
enter it from the region of the cava–atrial junction.
Also, the possibility should be entertained that one
of the left pulmonary veins is draining into the 
left innominate vein either directly or through the
vertical vein; the catheter should therefore be
advanced to the left innominate vein and, if neces-
sary, beyond. In order to complete the probing for
anomalous pulmonary venous drainage, attempts
should be made to pass the catheter into the coro-
nary sinus to measure oxygen saturation and, if
necessary, probe for pulmonary veins entering the
coronary sinus.

If it is not possible to manipulate the catheter
through a fossa ovalis defect from the groin approach,
a sinus venosus defect or isolated anomalous pul-
monary venous drainage should be considered.
When a right pulmonary vein is entered from the
atrium along the right heart border, it may be
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difficult to assess whether the catheter has passed
across the defect into the pulmonary vein from the
left atrium or whether it has passed directly into the
vein from the right atrium. It has been suggested
that this can be determined by rotating the catheter
clockwise as it is withdrawn, and if it is the left
atrium, this indicates that drainage is into the left
atrium. However, this maneuver is not reliable, 
as the catheter, on withdrawal from a vein entering
the right atrium, may flip through the defect into
the left atrium. The differentiation usually has to be
made by angiography.

Oxygen saturation data
Atrial septal defects and partial anomalous pul-
monary venous drainage are characterized by an
increase in oxygen saturation in the right atrium
compared with the vena cava. Depending on the
magnitude of the shunt, the increase may be
10–25%. It is difficult to obtain a reliable mixed
venous sample because oxygen saturations in the
SVC and IVC are different and their respective con-
tributions to mixed venous return are not known.
Also, the shunt at the atrial level does not permit
collection of a truly representative SVC or IVC
sample. It has been demonstrated by angiography
that there is almost always some reflux of blood
from the right atrium into the IVC, and even into
the hepatic veins, in patients with atrial septal
defect. Although there is also some reflux into the
SVC, it is usually not as great nor does it usually
extend as far into the vessel. However, this allows
the atrial blood, more highly oxygenated because of
the left-to-right shunt, to contaminate cava blood
near the right atrium. Blood samples should there-
fore be obtained in the SVC just proximal to the
innominate–jugular junction and also low down at
the atrial junction, in order to be able to select the
most reliable mixed venous sample. In the IVC, a
sample above the hepatic vein entry is not reliable; 
a sample below the hepatic vein level should be
obtained, but this is not usually representative of
mixed IVC blood because of streaming of flows
from different organs in this vessel (see Chapter 4).

When there is anomalous pulmonary venous
drainage into the SVC, it is even more difficult to
obtain a reasonably representative mixed venous
sample. Often a very high oxygen saturation is
found in a blood sample obtained in the SVC, since

it may be obtained at the site of entry of the vein.
When there is drainage of pulmonary veins into the
left innominate system, a high oxygen saturation is
measured in the SVC and the left innominate vein.
It is important to consider this possibility when an
oxygen saturation above 80% is obtained in the
SVC. To exclude the possibility that the high oxy-
gen saturation is merely due to anxiety with a high
cardiac output and low arteriovenous oxygen dif-
ference, a sample should be obtained in the right
jugular vein and right subclavian veins. If these
show lower oxygen saturations than the caval 
and innominate samples, further exploration is
indicated.

If the coronary sinus oxygen saturation is greater
than 45–50%, the possibility should be considered
that there is either a persistent left SVC or an
anomalous pulmonary vein entering it. The catheter
should be advanced further and usually it will enter
a persistent left cava. If an anomalous pulmonary
vein is draining into the coronary sinus, it may also
be entered with the catheter.

There may be considerable variation in oxygen
saturation in samples obtained from different
regions of the right atrium, and there is frequently a
further increase in oxygen saturation in the body of
the right ventricle due to streaming of some of the
shunted blood directly across the tricuspid valve. If
there is a large left-to-right shunt, oxygen satura-
tion levels may reach 90–92% in the right ventricle
and the pulmonary artery. Because of this it is
difficult to exclude the possibility of additional left-
to-right shunts beyond the atrial level, as only small
further additional increases in oxygen satura-
tion would occur even with large shunts (see
Chapter 4).

The oxygen saturations in the pulmonary veins,
left atrium and ventricle, and systemic arteries 
are usually normal. However, in patients with 
very large pulmonary blood flows, these oxygen
saturations may be slightly reduced to 94–95%,
with a corresponding slight reduction in Po2. It 
is suggested that this is due to a disturbance in 
ventilation–perfusion relationships; the very high 
pulmonary flow does not permit normal oxygen
uptake when alveolar ventilation is normal. This
may be even more important when a patient has
been sedated and ventilation is somewhat reduced.
As mentioned above, small right-to-left shunts may
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be present in patients with atrial septal defects, par-
ticularly sinus venosus defects, and in these cases
oxygen saturation in the left atrium is slightly lower
than that in the pulmonary veins. Po2 measure-
ments are more likely to demonstrate the difference
at these high saturation levels. When pulmonary
vascular resistance increases, greater right-to-left
shunts occur and left atrial and systemic arterial
oxygen saturations and Po2 may be reduced 
considerably.

Pressures
The right atrial pressure tracing is normal in small
defects, but with large defects there is usually a
change in the pressure contour, with a deep x
descent after the a wave and a prominent v wave; a
and v waves are usually equal in height, in contrast
to the higher a wave seen in the right atrium nor-
mally. The mean pressure and a and v wave levels
are not elevated. With large defects, the left and
right atrial mean pressures are equal, as are the 
phasic pressures.

The pulmonary venous pressures of veins drain-
ing to the left atrium are normal, showing a domin-
ant v wave. It is of interest that an anomalous 
pulmonary vein does not assume the pressure char-
acteristics of the right atrium. A dominant v wave is
noted in the peripheral portion of the vein, as is seen
normally, but just a short distance from its entry
into the systemic venous system, the contour becomes
more characteristic of that in the right atrium.

Right ventricular and pulmonary arterial systolic
pressures are often slightly elevated to 35–40
mmHg in infants under 1 year, but beyond this age
pressures are usually in the 25–30 mmHg range. In
all age groups, systolic pressure differences of up to
15–30 mmHg may be noted between the right ven-
tricle and pulmonary artery. This systolic pressure
difference, which usually disappears after closure of
the defect, is thought to be due to the large flow
across the pulmonary valve. Pulmonary arterial
diastolic and mean pressures are usually in the nor-
mal range, but slight increases in pulmonary arte-
rial mean pressure to 20–25 mmHg may occur. In
infants in particular, but also in older children on
occasion, a systolic pressure difference of up to
10–15 mmHg may be noted between the main and
branch pulmonary arteries, with a mean pressure
change of up to 5–8 mmHg. This is also thought to

be related to high flow across the junction of the
branches of the pulmonary arteries with the trunk;
it is an exaggeration of the pressure differences
observed in many normal infants after birth (see 
Chapter 5). In view of these pressure gradients, which
are encountered quite commonly, it is important to
use pressures obtained in the branch pulmonary
arteries in calculating pulmonary vascular resist-
ance, if any significant pressure difference exists.

When pulmonary vascular resistance begins to
increase, the pulmonary arterial and right ventricu-
lar systolic pressures rise. The pulmonary arterial
pressure may actually exceed systemic arterial pres-
sure when severe pulmonary vascular changes
occur. Right ventricular end-diastolic pressure
increases and right atrial pressure rises as cardiac
failure progresses.

Pressures in the left atrium are usually normal,
but in large defects mean pressure may be slightly
reduced and the contours in the two atria are sim-
ilar. Left ventricular and systemic arterial pressures
are normal.

Blood flows and shunts
The measurement of blood flows by the Fick method
is particularly unreliable in patients with atrial sep-
tal defects. Usually systemic blood flow is in the
normal range, but calculations of flow may not be
accurate because of the difficulty in obtaining a reli-
able mixed venous blood sample. Calculation of
pulmonary blood flow is reasonably reliable when
the flow is not very large. However, when pul-
monary flow is markedly increased by a large left-
to-right shunt, actual blood flow measurements
may be erroneous. Pulmonary arteriovenous oxygen
difference may be low because pulmonary arterial
oxygen saturation is high and pulmonary venous
oxygen somewhat reduced. When the arterioven-
ous oxygen difference is small, minor inaccuracies
in measurement of arterial or venous oxygen levels
can result in large differences in flow calculation
(see Chapter 4). Thus, with the unreliability of both
pulmonary and systemic blood flows, the calcula-
tion of left-to-right shunt and estimation of pul-
monary to systemic flow ratios may also be inaccurate.

Vascular resistances
Systemic vascular resistance is usually normal 
in patients with atrial septal defects. Pulmonary
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vascular resistance is low in the majority of patients
with atrial defects or anomalous pulmonary venous
drainage. Actual resistance levels are often as low 
as 0.8–1 units/m2, suggesting that the pulmonary
vessels are widely dilated. In fact, if the pulmonary
vascular resistance is greater than 3.0 units/m2, a
figure considered normal in most individuals, it
should be regarded with suspicion in a patient with
atrial septal defect as being indicative of early pul-
monary vascular intimal disease. As pulmonary
intimal disease progresses, pulmonary vascular
resistance may rise to extremely high levels of
greater than 20 units/m2.

Indicator dilution studies
Dye dilution curves were previously used exten-
sively to determine whether anomalous pulmonary
venous drainage was associated with an atrial septal
defect, but are rarely used now because the connec-
tions of the pulmonary veins can usually be defined
by echocardiography, or by angiography during
cardiac catheterization.

Angiocardiography
Angiograms are most helpful in assessing whether
pulmonary veins that have been entered by the
catheter are connected to the right or the left
atrium. An injection of contrast medium into the
vein may show it clearly draining directly into the
right atrium, as there will be no filling of the left
atrium. If it enters the left atrium there may be
some confusion, as the right atrium fills through
the atrial septal defect and very little may flow
directly into the left atrium from the specific vein.
The atrial septal defect may be demonstrated by a
left atrial injection and is visualized best in the
oblique rather than the direct anteroposterior and
lateral views. An atrial left-to-right shunt can also
be detected after an injection of contrast medium is
made into the right ventricle or the pulmonary
artery. When the contrast medium returns from
the lungs to the left atrium, the atrial septum is seen
to be poorly defined, in comparison with the usual
sharp border noted, and filling of the right atrium is
also seen.

In infants with large atrial left-to-right shunts
and pulmonary arterial hypertension, the possibil-
ity of an associated ventricular septal defect or
patent ductus arteriosus should be seriously 

considered and can be readily excluded by left 
ventricular and aortic angiograms.

Whenever drainage of the right pulmonary veins
into the IVC is diagnosed, an aortogram should
always be done to demonstrate whether any part of
the lung receives its arterial supply from the aorta.

Differential diagnosis

Usually it is not possible to determine from clinical
examination whether the patient who has a large
atrial left-to-right shunt has an atrial septal defect
alone or whether there is associated partial anoma-
lous pulmonary venous drainage. Although large
atrial septal defects may be diagnosed readily 
with reasonable assurance by clinical examination,
radiography, and electrocardiography, there are
several situations that may be confusing clinically.

“Functional” murmurs
The systolic ejection murmur of atrial septal defect
may be difficult to differentiate from a “functional”
murmur, because the mechanism of its production,
i.e., high-velocity flow across the pulmonary valve,
is similar. The constancy of splitting of the second
sound in atrial septal defect is helpful, but when the
shunt is small and the pulmonary to systemic flow
ratio is less than 2:1, the second sound may show
respiratory variation, although it may not narrow
to a single sound on expiration. In children old
enough to cooperate, the performance of a Valsalva
maneuver may be helpful in differentiation. Func-
tional murmurs disappear instantaneously because
venous return to the right atrium and ventricle is
reduced immediately. However, murmurs of atrial
septal defect usually persist for several beats after
the onset of the Valsalva maneuver. Radiography
may not be helpful, since the heart and pulmonary
vessels may not appear abnormal in patients with
small shunts. Similarly, with small-to-moderate
shunts, the electrocardiogram may not be conclu-
sive, as there may be right ventricular conduction
delay and mild prominence of right ventricular
forces in young children normally.

Usually there is adequate information to differ-
entiate by clinical features, but echocardiography
will help to exclude the presence of an atrial septal
defect. Recently, with the use of color flow Doppler,
it has been possible to detect a small left-to-right
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shunt through a tiny defect in the atrial septum; 
this is probably a patent foramen ovale. This has
created an enigma with regard to management (see
Chapter 8).

Mild pulmonary stenosis
This produces a systolic ejection murmur at the
upper left sternal border and increased splitting of
the second sound, features quite similar to those of
atrial septal defect. There may also be a lower left
sternal border impulse due to right ventricular
hypertrophy. The presence of a systolic ejection
click, almost always present in valvar pulmonary
stenosis, is helpful, as this is heard rarely in patients
with atrial septal defects. The second sound, although
well split, shows the usual narrowing on expiration.
Although the systolic murmur tends to be louder
and harsher in pulmonary stenosis, there is consid-
erable variation in the intensity and quality of the
murmur. The presence of a mid-diastolic murmur
at the lower left sternal border in patients with atrial
septal defects is helpful in differentiation. The elec-
trocardiogram is not helpful, because with mild
pulmonary stenosis, right ventricular forces may be
only modestly increased, as occurs with atrial septal
defect. Chest radiography shows a prominent main
pulmonary artery segment in both conditions, and
prominence of the right ventricle may be seen in
both lesions. However, peripheral pulmonary vas-
cular markings will be increased in atrial septal
defects if the shunt is moderate to large. The differ-
ential is readily made by echocardiography.

Ebstein anomaly
This lesion often produces clinical features similar
to those of atrial septal defect, and cases of mild
Ebstein anomaly and medium-sized atrial septal
defect may be easily confused. Although many
patients with Ebstein malformation exhibit mild
cyanosis, it is not always present. In patients with
Ebstein anomaly, examination reveals a right ven-
tricular impulse at the lower left sternal border, 
and the second sound may also be widely split 
due to intraventricular conduction delay. A fourth
heart sound, as well as a third sound or short mid-
diastolic murmur at the lower left sternal border 
is often associated with Ebstein anomaly. Chest
radiography may be helpful, because with Ebstein
anomaly the right atrium and right ventricle are

prominent, with no enlargement of the pulmonary
artery segment. The electrocardiogram is also help-
ful, as it shows prominent P waves, often some pro-
longation of atrioventricular conduction, and also
intraventricular conduction delay, sometimes with
complete right bundle-branch block. Echocardio-
graphy will differentiate between the two lesions.

Atrioventricular septal defect and
common atrium
The ostium primum type of atrioventricular septal
defect is associated with a left-to-right shunt into
the right atrium. The clinical features of ostium pri-
mum lesions and other atrial septal defects are sim-
ilar, including the right ventricular impulse, widely
split second sound, mid-diastolic murmur at the
lower left sternal border, and similar chest radio-
graphic features. In ostium primum defects, there
may be an additional systolic murmur, usually
decrescendo in contour, at the apex or lower left
sternal border, due to the mitral valve lesion. There
may also be a left as well as a right ventricular impulse.
The electrocardiogram clearly differentiates the
lesions because, in patients with ostium primum
defect, with rare exceptions, it shows left axis devia-
tion with counterclockwise rotation of the vector
loop in the frontal plane. Ultrasound study usually
defines the location of the atrial septal defect
extending to the atrioventricular valve mechanism
and may show mitral valve regurgitant flow.

Total anomalous pulmonary venous
drainage
Drainage of all the pulmonary veins into the coro-
nary sinus or the vertical vein may produce a clin-
ical picture quite similar to that of a large atrial 
septal defect. The cyanosis may be minimal so that
it is not appreciated. All the clinical features are
otherwise identical, although a quadruple rhythm
may be evident in patients with total anomalous
pulmonary venous drainage. Chest radiography
and electrocardiography may not help in differenti-
ation. If the veins drain into the vertical vein,
prominence of the superior mediastinum may be
evident on the chest radiograph. The electrocar-
diogram usually shows more prominent right 
ventricular forces in patients with total anomalous
pulmonary venous drainage. An echocardiogram
differentiates between the two lesions. The abnormal
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pulmonary venous connections can usually be
defined and right-to-left shunting of blood through
the atrial septal defect is seen, rather than the left-
to-right shunt, as occurs with atrial septal defect.
Even at cardiac catheterization, confusion may
arise, particularly when the pulmonary veins all
drain into the coronary sinus, because the large
increase in oxygen saturation at the right atrial level
may suggest the diagnosis of atrial septal defect.

Principles of management

Atrial septal defects rarely produce symptoms 
during infancy or childhood. Closure of defects is
generally recommended if they are large because 
it is believed that this reduces or eliminates the 
risk for developing pulmonary vascular disease,
cardiac failure, and atrial arrhythmias in later life.
Unlike most other congenital heart lesions, atrial
septal defect is not associated with a significant risk
of infective endocarditis. Consequently, although
prophylactic antibiotic therapy was recommended
for those with congenital cardiac lesions until
recently, it was not recommended for atrial septal
defect.

Premature infants with atrial 
septal defect
As mentioned above, occasionally a preterm infant
with cardiorespiratory distress who does not
respond to usual therapeutic measures is found by
ultrasound examination to have a left-to-right
shunt through an atrial septal defect. Estimation 
of the magnitude of the left-to-right shunt has
revealed that even relatively small shunts, with pul-
monary to systemic blood flow ratios of 1.5–1.7,
may contribute to the respiratory distress. Closure
of the defect is therefore indicated. Currently this
procedure has to be done surgically, because trans-
catheter interventional techniques have not yet
been developed for preterm infants. Closure of the
defect usually results in rapid improvement of res-
piratory distress and the infant can be weaned from
assisted respiration.

The decision to recommend surgical closure 
of the defect will depend on the expertise of the
neonatologists and the cardiovascular surgeon.
Surgeons experienced with cardiac surgery on
small infants can perform the procedure with little

risk. If the surgeon has had little experience with
infants, it may be preferable to persevere with
diuretic therapy in the hope that the respiratory
symptoms will improve.

Large atrial septal defects in infancy
Generally, a large atrial septal defect has arbitrarily
been defined as one associated with a pulmonary to
systemic blood flow ratio greater than 2:1. Most
infants with large atrial septal defects do not have
symptoms. An occasional infant has mild to mod-
erate cardiac failure at 2–6 months after birth. As
mentioned above, this may be related to the normal
postnatal fall in hemoglobin concentration, or to
respiratory or gastrointestinal infection. The fai-
lure should be treated with diuretic therapy. If 
improvement does not result, closure of the defect
should not be contemplated before treating asso-
ciated anemia or infection. Rarely, cardiac failure
may persist despite all these measures, in which
case closure of the defect may be recommended.
Currently, this may have to be accomplished sur-
gically, but techniques for transcatheter closure are
being modified to make them applicable to closure
of defects in infants.

In a recent report, closure was accomplished
with an Amplatzer occluder in 14 of 15 infants aged
2 weeks to 11 months. In 11 it was performed per-
cutaneously and in three by a transatrial approach
through a thoracotomy [6]. In those centers where
the procedure is not yet being performed in infants,
it is preferable to delay closure of the defect if the
infant does not have persistent uncontrollable car-
diac failure.

Occasionally an infant with a large atrial septal
defect fails to thrive. Weight gain may be slow and
height may be in the lower percentile. Closure of
the defect has been recommended in many of these
infants, but it has not always been successful 
in improving the child’s development. Caution
should be exercised in recommending closure of
the defect in these infants and other possible causes
for the failure to thrive should be considered. Thus
if the infant has associated genetic abnormalities or
chronic infection, it is probable that these are
responsible for the failure to thrive rather than the
atrial septal defect. Experience has shown that clos-
ure of the defect does not improve growth in most
of these infants. If other causes for failure to thrive
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have been carefully excluded, closure of the defect
may result in rapid weight gain.

Increased pulmonary vascular resistance is rarely
associated with atrial septal defect in infancy
beyond the neonatal period. In those infants in
whom it has occurred, the difficult decision had to
be made whether to recommend closure of the
defect. Closure of the defect may have no influence
on progression of the pulmonary vascular disease;
therefore closure is probably not indicated if 
pulmonary vascular resistance is greater than 
8 units/m2. As mentioned above, the possibility of a
genetic association with pulmonary hypertension
should be considered.

Large atrial septal defects in children
The current view is that an atrial septal defect with a
large left-to-right shunt causing a pulmonary to
systemic blood flow ratio of 2.0 or more should be
closed. In long-term observations, it has been noted
that the potential for development of high pul-
monary vascular resistance is greatly reduced or
abolished. Also the future risk of cardiac failure is
eliminated. Whether surgical closure of defects
reduces the incidence of future atrial arrhythmias is
less certain.

Prior to the early 1980s, all closures of atrial sep-
tal defects were performed surgically. In 1974 King
and Mills [7] developed a device that could be used
to close atrial septal defects without surgery. Later,
a prosthetic device that could be manipulated
through a catheter was developed by Rashkind. It
consisted of a disk of polyurethane supported by
radiating metal struts. The device was folded into
the catheter, which was passed through the defect;
it was delivered on the left atrial side of the septum
and withdrawn against the septum where it was
held by hooks. Although several defects were 
closed successfully, serious complications requir-
ing immediate surgery occurred in the initial series
of patients. Subsequently several modifications
have been developed. A so-called double clamshell
device was designed by Lock; it consisted of two
square pieces of polyester fabric, each with four
struts radiating from the center. The device was
delivered through a catheter so that one of the
squares opened on the left atrial side and the other
on the right atrial side of the defect. The device
could be placed successfully, but almost 50% of

patients had residual shunts, usually of small mag-
nitude. A major concern was that the metal struts
fractured in a number of the prostheses and
although no serious complications developed, it
was considered desirable to remove them.

Since these early experiences, several modifica-
tions of either a single-membrane or double-
membrane prosthesis have undergone clinical 
evaluation. These include a modified version of 
the double clamshell, known as the CardioSEAL
clamshell device. Other devices in various stages of
clinical trial are the Sideris “buttoned” device, the
Das-Angel Wings atrial septal occlusion device, the
Monodisk, and the Amplatzer septal defect occluder.
In some the struts have been eliminated by use of a
flexible Nitinol or stainless steel metal frame or
weave. In Germany, a device known as the Babic
atrial septal defect occlusion system (ASDOS) has
undergone testing. Placement requires a complex
procedure of establishing a venoarterial loop from
the femoral vein through the defect to the femoral
artery.

Successful closure of atrial septal defects has been
accomplished in carefully selected patients. Many
patients have had small residual left-to-right shunts
during the first few months after insertion of the
device, but the tendency is for these to disappear.
There has been essentially no mortality, but com-
plications have been encountered. During or occa-
sionally following the procedure, the device has
been dislodged and has had to be retrieved sur-
gically. Rare episodes of cerebral embolism with
stroke have occurred. Some devices have moved
away from the center of the defect resulting 
in reestablishment of a shunt. A concern related
specifically to the Amplatzer atrial septal occluder is
the development of erosion and perforation of the
upper margin of the left or right atrium; this has at
times extended into the aortic root with resultant
pericardial tamponade.

These prostheses are not suited for closure of all
atrial septal defects. At present, only fossa ovalis
defects are being closed with the devices. Current
criteria for using the devices include the following.
• The patient should be large enough for the
femoral vein to accommodate the inserting device.
• The defect should be small enough to be closed by
the device (usually less than 21 mm stretched
diameter, although the CardioSEAL device may be
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used for 28–33 mm defects and recently an
Amplatzer device has been developed to close
defects with diameters of up to 34 mm).
• There must be adequate margins around the
defect for the device to be firmly fixed in position
with no opening around the edges.
• There must be an adequate rim of tissue to allow
placement of the device without interfering with
the atrioventricular valve mechanism.
Improvements in design and methods of delivery of
the prostheses will undoubtedly permit their use in
smaller patients and with greater success and fewer
complications.

As mentioned above, it is important to exclude
the presence of associated abnormal pulmonary
venous connections, because device closure will not
correct the left-to-right shunt through pulmonary
veins draining into the systemic veins or right
atrium. It is therefore important to identify the
connections of all the pulmonary veins either by
ultrasound prior to the procedure or at the time of
cardiac catheterization before inserting the pros-
thesis. In the event that one or more pulmonary
veins are abnormally connected, surgery to close
the defect and correct pulmonary venous drainage
is indicated.

Surgery is still recommended for closure of sinus
venosus defects and coronary sinus defects, because
current devices are not suitable for their closure.

Large atrial septal defects in
adolescents and adults
Large atrial septal defects first encountered in ado-
lescents should be treated in the same manner as
those in children, i.e., they should be closed.
Controversy has arisen regarding the management
of adults with atrial septal defects. Several reports
have recommended closure of atrial septal defects
in adults because many have experienced decreased
exercise tolerance and, as discussed above, the inci-
dence of elevated pulmonary vascular resistance
has been thought to increase as individuals reach
the second and third decades. Most patients were
reported to experience improved performance
after closure of the defect.

A series of patients from the Hammersmith
Hospital in London in whom atrial septal defects
were first diagnosed after the age of 25 years were
followed for 25 years. No difference was observed

in symptoms, in the incidence of pulmonary vascu-
lar disease, or of new arrhythmias in those in whom
the defect was not closed as compared with those 
in whom it was closed. Furthermore, neither 
group developed progressive pulmonary vascular
disease [8].

Unfortunately, in many reports of the course of
patients with atrial septal defects, the size of the
defect and the left-to-right shunt has not been 
considered in relation to the development of symp-
toms and complications. More detailed natural 
history studies of children and adults are therefore
indicated to determine whether it is important to
close atrial septal defects.

Small atrial septal defects
Apart from premature infants, children with atrial
septal defects with left-to-right shunts with a pul-
monary to systemic blood flow ratio less than 2.0
do not have symptoms. The practice of most cardi-
ologists had been to follow these patients and not
recommend surgical closure. This was based on the
fact that surgery entailed some risk, and that as
many as 50% of patients developed atrial arrhyth-
mias either soon or some months after surgery. In
recent years, the risks of surgery performed by
capable cardiac surgeons have become exceedingly
small and improvements in technique have signi-
ficantly reduced the postoperative incidence of
arrhythmias. Current practice recommends closure
of the defect when the pulmonary to systemic 
blood flow ratio is 1.5–2.0, but not when the ratio is
below 1.5.

However, as techniques and prostheses for clos-
ing atrial septal defects by transcatheter approach
are improving, it is likely that closure of defects
with even smaller left-to-right shunts will be re-
commended. Whether this is appropriate is ques-
tionable: it depends on the risks imposed by the
presence of the defect. As stated above, individuals
with atrial septal defects are not at risk for infective
endocarditis; the potential risks are for develop-
ment of pulmonary vascular disease, cardiac fail-
ure, and arrhythmias. Unfortunately, we do not
know the risks of developing these complications
with defects of different size. It is likely that patients
with large defects are more prone, but whether a
patient with a pulmonary to systemic blood flow
ratio of 1.5–2.0 will ever suffer any of these events is
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not known. Without this information, our deci-
sions are arbitrary. The one justification (or excuse)
for closing the defect is to prevent future stroke
resulting from right-to-left embolization through
the defect (see Chapter 8).

Patent foramen ovale
Based on autopsy reports, up to 25% of adults are
thought to have a patent foramen ovale, which is
not associated with symptoms. These have not been
recognized, except during cardiac catheterization,
when a catheter has been manipulated through the
foramen, or otherwise at autopsy. Recently, color
flow Doppler studies have demonstrated small 
left-to-right shunts through atrial openings that are
very small and which are assumed to be patent
foramina ovale. At present, it is not recommended
that these be closed. Recently, however, the pos-
sibility that patent foramen ovale may be associated
with the development of cerebral stroke in some
individuals, and of migraine, has been proposed.
This issue is discussed below. Closure of the fora-
men ovale is being performed in some individuals
with recurrent stroke, but there is concern that the
foreign material of the device may attract some risk.
Attempts have been made to close the foramen by
percutaneous approach without using a device.
This has been achieved successfully in 27 of 35
patients by means of radiofrequency [9].

Sinus venosus defects
Currently, sinus venosus defects are not amenable
to closure by transcatheter techniques and are
closed surgically. Although the sinoatrial node is
usually located on the right side of the SVC–right
atrial junction, the artery to the node may be 
closely related to the defect. Because damage to the
arterial supply could result in atrial arrhythmias,
including sick sinus syndrome, there is concern
that closure of the defect could impose this risk.
The experience of many centers is that there is a
significantly greater risk of postoperative arrhyth-
mia after closure of sinus venosus defects as com-
pared with any other type of defect. However, 
in other centers there does not appear to be any 
difference in the incidence of postoperative arrhy-
thmia, dependent on the location of the defect. 
This is probably related to differences in surgical
technique.

Coronary sinus defects
These defects also cannot currently be closed by
transcatheter techniques. Many of these defects are
associated with drainage of the left SVC into the
coronary sinus. It is important to define whether
this anomaly is present by ultrasound. At the time
of surgery, the left SVC can be ligated if there is ade-
quate collateral communication of the left SVC sys-
tem to the right side. However, if ligation of the
vein at the time of surgery results in distension and
marked increase in venous pressure, it should be
anastomosed to the right atrium to avoid postoper-
ative venous engorgement.

Atrial septal defect with pulmonary
arterial hypertension
The presence of pulmonary arterial hypertension
and increased pulmonary vascular resistance
significantly increases the risk of surgical closure of
the defect. Closure of defects when pulmonary 
vascular resistance is 15 units/m2 is associated 
with a high immediate mortality or progression of
pulmonary vascular disease and it is therefore 
not recommended in these patients. Pulmonary
vascular resistance of 8–15 units/m2 is associated
with a mortality of as high as 50% if the defect 
is closed, whereas the mortality is about 10% 
when resistance is 4–8 units/m2. It is very difficult
to decide whether to recommend closure of the
defect when pulmonary vascular resistance is 
elevated. I would not recommend closure if pul-
monary vascular resistance is 12 units/m2 or
greater, and would quote a high mortality for 
those with pulmonary vascular resistance in the
8–12 units/m2 range.

There is little experience with closure of defects
by transcatheter techniques when pulmonary vas-
cular resistance is increased. It is possible that the
immediate risks following closure may be less than
after surgery, because the concerns of further
increasing pulmonary vascular resistance due to
ventilatory disturbances associated with thoraco-
tomy could be avoided. In recent years, more effec-
tive pulmonary vasodilator agents have become
available (see Chapter 5). A trial of these agents to
assess their effectiveness in reducing pulmonary
vascular resistance prior to attempting to close the
defect is indicated. If pulmonary vascular resistance
is reduced, the procedure would be less risky.

c08.qxd  12/22/08  11:34  Page 200



Atrial septal defect and partial anomalous drainage of the pulmonary veins 201

Administration of pulmonary vasodilators after 
the closure has been accomplished could help to 
prevent or delay progression of the pulmonary vas-
cular disease.

Postoperative atrial arrhythmias
Several reports have suggested that atrial arrhyth-
mias are less frequent in patients who have had
atrial septal defect closure than in those in whom
closure has not been accomplished. However, a
substantial number of children who have had sur-
gical closure of the defect develop postoperative
atrial arrhythmias. This may occur soon after
surgery, but has developed months or years later. In
various series, the incidence has been as high as
30–50%, but in some centers there appears to be a
much lower incidence. This has suggested that sur-
gical techniques may be important in determining
the development of arrhythmia, and modification
of techniques has reduced the incidence in some
centers. Paroxysmal atrial tachycardia and atrial
flutter or fibrillation are the usual dysrhythmias,
but bradycardia/tachycardia syndromes have
occurred and some patients have required pace-
maker insertion.

Surgery in adolescents or adults has not been
successful in significantly reducing the incidence of
arrhythmias. If an older patient already has an
arrhythmia, surgical closure of the defect will more
often than not fail to abolish the arrhythmia. As
mentioned above, in the Hammersmith Hospital
report, there was no difference in the incidence of
the onset of arrhythmia in adults who had surgery
as compared with those who had not.

The incidence of postprocedure arrhythmias fol-
lowing closure of defects by transcatheter tech-
niques has not yet been evaluated, but hopefully, by
avoiding atrial incisions and damage to the sinus
node, the incidence of arrhythmias will be reduced
considerably.

Patent foramen ovale and 
cryptogenic stroke
In about 40% of patients the cause of stroke is cryp-
togenic (i.e., not known); most of these individuals
are less than 50 years of age. In studies of crypto-
genic stroke patients, a patent foramen ovale has
been detected in 44–66% compared with 9–27% 
in patients with a known cause of stroke [10]. The

recurrence rate for stroke has been reported to be
2–15% within 4 years, despite treatment with anti-
coagulant or antiplatelet drugs. The presence of a
patent foramen ovale increases the incidence of
recurrent events fivefold [11]. Closure of the patent
foramen ovale by surgery or device significantly
reduced the risk of recurrent stroke in some studies,
especially if it was associated with an atrial septal
aneurysm [12]. In others, results were marginal.
Currently, it is generally agreed that if recurrent
episodes of stroke have occurred despite the use of
warfarin prophylaxis, the foramen ovale should be
closed by a device. However, whether the defect
should be closed after a first episode of cryptogenic
stroke is controversial. At present, therefore, clos-
ure of the foramen ovale to prevent possible 
occurrence of stroke is not recommended.

Patent foramen ovale 
and migraine
The possible association of patent foramen ovale
with migraine was proposed after it was noted 
that 70% of individuals who had closure of the
foramen after a cryptogenic stroke found that
migraine they had experienced prior to the stroke
disappeared; the other 30% of individuals showed
considerable improvement. This was particularly
likely in those who had migraine with associated
aura, but not in others. In a study of patients with
migraine by Domitrz et al. [13], 54% of those with
migraine and aura had a patent foramen ovale,
whereas it was patent in only 25% of controls and
25% of migraine patients with no aura. Several 
trials are currently in progress to assess the effec-
tiveness of device closure of patent foramen ovale
in relieving migraine with aura. One study did
show some benefit, but the results were more 
modest than had been anticipated [14]. The mech-
anism by which patent foramen ovale may account
for the occurrence of migraine is not clear. It has
been proposed that the foramen permits passage 
of some chemical, which is usually modified or
destroyed in the lung, into the systemic circula-
tion [15].

Although it is possible that closure of a patent
foramen ovale may be indicated for treatment of
severe migraine with aura, the effectiveness of the
procedure requires a great deal more confirmation
before it can be recommended routinely.
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with polysplenia syndrome have this anomaly.
Fetuses with left atrial isomerism are more likely to
have associated complete heart block and left ven-
tricular outflow obstruction. These fetuses with left
atrial isomerism and atrioventricular septal defect
have a relatively high mortality in utero, thus
accounting for the much lower incidence post-
natally [3]. The spectrum of atrioventricular septal
defect in the fetus is quite different to that observed
postnatally. Between 70 and 80% of patients with
complete atrioventricular septal defect have been
found to have trisomy 21 [4,5]. The prenatal and
postnatal differences in the association of Down
syndrome with atrioventricular septal defect is
probably explained by a greater mortality in utero
of those with isomerism, especially left atrial iso-
merism. About half of individuals with Ellis–van
Creveld syndrome have congenital heart disease,
and one of the common lesions is common atrium,
considered to be one form of atrioventricular septal
defect.

There are, not uncommonly, other lesions 
associated with atrioventricular septal defects: pul-
monary stenosis of varying severity may occur; in
infants, a patent ductus arteriosus is quite frequent;
aortic isthmus narrowing, sometimes severe, 
may occur, and this is often associated with out-
flow obstruction of the left ventricle. When the 
atrioventricular defect is part of an asplenia or
polysplenia syndrome, the other features of these
syndromes, such as aortopulmonary transposition,
pulmonary venous drainage anomalies and, in the
asplenia syndrome, pulmonary stenosis, are usually
associated.

In this chapter I consider atrioventricular septal
defects predominantly in regard to the functional
disturbances of the circulation and also outline the
various anatomical derangements that have import-
ant surgical implications.

CHAPTER 9

Atrioventricular septal defect

203

Atrioventricular septal defects are lesions that
result from arrested or abnormal embryological
development of the endocardial cushions in the
primitive atrioventricular canal. They have also
been termed atrioventricular canal defects and
endocardial cushion defects. They have been classified
as partial, or incomplete, defects and complete or
common atrioventricular septal defects. The most
important defining feature is that in incomplete
defects, the common atrioventricular orifice is sep-
arated into two complete atrioventricular orifices
that form distinct mitral and tricuspid openings,
with attachment of both valves to the upper margin
of the ventricular septum. In complete atrioven-
tricular septal defects, the atrioventricular orifice is
not fully divided, so that a variable distance separ-
ates the upper margin of the ventricular septum
from the level of the common atrioventricular valve
annulus.

Atrioventricular septal defects may occur as 
isolated lesions in otherwise normally developed
infants and children. However, they are often
encountered when other congenital anomalies are
present. They are the most common of all con-
genital heart lesions in individuals with trisomy 21
syndrome (Down syndrome). In a study in the UK,
almost 40% of fetuses with atrioventricular septal
defect had trisomy 21 and 10% had other chromo-
somal anomalies. In this report, 12% of the fetuses
had right atrial isomerism and 20% had left atrial
isomerism [1]. In another study about 40% of
fetuses with atrioventricular septal defect had left
or right isomerism [2]. Almost all patients, if not
all, with the asplenia syndrome have atrioventricu-
lar septal defect, and a high percentage of patients

9
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Morphological and embryological
considerations

The primitive atrioventricular canal is separated
into atria and ventricles by the development of 
projections of the endomyocardial jelly at the atrio-
ventricular junction. These develop into the atrio-
ventricular valves and also contribute to the closure
of the atrial septum and the ventricular septum
(Figure 9.1). The larger and more important of
these projections have been termed endocardial
cushions, but are truly endomyocardial cushions,
and are located in the anterior and posterior por-
tions of the canal. Two other cushions form on the
left and right sides, the so-called lateral cushions,
but these are much smaller and less important in
development of atrioventricular valve function.

The anterior (or superior) and posterior (or in-
ferior) cushions grow in toward the center and
become convex toward the atria. They join, first in
the midline, to produce separate left and right atrio-
ventricular orifices (see Figure 9.1). The cushions
develop bulges on either side of the midline, which
develop into the valve cusps. On the left side, the
left portions of the anterior and posterior cushions

join to form the septal leaflet of the mitral valve;
with subsequent rotation of the ventricles, this cusp
assumes a relatively anterior position. The forma-
tion of the tricuspid valve is more complex. The
anterior leaflet is formed partly from endomyocar-
dial jelly in the region of the anterior and right lat-
eral cushion origin. The anterior cushion itself
contributes only minimally to the anterior leaflet,
and the medial portion of this leaflet, as well as the
medial papillary muscle and chordae tendineae, are
derived from the conotruncal septum. The right
side of the posterior endocardial cushion con-
tributes to the medial tricuspid valve leaflet and
also completes the closure of the most posterior
portion of the membranous ventricular septum.
The lower edge of the septum primum, which separ-
ates the atria, fuses with the center of the anterior
and posterior endocardial cushions, and as they
grow toward each other and fuse, the orifice at the
lower margin of the septum primum is sealed. As
this process of closure of the interatrial septum pro-
ceeds, a series of foramina develop in the central
portion of the septum primum to maintain com-
munication between the atria.

Atrioventricular septal defects vary greatly in 
the type of anatomical disturbance and in severity,
depending on which cushions are predominantly
involved and the adequacy of their development.
Since the cushions contribute to the development
of the mitral and tricuspid valves and the atrial and
ventricular septa, several different combinations of
atrioventricular valve lesions and septal defects
may occur. Classification into complete and partial
or incomplete forms is convenient, as the partial
forms are less likely to present with difficulties in
utero or during infancy and are unlikely to present
with residual atrioventricular valve insufficiency
following surgery.

Partial atrioventricular canal defects are charac-
terized by the development of almost complete
central fusion of the anterior and posterior cush-
ions, so that the annuli of the mitral and tricuspid
valves are well formed. The most common complex
of this type is the ostium primum defect, in which
there is failure of fusion of the left portions of the
anterior and posterior endocardial cushions, so
that there is a cleft or separation in the anterior
mitral valve leaflet (Figure 9.2). Associated with
this is a defect of the central lower portion of the
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Figure 9.1 Stages in the development of tricuspid and
mitral valves from primitive endocardial cushions.
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atrial septum bordering on the mitral and tricuspid
valve rings; the size of this defect is variable, but is
usually large. Because the mitral valve and atrial septal
defects border on the upper edge of the ventricular
septum, a small rim of the ventricular septum is
lacking. Although the tricuspid valve is usually 
normal, there may be a cleft of the medial leaflet.

A second partial defect, which is not always con-
sidered to be an atrioventricular septal defect, is the
complex of ventricular septal defect with a cleft of
the medial leaflet of the tricuspid valve. This lesion
probably results from abnormal development of
the right side of the posterior endocardial cushion,
which contributes to the formation of the medial
cusp and completes the closure of the ventricular
septum. Probably not all instances of ventricular
septal defect and tricuspid valve cleft are due to
cushion defects; some may be primary ventricular
septal defects, with adherence of the tricuspid valve
to the rim of the defect and perforation of the cusp
(see Chapter 7). The association of ventricular 
septal defect with mitral valve cleft may be another
partial form of the defect, but it is not as common
as the ostium primum defect.

Complete, or common, atrioventricular canal
defects are typified by the absence of the develop-
ment of separate mitral and tricuspid valve rings.
This is due to failure of fusion of the central por-
tions of the anterior and posterior endocardial
cushions. In all these lesions there is a defect of the
central lower portion of the atrial septum adjacent
to the atrioventricular orifice, a ventricular septal
defect in the posterior portion of the septum, and
abnormalities in the development of the mitral and
tricuspid valves. The atrial septal defect is usually
quite large, but the size of the ventricular septal
defect varies from a small defect of the upper pos-
terior portion of the septum to very large commun-
ications. In general, the size of the ventricular septal
defect is related to the stage of development of the
cushions; the more primitive the cushion formation,
the larger the defect, but this is not always the case.

Based largely on considerations for potential
surgical correction, Rastelli et al. [6] have classified
the complete atrioventricular septal defects into
three main groups. These probably also coincide
with the stage of cushion development. In all forms
of common canal defects, the posterior endocardial
cushion has failed to develop adequately. It is usu-
ally rather short, has firm rolled edges, and is not
very mobile. However, the development of the
anterior cushion appears to be more important in
delineating the stage of embryological maturation
and the functional status of the atrioventricular
valves. In the embryologically most advanced form
of development (Rastelli type A), the anterior cush-
ion is partly separated into left (mitral valve) and
right (tricuspid valve) portions. The lateral free
margins of these leaflets are attached by chordae to
the lateral portions of the respective ventricles; the
medial margins are attached by short chordae to the
upper portion of the ventricular septum (see Fig-
ure 9.2). In Rastelli type A there is minimal bridging
of the anterosuperior leaflet across the atrioventric-
ular canal. Most patients with Down syndrome and
atrioventricular septal defect have the Rastelli type
A form of atrioventricular valve anomaly.

In the moderately advanced Rastelli type B, the
anterior cushion is also fairly well separated into
right and left portions. However, whereas the right
side is appropriately attached by chordae, the
medial edge of the left (mitral) segment is attached
by long chordae tendineae, which cross the upper
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Figure 9.2 The atrioventricular valves in different types of
atrioventricular septal defects. (a) Ostium primum defect or
partial atrioventricular septal defect with cleft in anterior
or septal leaflet of the mitral valve. (b) Complete
atrioventricular septal defect with separation of anterior
endocardial cushion into distinct mitral and tricuspid
portions with chordae attached to upper portion of
ventricular septum. (c) Complete atrioventricular septal
defect with only partial separation of anterior cushion, 
and chordae extending from mitral component across
ventricular septal defect to right ventricular papillary
muscle. (d) Complete atrioventricular septal defect with no
separation of anterior and posterior cushions.
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border of the ventricular septum to a papillary
muscle on the right ventricular side of the septum.
There is thus a moderate degree of bridging of the
anterosuperior leaflet across the atrioventricular
orifice. An anterior cushion that has not separated
into left and right segments characterizes the most
primitive form of defect (Rastelli type C); there is a
single anterior leaflet, common to the right and 
left sides, which is not attached to the ventricular
septum. The lateral margins are attached to an
anterior papillary muscle in each ventricle. This 
latter type of anomaly occurs only rarely as an 
isolated lesion and is encountered more commonly
when there are other severe anomalies such as 
aortopulmonary transposition, double-outlet right
ventricle, single ventricle, and pulmonary venous
drainage anomalies. These complicated anomalies
with the most severe form of atrioventricular septal
defects are most common in asplenia and poly-
splenia syndromes. The Rastelli classification has
largely been superseded by definition of the arrange-
ment of individual leaflets and their attachments.

The abnormal development of the endocardial
cushions creates additional morphological altera-
tions. Normally, the mitral valve is on a slightly
higher plane than the tricuspid valve, which is dis-
placed toward the cardiac apex. There is a short seg-
ment of septal tissue that separates the left ventricle
on its left, from the right atrium on its right side.
With atrioventricular septal defect, the valves are at
the same level and also somewhat lower than nor-
mal, so that there is a shorter distance between the
valve and the apex of the heart. In addition, the left
ventricular outflow tract and aorta are displaced. 
In the normal heart, the outflow tract is closely
approximated to the anterior margins of the mitral
and tricuspid valves, as is the aortic annulus. The
presence of an atrioventricular septal defect results
in anterior displacement of the outflow tract as well
as anterior and superior displacement of the aortic
valve. This produces the elongation and distortion
of the left ventricular outflow tract referred to as
“gooseneck” deformity.

In most patients with complete atrioventricular
septal defects, the atrioventricular canal is posi-
tioned so that there is more or less equal opening
into the left and right ventricles. Occasionally, in
about 5% of patients, the atrioventricular orifice is
committed predominantly to one or other ventri-

cle, more commonly to the right than to the left.
The term unbalanced atrioventricular septal defect
with right or left dominance has been used to
describe this occurrence. Major commitment of the
common atrioventricular valve orifice to the left
ventricle has been referred to as double-inlet left
ventricle with a common valve.

Although it has usually been assumed that the
primary developmental disturbance is abnormal
growth or fusion of the endocardial cushions, I
would like to raise the possibility that alteration of
flow patterns within the embryonic heart could
have a role in the production of cushion defects. If
the flows from the superior vena cava (SVC) and
inferior vena cava (IVC) are changed, the stream-
ing patterns within the atria and the ventricles
could be modified and thus result in preferential
growth of an unusual type. A simple example of
what could occur is that the secondary openings
that develop in the central portion of the septum
primum just prior to the sealing of the lower open-
ing by fusion of the septum primum with the cush-
ions, may be delayed or not occur at all. This may
interfere with normal closure of the lower portion
of the septum primum, because blood flow may
still be directed through it. Persistent streaming of
blood through this opening may also prevent nor-
mal union of the anterior and posterior cushions in
this region, resulting in a cleft mitral valve cusp.

Atrioventricular septal defects of various degrees
of severity are common in heterotaxias with right
or left atrial isomerism (asplenia and polysplenia
syndromes), and although they could be due to 
primary disturbances of intracardiac development,
abnormalities of flow could be contributory. Abnor-
mal systemic, hepatic, pulmonary, and coronary
venous return, commonly present in these patients,
could result in alterations of venous flow patterns
and intracardiac streaming. Almost all patients
with right atrial, and about half of those with left
atrial, isomerism have a complete atrioventricular
septal defect [7].

Hemodynamic disturbances

General considerations
The hemodynamic disturbances associated with
atrioventricular septal defects are not well under-
stood. On the basis of the anatomical abnormalities,
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patients with endocardial cushion defects may be
expected to demonstrate one or more of the follow-
ing disturbances: shunting across the atrial septal
defect, shunting through the ventricular septal
defect, mitral regurgitation, and tricuspid regurgi-
tation. However, it is of considerable interest that
there is not always a clear relationship between the
functional circulatory changes and the morpholo-
gical anomalies apparent at autopsy. I propose first
to discuss the major circulatory disturbances that
occur and then to indicate how these alter the cir-
culation in the fetus, the adaptations after birth,
and later development of the circulation.

Patterns of shunting
Shunting through the atrial septal and ventricular
septal components of the defect are subject to the
same factors that influence shunting through an
atrial septal defect (see Chapter 8) and a ventricular
septal defect (see Chapter 7). Thus, the direction of
shunt is determined by the relationship between
the outflow resistance (afterload) of the left and
right ventricles. When pulmonary vascular resist-
ance is high, or when pulmonary stenosis is pre-
sent, the shunt is right to left, so that systemic 
arterial oxygen saturation is reduced and cyanosis
occurs. When pulmonary vascular resistance is
lower than systemic resistance, left-to-right shunt
develops, and the magnitude of the shunt is related
to the ratio of pulmonary and systemic vascular
resistances. This type of left-to-right shunt may be
termed dependent shunting, because it is dependent
on the changes in pulmonary vascular resistance.

Another type of shunting commonly present in
endocardial cushion defects is obligatory shunting
(see Chapter 5). The left-to-right shunt occurs
from a high-pressure to a low-pressure chamber,
namely from the left ventricle to the right atrium.
This may occur from the left ventricle through the
common atrioventricular canal of the complete
defect directly into the right atrium. In the partial
form of the defect, left ventricular blood may pass
through a cleft anterior leaflet of the mitral valve
and across the ostium primum defect into the right
atrium. Less commonly, the shunt travels through a
ventricular septal defect and across a tricuspid valve
cleft into the right atrium.

The pattern of left-to-right shunting cannot be
clearly correlated with the anatomical derange-

ment. In some instances of ostium primum defect,
the shunt almost exclusively is from the left atrium
to the right atrium, and these behave like atrial sep-
tal defects of the secundum type; in others, there is
considerable left ventricular to right atrial shunt-
ing. In the complete forms of atrioventricular canal
there may be separate atrial and ventricular left-to-
right shunts, mainly atrial with small ventricular
shunts, or large left ventricular to right atrial
shunts.

It is also apparent that when there is an obliga-
tory left-to-right shunt, it would be possible for a
right-to-left shunt to be present simultaneously if
pulmonary vascular resistance were higher than
systemic resistance. As mentioned below, if the
ductus arteriosus is still patent and pulmonary vas-
cular resistance is elevated, even though a large
obligatory left-to-right shunt from the left ventricle
to the right atrium is present, right-to-left shunting
through the ductus may occur.

Atrioventricular valve function
The degree of effective closure of the atrioventricu-
lar valves is crucial in determining the physiological
disturbance in patients with atrioventricular septal
defects. In this group of lesions the relationship
between structure and function may not be pre-
dictable. It is surprising that, with an obvious cleft
in the anterior leaflet of the mitral valve continuing
into an ostium primum atrial septal defect, there
may be no mitral regurgitation detectable clinically
or by echocardiography or angiography. Also, in
patients with common atrioventricular canal lesions,
even though there is a communication between the
four cardiac chambers, only minimal degrees of
regurgitation may be demonstrable.

When atrioventricular valve insufficiency is pre-
sent in ostium primum defects, the mitral valve is
usually involved. The morphology of the region of
the ostium primum and the anterior mitral valve
leaflet cleft is such that direct streaming of blood
may occur from the left ventricle through the cleft
into the right atrium, producing an obligatory left-
to-right shunt. In common atrioventricular canal,
there may be a greater degree of regurgitation
directly into the left atrium but, in most instances,
valvar regurgitation is also manifested by an obliga-
tory left ventricular to right atrial shunt. The pres-
ence of mitral valve dysfunction is most important
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in determining the clinical course of infants with
cushion defects.

Tricuspid valve insufficiency is less frequent than
mitral insufficiency. This may be due to the fact
that the anterior and lateral cusps of the tricuspid
valve are usually well formed, and a cleft of the
medial leaflet may not be of much significance.
Even when the medial leaflet is small and deformed,
severe tricuspid insufficiency is not common. It has
been stated that the prognosis is most grave in those
patients with atrioventricular septal defects who
have tricuspid insufficiency. This is probably related
to the fact that a combination of mitral and tricus-
pid insufficiency, together with left-to-right shunt-
ing, imposes a very large volume load on the heart.

The adequacy of atrioventricular valve func-
tion in the face of actual anatomical defects or 
inadequate development seems difficult to explain.
However, it is known that the ventricle shortens
and the annulus becomes narrower during systole.
Thus, although there may be a cleft in the valve
apparent in the relaxed heart at autopsy, narrow-
ing of the annulus during systole may permit 
apposition of the edges of the cleft, thus avoiding
significant regurgitation. Even though the chordae
tendineae are sometimes thicker and shorter than
normal, there may not be enough retraction of the
cusp to produce insufficiency, due to approxima-
tion of the apex and base of the ventricle during sys-
tole. While at autopsy, when the heart is relaxed,
there is free communication between all four car-
diac chambers, in complete atrioventricular canal
defects adequate apposition of the anterior and
posterior bridging leaflets during systole may 
produce effective valve function with no or only
minimal regurgitation. Factors important in deter-
mining the adequacy of atrioventricular valve func-
tion are the degree of development of the leaflets,
their mobility, and their attachments. A leaflet that
is short, has thick rolled edges, and short thick
chordae tendineae, which greatly limits its mobil-
ity, is hardly likely to permit effective function. The
frequency of dysplastic common atrioventricular
valve is more common in patients who do not have
Down syndrome (22%) compared to those with
Down syndrome (only 3%) [4].

Another factor that has received scant attention
is the effect of changes in ventricular, and thus
annulus, size (either by enlargement or growth) on

atrioventricular valve function. It is well recognized
that in individuals who have normally developed
mitral or bicuspid valves, marked cardiomegaly
may produce some degree of insufficiency. In the
patient with endocardial cushion defects of the
ostium primum type, enlargement of the left ven-
tricle could separate the cleft in the anterior leaflet
and thus precipitate or exaggerate the insufficiency.
Once developed, the regurgitation would augment
the volume loading of the left ventricle, thus further
increasing ventricular size and the degree of in-
sufficiency. When a common atrioventricular canal
is present, enlargement of either the left or right
ventricle could have an adverse effect on valve func-
tion. Thus, if a left-to-right shunt develops after
birth and the shunt is mainly from the left to the
right atrium, the increased volume presented to the
right ventricle could produce right ventricular
enlargement and tricuspid valve insufficiency. The
regurgitant common valve could result in an obli-
gatory left ventricular–right atrial shunt and also
cause tricuspid insufficiency. This could exaggerate
enlargement of both ventricles, resulting in pro-
gressive insufficiency. Left-to-right shunt through
the ventricular septal defect would result in an
increased volume load on the left ventricle, with left
ventricular enlargement; this could cause or aggra-
vate mitral insufficiency.

Normal growth of the heart could have similar
effects on atrioventricular valve function. We do not
know whether the abnormal valves grow in propor-
tion to the rest of the heart. It is possible that a valve
leaflet that is thickened and which has short thick
chordae tendineae does not develop commensurate
with the rest of the heart. Thus, with normal cardiac
growth and annulus enlargement, valvar insuffi-
ciency could become manifest or be aggravated.

Atrioventricular septal defect with right
ventricular outflow obstruction
Common atrioventricular canal is not infrequently
associated with severe pulmonary stenosis, par-
ticularly in those patients with Down syndrome.
Tetralogy of Fallot is associated with about 5% of
patients with complete atrioventricular septal
defect [8]. Tetralogy of Fallot with atrioventricular
septal defect is not discussed in detail in this sec-
tion. It produces hemodynamic disturbances and
presents with clinical features similar to those of
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pulmonary stenosis with ventricular septal defect
(tetralogy of Fallot). If the right ventricular outflow
tract is significantly obstructed, right-to-left shunt-
ing through either the atrial defect or the ventricu-
lar septal defect, or both occurs. The differential
diagnosis is discussed in Chapter 14. It is of interest
that significant degrees of atrioventricular valve
insufficiency are not common in patients with
endocardial cushion defect and pulmonary steno-
sis. This can probably be explained by the fact that
the low pulmonary blood flow resulting from pul-
monary stenosis decreases venous return to the left
atrium and ventricle, thus averting the develop-
ment of left ventricular enlargement. This could
permit atrioventricular valve function to be main-
tained for a longer period.

Left ventricular outflow obstruction
As mentioned above, narrowing of the outflow
tract of the left ventricle is usually present in
patients with atrioventricular septal defects due to
anterior displacement of the outflow tract and
aorta and superior displacement of the aortic valve.
This produces the so-called gooseneck deformity.
However, this is not usually associated with func-
tionally significant obstruction to left ventricular
outflow. The left ventricular outflow tract tends to
be narrowest in the subaortic region in patients
with Rastelli type A morphology. Outflow obstruc-
tion may result from abnormal position and
attachment of the left side of the anterior endocar-
dial cushion. Normally, the edge of the cusp is
attached to the anterior papillary muscle of the left
ventricle. When the mitral portion of the common
anterior cushion is attached either to the upper
margin of the ventricular septum or across to the
right ventricular papillary muscle, the leaflet may
encroach on the outflow region of the left ventricle.
Left ventricular outflow obstruction may also be
caused by a fibrous ridge in the subaortic region.
The most severe forms of obstruction to left ven-
tricular outflow are associated with those patients
who have an unbalanced commitment of the atrio-
ventricular valve with right ventricular dominance.
The left ventricle is also small in these individuals.

Fetal physiology
Atrioventricular septal defects may significantly
affect fetal circulatory function. It is not unusual to

find these malformations in stillbirths, particu-
larly if there are other noncardiac anomalies, but
whether the cardiac lesion was primarily instru-
mental in causing fetal death is not known; it is pos-
sible that other fetoplacental factors are involved.
However, fetal hydrops, probably indicative of fetal
cardiac failure, has been reported in fetuses with
atrioventricular septal defect, in which atrioven-
tricular valve regurgitation has been a prominent
feature.

Ostium primum defects probably do not pro-
duce any great alterations in the fetal circulation. If
mitral valve function is normal, and this is a reason-
able assumption because evidence of significant
dysfunction is unusual in the newborn infant, the
only effect could be some alteration in SVC and
IVC flow patterns. Normally, almost all SVC blood
is directed through the tricuspid valve to the right
ventricle and only 2–3% of SVC return traverses
the foramen ovale. In view of the close proximity of
the ostium primum defect to the tricuspid valve, it
is possible that a greater proportion of SVC blood
with a low oxygen saturation may cross the atrial
septum to the left atrium. This would tend to
reduce the saturation in the ascending aorta and
decrease the normal oxygen saturation difference
between the ascending and descending aorta in the
fetus. Also, there could be some increase in the Po2

of blood ejected by the right ventricle, because
some of the blood of lower Po2 returning from the
SVC would be shunted away from the right ven-
tricle. This would increase the Po2 of blood to the
lungs, with a possible effect on pulmonary vascular
smooth muscle development (see Chapter 5).
Major redirection of caval flow patterns is improb-
able in ostium primum defects, so that it is unlikely
that there is any significant effect on the fetal circu-
lation. In the unusual circumstance of mitral valve
insufficiency, the fetus may develop a large left ven-
tricle and atrium and develop cardiac failure in
utero, manifesting as hydrops.

In common atrioventricular canal lesions,
modifications in intracardiac distribution of SVC
blood similar to those described for ostium pri-
mum defects could occur. A large ventricular septal
defect could be associated with some shunting of
right ventricular blood into the ascending aorta
through the defect. This combination of shunting
of SVC blood across the atrial septum and of right
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ventricular blood into the ascending aorta would
have the same effect of decreasing the normal
ascending–descending aortic Po2 difference and
increasing the Po2 of blood perfusing the lungs.

If atrioventricular valve insufficiency were 
present in the fetus, important alterations in the
circulation could develop. Figure 9.3 shows dia-
grammatically what could occur if the common
atrioventricular valve were insufficient. The rela-
tive resistances of the pulmonary and systemic 
circulations would not influence the obligatory
shunt that would develop, with blood being 
ejected from the left ventricle to the right atrium.
The effect of this shunting would be to decrease 
the volume of left ventricular blood ejected into the
aorta and provide an additional volume to the 
right atrium and the right ventricle. Furthermore, 
if there were some degree of left ventricular out-
flow obstruction, as is frequently present, flow 
into the ascending aorta would be even more 
compromised.

A decrease in ascending aortic flow from normal,
even by a modest amount, could have a marked

effect on aortic isthmus flow. In the human fetus,
the left ventricle normally ejects about 45% of com-
bined ventricular output (CVO), and about 35% of
CVO is distributed to the coronary circulation, the
head and neck, and the upper body. About 10% 
of CVO passes across the aortic isthmus to the
descending aorta. If left ventricular output is reduced
by as little as 5% of CVO, and normal blood flow is
maintained to the upper body, flow across the isth-
mus would be reduced to 5% of CVO. This reduced
flow across the isthmus may interfere with its devel-
opment and result in narrowing or obstruction of
the aortic isthmus, or in aortic coarctation (see
Chapter 12).

The shunting of left ventricular blood, which has
a relatively high Po2 because it is derived from the
IVC stream, will increase the Po2 of blood in the
right atrium, right ventricle, and pulmonary artery.
Since the pulmonary arterioles of the fetus are quite
sensitive to small changes in Po2, the slightly higher
Po2 of blood perfusing the lungs would decrease
pulmonary vasoconstriction and increase pulmon-
ary blood flow. It is possible that the lesser degree of
constriction of the pulmonary arterioles may retard
the development of a thick medial muscle layer, so
that a more rapid decrease in pulmonary vascular
resistance may occur after birth (see Chapter 5).

If there is shunting of left ventricular blood into
the right atrium and right ventricle, right ventricu-
lar output, as a proportion of CVO, would increase.
Although some of this increased volume may pass
through the lungs, there may also be an increased
flow from the pulmonary trunk through the ductus
arteriosus. This may increase the size of the ductus
arteriosus.

Apparently major circulatory effects are not pro-
duced in the fetus, as most infants who do not have
other congenital anomalies are well developed at
birth. As discussed above, it is quite conceivable
that atrioventricular valve function is not usually
grossly impaired in the fetus because of the rela-
tively small size of the ventricles.

Postnatal circulation
The adjustments of the circulation after birth may
vary greatly in different infants. The hemodynamic
abnormalities may be predominant atrial left-to-
right shunt, predominant ventricular left-to-right
shunt, or a combination of these.
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Figure 9.3 Atrioventricular septal defect with left
ventricular to right atrial shunt in the fetus: course of the
circulation, oxygen saturations (circled), and pressures in
the heart and great vessels. m, mean pressure.
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Partial atrioventricular septal defects
Infants with ostium primum defect usually present
the same hemodynamic features as those with atrial
septal defects of the ostium secundum or fossa
ovalis type. A detailed description of the adjust-
ments after birth is presented in Chapter 8 and 
I review them briefly here. As pulmonary vascular
resistance falls after birth, right ventricular after-
load falls and right ventricular stroke volume
increases and exceeds that of the left ventricle. The
right ventricle fills preferentially and thus left-to-
right shunting occurs through the atrial septal
defect. With a further decrease in pulmonary vas-
cular resistance and right ventricular pressure, the
compliance of the right ventricle increases, thus
enhancing its filling and increasing the left-to-right
shunt.

Mitral insufficiency and left ventricular–right
atrial shunting are not usually prominent features
in infants with ostium primum defects. If present,
in early infancy, mitral insufficiency results in a
very large left ventricular to right atrial shunt with a
large volume load on both the left and right ventri-
cles and cardiac failure develops within weeks after
birth. However, mitral valve dysfunction tends to
increase progressively with advancing age, prob-
ably related to the effects of normal growth, as dis-
cussed above. Some patients do not ever develop
mitral insufficiency and their course through adult
life is similar to that of patients with ostium secun-
dum types of atrial septal defects. Some degree of
mitral insufficiency is frequently noted by 4–5 years
of age. Blood is regurgitated through the mitral
valve cleft into the left atrium or through the atrial
septal defect into the right atrium. The left ventricle
increases its stroke volume to maintain an adequate
systemic arterial blood flow, resulting in left ven-
tricular enlargement, which may then exaggerate
mitral valve dysfunction. A progressive increase in
mitral insufficiency and obligatory left-to-right
shunt through the atrial septal defect will develop.
The increasing volume of the left-to-right shunt
places an excessive load on the right ventricle, even-
tually leading to combined left and right ventricu-
lar failure. Cardiac failure may occur at any age, but
is most common after the age of 30 years.

Although cardiac failure is a sequel to the devel-
opment of mitral regurgitation, it occurs more
commonly in association with the onset of arrhyth-

mias, particularly atrial fibrillation, which is also
not usually manifest before the age of 30 years. As in
atrial septal defects of the fossa ovalis type, develop-
ment of pulmonary vascular disease is unusual with
ostium primum defects; when it does occur, it does
not usually appear before 20–30 years of age.

Complete atrioventricular septal defects
When the ventricular septal defect is large, the
hemodynamic patterns are similar to those described
for ventricular septal defects (see Chapter 7). With
a large defect, pressures in the two ventricles are
equal; as pulmonary vascular resistance falls after
birth the left-to-right shunt and pulmonary blood
flow increases. The increased pulmonary venous
return is presented to the left atrium and ventricle.
Blood shunted through the atrial septal defect pre-
sents an added volume load to the right ventricle,
and since the right ventricular pressure is at sys-
temic levels, it is subjected to an increased volume
and pressure load, with a serious risk of failure. 
The increased venous return to the left ventricle
increases its volume work and thus both left and
right ventricular end-diastolic pressures and left
and right atrial pressures increase. The left and
right ventricular enlargement may increase the
diameter of the atrioventricular annulus, thus 
producing or exaggerating atrioventricular valve
insufficiency. The combination of atrial and ven-
tricular left-to-right shunt with mitral and possibly
tricuspid insufficiency results in a large volume
load on both ventricles; severe and progressive car-
diac failure ensues.

If the infant survives the cardiac failure, pul-
monary vascular resistance increases, in a manner
similar to that in patients with large ventricular sep-
tal defects (see Chapter 7). This results in a decrease
in ventricular left-to-right shunting and volume
loading of the left ventricle with clinical improve-
ment. The decrease in left-to-right shunt may result
in a reduction in atrioventricular insufficiency as
ventricular size is reduced. With a further increase
in pulmonary vascular resistance, right-to-left
shunt develops across the ventricular septal defect
and cyanosis occurs.

As with incomplete atrioventricular septal
defects, obligatory shunts of large size are not 
common in the neonatal period (Figure 9.4). If a
large obligatory left ventricular–right atrial shunt is
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present, pulmonary blood flow is increased even
though pulmonary vascular resistance may still be
high, because shunting occurs from a high-pressure
to a low-pressure chamber. The left-to-right shunt
results in an increase in pulmonary blood flow in
the early postnatal period. When this is presented
to a pulmonary circulation in which there is still 
a considerable amount of smooth muscle in the
arteriolar walls, pulmonary arterial hypertension
persists (see Chapter 5).

The increased pulmonary blood flow and pul-
monary arterial pressure interfere with the normal
postnatal maturation of the pulmonary arterioles;
the thick medial muscle layer is maintained and the
fall in pulmonary vascular resistance is delayed. An
interesting association may develop in some infants
of an obligatory left-to-right shunt through the
atrioventricular septal defect and simultaneous
right-to-left shunting through the ductus arterio-
sus (see Figure 9.4). Pulmonary vascular resistance
may be increased above systemic arterial resistance,

and since shunting through the ductus arteriosus 
is dependent on this relationship, right-to-left
shunting occurs. If intracardiac shunting is obliga-
tory in nature, the left-to-right shunt may persist
even when the pulmonary vascular resistance is
markedly increased.

The effects of obligatory shunting on the pul-
monary circulation are important in infants with
atrioventricular septal defects. All the potential
determinants for development of pulmonary 
vascular disease are present. The persistence of the
pulmonary vascular smooth muscle makes the 
vessels less compliant and therefore more subject 
to intimal proliferation and luminal narrowing.
Whereas this development would tend to reduce
pulmonary blood flow and left-to-right shunt in
patients with dependent shunts, thus decreasing
the shear stress on the endothelium, in patients
with obligatory shunting the high flow through the
pulmonary vessels would be maintained, hastening
the progression of pulmonary vascular intimal dis-
ease. In most infants, however, pulmonary vascular
resistance falls in the first 6–8 weeks after birth and
cardiac failure commonly occurs. Also, the right-
to-left ductus arteriosus shunt noted in the neonate
disappears (Figure 9.5).

Many aspects of the hemodynamic and clinical
features of patients with atrioventricular canal
defects are not well understood. Infants with com-
plete atrioventricular septal defects that are not
associated with Down syndrome tend to develop
severe, rapidly progressive cardiac failure within
the first few weeks after birth. The failure is quite
difficult to control, and without surgery there is a
high mortality within the first 6 months. Infants
with Down syndrome and complete atrioventricu-
lar septal defects do not usually develop early severe
cardiac failure. This could be related to the fact that
pulmonary vascular resistance tends to be main-
tained at relatively higher levels in patients with
Down syndrome.

The mechanisms responsible for the increased
pulmonary vascular resistance in patients with
Down syndrome have not been defined. One pos-
sible factor is the frequency of respiratory infections,
producing mild hypoxemia, which causes pul-
monary vasoconstriction (see Chapter 5). It has
also been suggested that the development of the
pulmonary arterial tree is somewhat restricted in
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Figure 9.4 Atrioventricular septal defect with obligatory
left ventricular to right atrial shunt in newborn infant:
course of the circulation, oxygen saturations (circled), and
pressures in the heart and great vessels. Note right-to-left
shunt through the ductus arteriosus and narrowing of the
aortic isthmus. m, mean pressure.
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patients with Down syndrome. Increased flow result-
ing from left-to-right shunt, through a pulmonary
circulation with a decreased cross-sectional area,
would stimulate rapid pulmonary vascular changes.
Pulmonary vascular disease of severe degree may
develop at an early age, and cyanosis often presents
by 3–4 years of age. Another possibility that has
been raised is that the small pulmonary vessels have
an intrinsic abnormality in children with Down
syndrome.

Complete atrioventricular septal defect with
right ventricular outflow tract stenosis
Right ventricular outflow tract obstruction is 
occasionally associated with atrioventricular septal
defects. The stenosis is usually predominantly
infundibular, but the pulmonary valve annulus and
pulmonary arteries may also be small; it is thought
that this grouping of anomalies represents the asso-
ciation of atrioventricular septal defect with tetra-
logy of Fallot. It is of interest that it has been
observed when the morphology of the atrioventricu-
lar septal defect is of the Rastelli type, but not in
association with Rastelli type A defects.

The hemodynamic alterations are dependent 
on the severity of the right ventricular outflow
obstruction. If severe, marked right-to-left shunt-
ing occurs, resulting in the appearance of cyanosis
soon after birth. Most infants with this combina-
tion of lesions have moderate to marked degrees of
outflow tract stenosis of the right ventricle and
therefore do not develop large left-to-right shunts
with cardiac failure. This reduces the likelihood for
mitral regurgitation to develop.

Clinical features

The clinical manifestations of atrioventricular sep-
tal defects are variable and related to the hemo-
dynamic disturbances described above.

Incomplete atrioventricular septal defect
In patients with ostium primum defects, the symp-
toms and signs are similar to those noted with the
fossa ovalis type of atrial septal defect. They are
related to the magnitude of the atrial left-to-right
shunt. Although the atrial communication may be
small, in most individuals it is of moderate to large
size and therefore the left-to-right shunt is substan-
tial. However, additional factors are the amount of
mitral valve regurgitation and left ventricular to
right atrial shunt. As mentioned above, these are
not usually prominent components of the lesion
during infancy.

Infants
Most infants develop well, but some may be slightly
physically retarded. The arterial pulse may have a
small volume, but is usually normal. The pre-
cordium is hyperactive and there is a prominent
impulse along the left sternal border, reflecting 
volume overload of the right ventricle. Cardio-
megaly, if present, is usually mild. The first heart
sound is normal or accentuated at the lower left
sternal border. The second sound in the pulmonary
area is of normal intensity and well split during 
all phases of respiration. It is usually grade 2–
3/6 in intensity. A medium-frequency ejection
(crescendo–decrescendo) systolic murmur of grade
2–3/6 intensity is usually heard over the upper left
sternal border, often radiating to both lung fields. 
A short low-frequency diastolic murmur may be
heard at the lower left sternal border in the early
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Figure 9.5 Atrioventricular septal defect with obligatory
left-to-right shunt in later infancy: course of the circulation,
oxygen saturations (circled), and pressures in the heart and
great vessels. m, mean pressure.

c09.qxd  12/22/08  11:35  Page 213



214 CHAPTER 9

part of the cycle, starting at about the time of 
the normal third heart sound. It is thought to be
related to relative tricuspid stenosis associated with 
high flow across the valve. If mitral incompetence
develops, the features change to those described for
children.

Children
During childhood and adolescence, most patients
still show only atrial shunting and the mitral valve is
competent. These individuals do not have many
symptoms. They may be somewhat underdevel-
oped and tire easily. The clinical findings are similar
to those in infancy and are indistinguishable from
those in patients with fossa ovalis defects. As men-
tioned above, mitral valve function may deteriorate
with growth and mitral insufficiency and obliga-
tory shunting may develop. When this occurs there
is increasing dyspnea on exertion, and cardiac fail-
ure may develop by 4 or 5 years but may be delayed
to adolescence or early adulthood. In addition to
the clinical findings mentioned above there is also
cardiomegaly and the left ventricular impulse
becomes hyperactive. There is also a decrescendo
systolic murmur heard at the apex or at the lower
left sternal border. This varies from grade 2 to grade
4 in intensity, and it may be heard to radiate to the
right side of the lower sternum.

Pulmonary vascular disease rarely develops
before late adolescence, and the course is similar to
that of atrial septal defect of the fossa ovalis type.
When it occurs there is cyanosis on exertion, limi-
tation of exercise and, later, cyanosis at rest and
right-sided heart failure. The pulmonary compon-
ent of the second heart sound becomes accentuated
and the splitting of the sound is decreased.

Complete atrioventricular septal defect
The clinical manifestations of the complete form of
atrioventricular septal defect vary as determined by
the diverse morphology and hemodynamic disturb-
ances. The following clinical presentations may be
encountered.

Patients who have only a small ventricular septal
defect, a large atrial septal defect, and good atrio-
ventricular valve function behave like those with
ostium primum defects (see Chapter 9).

If there is a large ventricular septal defect with
competent atrioventricular valves, the manifesta-

tions are similar to those in patients with isolated
ventricular septal defect (see Chapter 7). Cardiac
failure, first left-sided and then right-sided, devel-
ops within 2–3 months after birth. The pulse often
has a brisk upstroke but blood pressure is normal.
The heart is enlarged and there is a hyperactive api-
cal and parasternal impulse. The first heart sound is
accentuated at the lower left sternal border and 
the second sound is loud at the upper left sternal
border; it may be split if there is an additional 
atrial left-to-right shunt. A loud harsh pansystolic 
murmur is audible at the lower left sternal border,
radiating throughout the precordium, and a mid-
diastolic low-frequency diastolic murmur is pre-
sent at the apex. If the patient survives the period of
failure, there may be gradual improvement due to
the development of pulmonary vascular disease.
Pulmonary vascular disease develops in early child-
hood and is associated with cyanosis, first on exer-
tion, then at rest, and finally cardiac failure in late
adolescence or even adulthood.

Atrioventricular valve dysfunction, when
significant, causes symptoms early in infancy. It is
usually associated with Rastelli type C or type B
morphology, and a large ventricular septal defect is
usually present. The baby shows tachypnea and
dyspnea, tires readily, particularly during feeding,
perspires excessively, and has poor weight gain, all
evidence of persistent cardiac failure. The symp-
toms progress rapidly, and in most instances death
occurs within 1–3 months if the baby is not treated.
The infant is usually pale, has poor pulses, tachy-
cardia and hepatomegaly, and often has rales at the
lung bases. The sternum and anterior chest may
bulge due to cardiomegaly. The heart is markedly
enlarged and there is a very hyperactive impulse at
both the apex and the lower left sternal border.

The second sound may be palpable at the upper
left sternal border. The first heart sound is usually
markedly accentuated at the lower left sternal bor-
der. This is a striking finding, particularly in view of
the fact that the PR interval is often prolonged; 
it probably represents abnormal atrioventricular
valve motion. The second sound almost always 
is well split and the second component is loud.
There is a grade 3–5/6 pansystolic murmur, usually
heard best at the lower left sternal border, but it 
is also prominent over the whole precordium and 
is invariably very well transmitted to the right 
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parasternal region. A grade 2–3 low-frequency
mid-diastolic murmur is usually present at the apex
and may also be heard parasternally.

If the ductus arteriosus is patent, the pulse pres-
sure may be widened; however, the typical continu-
ous murmur may not be heard, but rather a
prominent systolic murmur may be present at 
the upper left sternal border. This is related to the
increase in pulmonary arterial pressure with reduced
diastolic pressure gradient between the aorta and
pulmonary artery. If aortic isthmus narrowing is
present, the femoral pulses may be weak, and blood
pressure will be decreased in the lower compared
with the upper extremities.

The response to therapy with diuretics, as well as
afterload reducers, is usually poor in these infants;
although digoxin was used routinely in the past,
currently its use is controversial. Patients show ini-
tial improvement, but mild-to-moderate degrees of
failure persist, weight gain is slow, the baby is irrit-
able and scrawny, and respiratory distress persists
and pulmonary infections may markedly aggravate
the cardiac failure. If babies do survive beyond
infancy, they have persistent cardiac failure and
pulmonary vascular disease tends to develop early.
The increase in pulmonary vascular resistance may
not result in dramatic improvement in symptoms
of cardiac failure if the valvar regurgitation persists.
However, as mentioned above, reduction in the
magnitude of the left-to-right shunt may reduce
ventricular size and improve atrioventricular valve
function by decreasing annular diameter.

Investigations

Electrocardiography
Characteristic changes are noted in patients with
endocardial cushion defects. Classically, there is 
left axis deviation in the range 0° to −150°. The 
axis is more likely to be markedly shifted to the left
(−90° to −150°) with complete atrioventricular 
septal defects and to be in the 0° to −90° range 
with incomplete defects, but may be at either end of
the spectrum with either complete or incomplete
defects. The QRS vector shows a superiorly ori-
ented loop with a counterclockwise inscription in
the frontal plane. It is not yet clear why the axis is
deviated to the left. It is not related to the size or
pressures of the ventricles, and it persists even after

surgical repair. It has been suggested that it is due 
to an abnormality in development of conduction 
tissue. Frequently, atrioventricular conduction is
prolonged, and in infants with complete atrioven-
tricular septal defects the PR interval is invariably
prolonged. There are variable degrees of ventricular
hypertrophy. In patients with ostium primum
defects, moderate right ventricular hypertrophy
with an rsR′ pattern in the right precordial leads is
present. The left precordial leads show either a qRs
or a qRS pattern, reflecting a variable degree of 
right ventricular hypertrophy. With complete atrio-
ventricular septal defects the pattern of hypertro-
phy varies. Some patients have increased right and
left forces; pure left ventricular hypertrophy is
uncommon. However, pure right ventricular hyper-
trophy may be present. The QRS complex is 
frequently wide and occasionally complete right
bundle-branch block may be noted.

Radiography
Ostium primum defect is associated with varying
degrees of cardiac enlargement. Usually the right
ventricle is enlarged, the pulmonary artery segment
is large, and pulmonary vasculature is increased. If
an obligatory shunt develops, the heart is larger and
left ventricular enlargement also occurs. In com-
plete atrioventricular septal defects, the heart is
usually enlarged, with both ventricles contributing,
the main pulmonary artery is large, and pulmon-
ary arterial markings are prominent. Right atrial
enlargement is also common. The vascular mark-
ings may be hazy due to pulmonary edema and
hilar shadows are increased. Areas of atelectasis or
hyperinflation due to bronchial compression by
enlarged pulmonary arteries are frequently evident.
There is nothing characteristic about the radio-
graphs in these patients to distinguish them from
infants with large ventricular septal defects or many
other congenital cardiac anomalies.

Echocardiography
Echocardiography has to a large extent superseded
cardiac catheterization and angiocardiography in
confirming the diagnosis and definition of the pre-
cise morphology of atrioventricular septal defect.
The important feature that can be defined by two-
dimensional studies is that the atrioventricular
valves are on the same plane. As mentioned above,
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normally the tricuspid valve is displaced toward the
apex relative to the mitral valve, so that a short seg-
ment of septum separates the left ventricle from the
right atrium. In patients with atrioventricular sep-
tal defects, the mitral and tricuspid components of
the common valve are at the same level. The orien-
tation of the mitral orifice is thus changed, so that
the orifice tends to point toward the ventricular
septum or right ventricle. Normally the axis of the
mitral orifice points toward the free wall of the left
ventricle distally. The advantages of ultrasound
compared with cardiac catheterization are that it is
superior in defining the atrioventricular valve mor-
phology, attachments and motion, as well as in
examining the sites and direction of shunting.

Two-dimensional echocardiography should be
used to provide information about whether the
atrioventricular septal defect is incomplete or com-
plete. In incomplete defects, the mitral and tricus-
pid valve leaflets attach to the upper margins of the
ventricular septum; two separate atrioventricular
orifices and no ventricular communication are evid-
ent. In complete defects, the atrioventricular valve
components bridge the ventricular septum and a
ventricular septal defect of varying size is present;
the anterior and posterior bridging leaflets do not
have fibrous continuity across the atrioventricular
junction. Other important features that should be
defined by ultrasound are the size of the atrial and
ventricular communications, the magnitude and
patterns of left-to-right shunt, the morphology and
function of the atrioventricular valves, an estimate
of right ventricular pressure, and the presence of
other cardiovascular anomalies.

The atrial septal defect is seen to extend to the
atrioventricular valves with no intervening rim of
septum. In complete defects it continues across the
annulus into the ventricular component of the
defect. The defect varies in size, but often extends to
the crista dividens; occasionally a separate fossa
ovalis defect is noted. When the defect is small, it is
best visualized during ventricular diastole, when
the atrioventricular valves open and move away
from the atrial septum.

The ventricular septal defect also varies in 
size from a very small defect to almost complete
absence of the septum; the latter is most likely to be
encountered in patients with isomerism. The ven-
tricular component of the defect is in the posterior

portion of the septum. When the defect is small, it
is best visualized during ventricular systole, as the
atrioventricular valves move away from the ventri-
cles when they close.

The pattern of flow across the insufficient atrio-
ventricular valve can be defined by color flow
Doppler study. Usually the flow from the left ven-
tricle across the valve is directed to the right atrium
across the atrial component of the defect, but it may
be directed to the body of the left atrium. Although
it may be difficult to detect when there is a large left
ventricular to right atrial shunt, the presence of
regurgitation from the right ventricle to the right
atrium should be defined.

The magnitude of the atrial and ventricular
shunts can be estimated from Doppler studies and
estimation of pulmonary and aortic blood flows.
Right ventricular pressure can be estimated by cal-
culating the left-to-right ventricular pressure gradi-
ent from measurement of the velocity of the jet
across the ventricular septal defect. Caution should
be exercised in making this calculation: the jet from
the left ventricle to the right atrium is not analyzed,
because this would provide a large calculated gradi-
ent, and the right ventricular pressure could be
underestimated.

It is important to describe the atrioventricular
valve morphology and attachments. With incom-
plete defects, the mitral and tricuspid valves both
have three leaflets; the septal portion of the mitral
leaflet is split by the cleft into two separate leaflets.
In complete defects, as mentioned above, the pos-
terior bridging leaflet is usually rather poorly devel-
oped and the anterior leaflet to a large extent 
determines the atrioventricular valve function and
the likelihood of a successful surgical result. The
anterior leaflet may be divided into fairly distinct
mitral and tricuspid components, each of which is
attached by chordae to the crest or upper margin of
the ventricular septum; this defines the Rastelli type
A arrangement. This is by far the commonest form
of complete atrioventricular septal defect. The
anterior bridging leaflet may be partly separated
but attaches by chordae to a papillary muscle on the
right side of the ventricular septum (Rastelli type
B). It may not be divided and have no attachment
to the ventricular septum, but may have chordal
attachment to a papillary muscle on the lateral wall
of the right ventricle. The thickness and mobility of
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the atrioventricular valves should also be assessed
because this has important surgical implications.
Another important feature to examine is the com-
mitment of the common atrioventricular valve to
either ventricle. Usually, the valve is evenly divided
between the two ventricles, but on occasion it is
committed to a greater extent to the left or right
ventricle, and the opposite ventricular chamber is
hypoplastic. Greater commitment to, and domin-
ance of, the right ventricle is a more common
occurrence; the left ventricle is hypoplastic and aor-
tic coarctation may be associated. The presence of a
hypoplastic left or right ventricle has critical sur-
gical implications.

The presence of associated anomalies should also
be explored by ultrasound. If significant narrowing
of the left ventricular outflow tract is observed, the
degree of obstruction to left ventricular outflow
should be estimated by Doppler technique. The
possibility of aortic isthmus narrowing or coarcta-
tion of the aorta should be assessed and, if present,
its severity estimated. The presence of an additional
left-to-right shunt through a patent ductus arterio-
sus should be excluded by color flow Doppler
examination. Because outflow tract stenosis of 
the right ventricle is not uncommonly associated
with atrioventricular septal defect, this should be
assessed by ultrasound.

In view of the association of atrioventricular septal
defect with heterotaxia, the presence of left or right
atrial isomerism and the anomalies encountered in
these syndromes should be assessed. It is particu-
larly important to define pulmonary venous drainage.

Cardiac catheterization and
angiocardiography
Since the introduction of echocardiography, 
cardiac catheterization is currently not usually 
indicated in the assessment of patients with atrio-
ventricular septal defects. It is occasionally neces-
sary to perform the procedure to determine the
level of pulmonary vascular resistance and the
response of the pulmonary circulation to vaso-
active agents, prior to recommending surgery to
correct the defects.

Approach and catheter manipulation
From the groin approach, the catheter commonly
tends to pass into the left atrium and ventricle

through the defect. The course of the catheter as it
passes across the atrial component of the defect
may be helpful in defining the position of the defect
(Figure 9.6). Since the atrial septal defect is related
to the atrioventricular valve annulus, the catheter
usually crosses low in the septum, and frequently
then passes through the cleft in the anterior leaflet
of the mitral valve in ostium primum defects or
through the common atrioventricular valve to
enter the left ventricle. This contrasts with the posi-
tion of the catheter when it passes through a fossa
ovalis defect, which is more superior in the atrial
septum. The catheter is preferentially directed
toward the left atrial appendage and must then be
curved inferiorly to enter the left ventricle. With
atrioventricular septal defects, in the anteroposte-
rior view, it is not possible to distinguish whether
the catheter tip is in the left or right ventricle,
because its course appears similar (Figure 9.6).
Although the course of the catheter is usually fairly
characteristic, it is not reliable in differentiating
between fossa ovalis defects and ostium primum
defects or between partial and complete atrioven-
tricular septal defects. When a large fossa ovalis
defect extends to the region of the atrioventricular
valve, the course of the catheter may be similar to
that in an endocardial cushion defect. Also, on
occasion, the foramen ovale is patent, or there may
be an additional fossa ovalis defect, in patients with
atrioventricular septal defects. It may be difficult to
maneuver a stiff catheter into the right ventricle

Figure 9.6 Course of the catheter in entering the left
ventricle is different in atrioventricular septal defects
compared with fossa ovalis defects. In endocardial cushion
defects (left) it crosses the low portion of the atrial septum
and enters the left ventricle with the tip often under the
mitral valve. In fossa ovalis defects (right), the catheter
passes across the septum in a more cranial position and
usually passes to the left atrial appendage. The catheter
takes a more acute bend to enter the left ventricle.
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because it preferentially passes across the septal
defect. It may be necessary to use a tip deflector or
to substitute a balloon-tipped catheter to accom-
plish this.

Oxygen saturation data
A reliable mixed venous sample cannot be obtained
in patients with atrioventricular septal defects. Left-
to-right shunting increases the oxygen saturation
in the right atrium; right atrial blood refluxes to a
greater or lesser extent into the lower SVC, and into
the IVC, often beyond the hepatic veins. This fur-
ther contributes to the unreliability of an IVC sam-
ple as a reflection of mixed venous blood oxygen
saturation A blood sample from high in the SVC
therefore usually represents the best mixed venous
oxygen saturation. This saturation is usually nor-
mal, but it may be decreased to 45–50% when sys-
temic blood flow is reduced because cardiac failure
has ensued, particularly in infants. Depending on
the magnitude of the shunt, there is a greater or
lesser increase in oxygen saturation in right atrial
blood; with large shunts, it may reach 85–90%.
There is usually a further increase in oxygen 
saturation in the right ventricle; in fact, in many
instances, the increase in oxygen saturation is larger
in right ventricular blood, even in incomplete atrio-
ventricular septal defects. It is due to streaming of
shunted blood directly through the tricuspid valve,
which is closely related to the defect, and cannot be
interpreted as being due to additional shunting at
the ventricular level. The amount of increase in
oxygen saturation at different levels is therefore
completely unreliable in differentiating between
partial and complete defects. Usually no further
increase in oxygen saturation is noted beyond the
body of the right ventricle, but if a patent ductus
arteriosus is present, an additional increase may
occur at the pulmonary arterial level. However, if
there is a very large oxygen saturation increase at
the atrial and ventricular level to 88–90%, a large
patent ductus arteriosus left-to-right shunt may
produce an insignificant increase in pulmonary
arterial oxygen saturation of 2–3%. The possibility
of a patent ductus should never be excluded under
these circumstances; because of this and the relative
frequency of an associated patent ductus arteriosus
in infants with severe cardiac failure, it should be
excluded by other means.

Pulmonary venous oxygen saturation is fre-
quently reduced to 93–95% in older individuals
with very large left-to-right shunts through ostium
primum defects, presumably related to the high
velocity through the pulmonary circulation. In
infants with severe cardiac failure, oxygen satura-
tion in pulmonary venous blood is often reduced to
90–92%, due to pulmonary edema or to alveolar
hypoventilation or areas of atelectasis due to 
bronchial compression. The oxygen saturation may
also vary in different pulmonary veins. Po2 is also
reduced to a variable degree; with significant atelec-
tasis, it may be as low as 45–50 mmHg and pH may
be reduced to 7.25–7.30. These changes are also
noted in left atrial blood. Left atrial and left ventric-
ular oxygen saturation is often decreased to as low
as 86–88%, especially in patients with complete
atrioventricular septal defects, because some degree
of right-to-left shunt may occur at the atrial or 
ventricular level. In patients with elevated pul-
monary vascular resistance there may be even
greater reductions in oxygen saturation. Oxygen
saturation in the systemic arteries is usually similar
to that in the left ventricle. If there is a patent ductus
arteriosus and pulmonary arterial hypertension,
there may be right-to-left shunting, with a lower
oxygen saturation in descending as compared with
ascending aortic blood. As mentioned above, right-
to-left shunting can occur through the ductus even
though there is a large left-to-right shunt of the
obligatory type.

Pressures
The vascular pressure changes are quite variable
and depend on the type and severity of the atrio-
ventricular septal defect. In ostium primum defects,
pressures are usually similar to those described for
fossa ovalis defects (see Chapter 8). However, if
there is considerable atrioventricular valve insuffi-
ciency, a prominent v wave may be noted in the
atrial pressure recordings. Right and left atrial
mean pressures may be increased to as high as
15–18 mmHg as cardiac failure develops. With
complete atrioventricular canal defects, right ven-
tricular systolic pressure is increased, but the level
depends on the size of the ventricular septal com-
ponent of the defect. The larger the ventricular sep-
tal defect, the more likely will right ventricular
systolic pressure equal systemic systolic pressure. In
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infants beyond 3 months of age and in children,
equal right and left ventricular pressures almost
always signify the presence of a large ventricular
communication as part of the defect. In younger
infants, even in those with incomplete defects, right
ventricular and pulmonary arterial systolic pres-
sures may be increased because pulmonary vascu-
lar resistance has not fallen normally postnatally.
End-diastolic pressures may be normal in ostium
primum defects, but when there are large ventricu-
lar shunts or atrioventricular valve insufficiency,
both left and right ventricular end-diastolic pres-
sures are increased, and they increase further with
onset of cardiac failure.

Pulmonary arterial pressure is variable and
depends on the magnitude of the shunt, the size of
the ventricular septal defect, and the pulmonary
vascular resistance. Often it is normal in ostium
primum defects. As in fossa ovalis defects, there
may be a flow gradient across the pulmonary valve
of 10–15 mmHg. Pulmonary arterial diastolic pres-
sure is usually low when pulmonary blood flow is
markedly increased and pulmonary vascular resist-
ance is normal or only slightly increased. If a large
patent ductus arteriosus is present, the pulmonary
and systemic arterial pressures are equal.

Systemic arterial pressure is usually normal; it
may be somewhat reduced in the presence of car-
diac failure. A systolic pressure difference across the
outflow tract of the left ventricle may be present
due to stenosis, resulting from abnormal attach-
ment of the anterior leaflet of the mitral valve to the
ventricular septum or a papillary muscle in the
right ventricle. When there is moderate to marked
aortic isthmus narrowing, descending aortic pres-
sure may be reduced. However, even with severe
aortic isthmus obstruction, the descending and
ascending aortic pressures may be equal if the duc-
tus arteriosus is widely patent.

Blood flows and shunts
Systemic blood flow is usually normal but may be
reduced when failure occurs. Calculation of sys-
temic flow by the Fick method is most unreliable,
because it is not possible to obtain a true mixed
venous sample and the use of a high SVC sample
may introduce considerable error. Furthermore, in
these patients, calculation of systemic flow by indi-
cator dilution methods, as has been used in the

fossa ovalis type of atrial septal defect, cannot be
applied if there is any shunting of left ventricular
blood or mitral valve regurgitation.

Calculation of pulmonary blood flow is also 
subject to serious errors. With large left-to-right
shunts, the arteriovenous oxygen difference across
the pulmonary circulation will be small and thus
small errors in measurement of oxygen content in
the pulmonary artery or veins could produce major
differences in estimated blood flow. Furthermore,
oxygen content of blood in different pulmonary
veins may vary considerably, thus making it impos-
sible to determine a reliable value for mixed pul-
monary venous oxygen content. Pulmonary blood
flow is usually high, but as pulmonary vascular
resistance increases, flow falls unless the shunt is
mainly of the obligatory type. In view of the poten-
tial errors in calculation of both systemic and pul-
monary blood flows, values for the pulmonary to
systemic flow ratio are equally unreliable.

Vascular resistances
Systemic vascular resistance is usually normal 
but may be increased in the presence of cardiac fail-
ure. Pulmonary vascular resistance varies greatly,
depending on the lesion and the type of shunting,
as outlined above. In view of the difficulties in mea-
suring pulmonary blood flow, the estimation of
pulmonary vascular resistance is also not reliable. If
pulmonary vascular resistance is increased, the
ability of the pulmonary vessels to dilate should be
examined by determining whether pulmonary vas-
cular resistance can be reduced by 100% oxygen
inhalation or use of pulmonary vasodilator agents
(see Chapter 5). The level of pulmonary vascular
resistance is discussed further below in regard 
to decisions regarding surgical correction of the
defects.

Angiocardiography
Prior to the use of ultrasound, angiocardiography
was used to define several important issues. These
included the site and size of the atrial and ventricu-
lar communications, the degree of mitral and tri-
cuspid valve insufficiency, and the presence of
associated lesions such as left ventricular outflow
obstruction, patent ductus arteriosus, aortic arch
obstructions, and anomalous pulmonary venous
connections. These features can now be clearly
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delineated by two-dimensional echocardiography
with color flow Doppler studies.

The left ventricular angiogram shows features
characteristic of atrioventricular septal defects.
Some features are best revealed in the hepatoclavic-
ular orientation, to provide the so-called four-
chamber view, whereas others are seen more clearly
in the long axial view. The left ventricular outflow
tract is elongated and appears narrow (Figure 9.7),
although true obstruction is not common, Norm-
ally, the contour of the left ventricle in the subaortic
region is convex, bulging toward the right ventricle.
In atrioventricular septal defect there is a concavity
of the medial border that extends along the outflow
region to the aorta. This is due to the abnormal
attachment of the anterior leaflet of the mitral
valve; if it attaches to the ventricular septum or
right papillary muscle, left ventricular outflow
obstruction may be evident. The appearance of the
left ventricle, its outflow, and the ascending aorta
has been designated the gooseneck deformity.

The left ventricular angiogram provides the best
evidence of the type of shunting present. Even
though the gooseneck deformity and the mitral
valve cleft may be seen, there is frequently no evid-
ence of valvar regurgitation. In ostium primum
defects, no shunt from the left to the right ventricle
is evident. If mitral valve insufficiency is present,
the jet from the left ventricle is usually seen to pass
directly through the left atrium across the atrial
septal defect into the right atrium. Sometimes con-
trast medium may reach the SVC and IVC. Often
only a small amount of contrast medium is seen to
enter the body of the left atrium. With complete
atrioventricular canal defects, the left ventricular
angiogram demonstrates left-to-right shunting
through the ventricular septal defect.

In infants, if it has not been possible to
definitively exclude the presence of an associated

patent ductus arteriosus, an injection should be
made into the ascending aorta through a catheter
inserted retrogradely from the femoral artery. Not
infrequently, it is possible to manipulate the venous
catheter through the atrioventricular septal defect
into the ascending aorta to perform the angiogram
in this site. The aortogram will also define the pres-
ence and degree of narrowing of the aortic isthmus,
as well as the association of aortic coarctation.

An injection into the right ventricle may be made
to try to assess the presence of tricuspid insuffic-
iency. Unfortunately, this is not always satisfactory,
as the catheter may recoil into the atrium if the tip is
not well positioned in the apex of the ventricle.
Also, the presence of a stiff catheter through the
valve could possibly deflect a leaflet and induce
insufficiency.

It is important to appreciate that endocardial
cushion defects are frequently associated with other
congenital cardiac anomalies. One should not be
satisfied only with confirming the diagnosis; an
intensive study to exclude other lesions should be
carried out. In asplenia and polysplenia syndromes,
it is necessary to consider the position of the great
vessels, presence of obstruction, and drainage of
pulmonary veins.

Differential diagnosis

Atrioventricular septal defects must be considered
in all infants with cardiac failure and evidence of
large left-to-right shunt. Lesions such as ventricular
septal defect, aortopulmonary transposition with
ventricular septal defect, truncus arteriosus com-
munis, tricuspid atresia with ventricular septal
defect, double-outlet right ventricle, total anoma-
lous pulmonary venous drainage, single ventricle
and others may present features similar to those of
endocardial cushion defect. Clinical examination

Normal Ostium primum
defect

Complete atrioventricular
canal defect

Figure 9.7 Angiographic appearance of
the left ventricle in the frontal
projection in the normal individual, in
the presence of an ostium primum
defect with no mitral insufficiency, and
in an atrioventricular septal defect with
an obligatory shunt. The “gooseneck”
deformity is related to the abnormal
mitral valve leaflet attachment and
aortic displacement.
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and radiography are not especially helpful in differ-
entiating between these lesions. The electrocardio-
gram is quite helpful because the left axis deviation
or indeterminate axis in the frontal plane is found
in only a few of the lesions mentioned. The more
important lesions to be considered are double-
outlet right ventricle and tricuspid atresia with 
ventricular septal defect. Echocardiography and, if
necessary, cardiac catheterization and angiocardio-
graphy usually clarify the diagnosis.

In older infants and children, ostium primum
defects must be differentiated from fossa ovalis 
and other atrial septal defects. The presence of left
axis deviation on the electrocardiogram is almost
always diagnostic but rarely the axis may be nor-
mal. In fossa ovalis defects, the axis is usually devi-
ated to the right, but it may be normal. The
differentiation can almost invariably be made by
ultrasound studies.

Severe pulmonary stenosis associated with atrio-
ventricular septal defect results in right-to-left shunt
and cyanosis. This complex must be differentiated
from tetralogy of Fallot because surgical repair may
be considerably more complicated. The presence 
of left axis deviation in the electrocardiogram in
patients with atrioventricular septal defect is again
usually diagnostic. Ultrasound studies will usually
differentiate between the two conditions.

Principles of management

Most atrioventricular septal defects can now be
managed surgically. The defects in the atrial and
ventricular septa are closed by either a single or double
patch, and the atrioventricular valve is repaired as
best as possible. Several important issues need to be
considered with regard to the timing and type of
procedure.

Atrioventricular valve function
As mentioned above, there is a tendency for the
severity of mitral valve regurgitation to progress
with advancing age. This could be related either to
the effects of the left-to-right shunt with enlarge-
ment of the left ventricle and atrioventricular valve
annulus, or to increase in heart size with advancing
age, or both. Mitral insufficiency is not commonly a
significant feature in children with partial defects; it
usually does not develop until the age of 20–30 years.

In patients with complete atrioventricular septal
defects, evidence is accumulating that valvar regur-
gitation is unusual in early infancy, but within 6–
12 months it begins to become evident. It is of
interest that in Rastelli type C morphology, despite
the more primitive development, significant degrees
of left-sided atrioventricular valve regurgitation 
are unusual before the age of about 12 months,
whereas in Rastelli type A morphology regurgita-
tion tends to occur earlier. It is also becoming
apparent that more effective repair of the atrioven-
tricular valve, with less risk of residual insuffi-
ciency, can be achieved if surgery is done before
regurgitation has become evident by ultrasound.

Pulmonary vascular obstruction
The risk of early onset of pulmonary vascular dis-
ease is a major concern in patients with complete
atrioventricular septal defects. Many of the factors
contributing to the development of pulmonary 
vascular obstruction are present in these patients.
Right ventricular and pulmonary arterial systolic
pressures are frequently elevated to systemic arte-
rial levels. Atrioventricular valve regurgitation may
increase left atrial and pulmonary venous pres-
sures, and if an obligatory left-to-right shunt is pre-
sent, a high pulmonary blood flow is maintained
even though some increase in pulmonary vascular
resistance occurs. Unlike in infants with ventricular
septal defects, which often tend to get smaller with
increasing age, the size of atrioventricular septal
defects does not change. Surgery is therefore indi-
cated at an early age. Patients with complete atrio-
ventricular septal defect and Down syndrome
appear to be prone to the development of early 
pulmonary vascular obstructive changes [5,9].

In those individuals who have already developed
an increase in pulmonary vascular resistance, the
decisions regarding surgery will be based on the
level of resistance and its responsiveness to pul-
monary vasodilator agents (see Chapter 5).

Unbalanced atrioventricular 
septal defects
The presence of left or right ventricular dominance
complicates the decision about whether the ven-
tricular septal defect can be closed, because of con-
cerns that the hypoplastic ventricle will not provide
adequate output. No reliable criteria have as yet
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been developed to decide whether the size of the left
or right ventricle will be adequate if they are separ-
ated. In infants with dominant right ventricle, the
size of the left ventricle may be underestimated if
septal deviation is not taken into consideration. By
estimating a potential left ventricular volume by
taking ventricular septal bowing into considera-
tion, van Son et al. [10] determined that a preoper-
ative potential left ventricular volume of 15 mL/m2

was compatible with adequate left ventricular out-
put after surgery. As mentioned above, left ventricu-
lar outflow tract obstruction may complicate the
problem of the unbalanced atrioventricular valve
commitment. The combination of subaortic obstruc-
tion, hypoplastic left ventricle, and atrioventricular
valve insufficiency denotes a poor prognosis.

In those children in whom one or other ventricle
is considered to be too small to proceed with intra-
cardiac repair, consideration should be given to per-
forming palliative banding of the pulmonary artery
if a large left-to-right shunt with cardiac failure is
present (see below). This would reduce the left-to-
right shunt and pulmonary arterial pressure and
thus reduce the risk of pulmonary vascular disease.
If the left ventricle is dominant and the right ventri-
cle is thought to be too small to sustain adequate
pulmonary blood flow after separating the ventri-
cles, a cavopulmonary anastomosis (bidirectional
Glenn procedure) can be performed. This would
require that pulmonary vascular resistance is low.
Subsequently completing a modified Fontan pro-
cedure can be considered.

Banding of the pulmonary artery
Considerable controversy has arisen over the past
25 years regarding the efficacy of banding of the
pulmonary artery in infants and children with
complete atrioventricular septal defects. In early
attempts to perform the procedure, there was a
high perioperative mortality of 30–40%. I had pro-
posed that banding of the pulmonary artery was
contraindicated in the presence of significant atrio-
ventricular valve regurgitation with obligatory 
left-to-right shunting, because it would not reduce
the volume load but would add a pressure load on
the right ventricle. As mentioned above, atrioven-
tricular valve insufficiency is not a prominent 
feature in the first 6–12 months after birth, so pul-
monary arterial banding would not usually be con-

traindicated. Subsequently, with improvements in
surgical technique and perioperative management,
the risks declined dramatically, with a mortality of
about 5%. However, as with many other lesions,
pulmonary arterial banding is now performed
infrequently in infants with atrioventricular septal
defect because the surgical risks of intracardiac
repair are not significantly greater than the pallia-
tive procedure. Banding is reserved for those few
patients in whom intracardiac repair is likely to be
associated with a high risk, because the defect is
accompanied by a single papillary muscle, severe
left ventricular outflow obstruction, or unbalanced
commitment of the atrioventricular valve to the
ventricles.

Recommendations
Cardiac failure, if it develops, should be treated in
similar manner to that outlined in Chapter 7. Early
surgical attempts to correct both partial and com-
plete atrioventricular septal defects were accom-
panied by high perioperative mortality, particularly
during infancy. If the child survived, mitral and/or
tricuspid regurgitation frequently developed, result-
ing in cardiac failure. However, more recently, sur-
vival and success with surgery has improved
daramatically.

Ostium primum atrial septal defects
Although the atrial septal defect can be readily
closed, attempts to repair the cleft in the mitral
valve often created or increased mitral insuffi-
ciency. Some surgeons recommended that repair of
the mitral valve should not be attempted. Recently,
with improved understanding of the mitral valve
mechanism, the valve can be repaired, with no evid-
ence of regurgitation on postoperative ultrasound
study. The mortality associated with surgical repair
of partial defects, even during the first 3–6 months
after birth, is currently negligible in many centers.
However, as information on natural history of
ostium primum defects has become available, it is
evident that clinical problems do not usually arise
before 20–30 years of age. There is therefore no
pressing reason to subject them to repair in early
infancy. In previous years, there was controversy as
to whether the mitral valve cleft should be closed,
because a number of patients developed mitral
insufficiency. Recently, however, with appreciation
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of mitral valve anatomy, this is not a significant
problem. My recommendation is that surgery be
performed by about 6 months of age because there
is little mortality associated with repair in infancy.
The risk of progressive enlargement of the mitral
orifice with increasing insufficiency can thus be
avoided.

Complete atrioventricular septal defects
Early surgical attempts at intracardiac repair were
associated with a high mortality, particularly dur-
ing infancy. The repair of the atrioventricular valve
is complicated by the fact that a bridging leaflet
often provides for both mitral and tricuspid valve
function. This valve has to be fashioned into two
separate components for the mitral and tricuspid
valves respectively. Early attempts to repair the valve
were associated with a high incidence of severe
mitral or tricuspid valve insufficiency. Therefore
this procedure was not recommended in infants
because it was difficult to perform these delicate
procedures in small hearts. With improved under-
standing of the attachments of the mitral and tri-
cuspid valves, it has become possible to perform the
procedure with far less risk of postoperative valvar
insufficiency, even within the first 6 months after
birth.

Surgical repair of complete atrioventricular sep-
tal defects should be performed within 4–6 months
after birth because there is a risk of early pulmonary
vascular disease, particularly in patients with Down
syndrome (see above). In younger infants, if car-
diac failure that cannot be readily controlled is pre-
sent, surgery is recommended at any age.

In fact, there is now increasing evidence indicat-
ing that if surgery is performed before atrioventric-
ular valve regurgitation is evident, there is less
likelihood for postoperative regurgitation than if it
had already developed. These infants should
receive optimal treatment for cardiac failure; if they
respond and are thriving reasonably well, surgery
should be performed by the age of 4–6 months.
However, if cardiac failure is not controlled and the
infant fails to thrive, surgery may be necessary ear-
lier, sometimes by 2–4 months of age.

Although the immediate results of surgery for
complete atrioventricular septal defects in infancy
are quite promising, a major concern is the effec-
tiveness of repair of the atrioventricular valves. 

In some patients, it is not possible to accomplish
adequate repair because of concerns for inducing
stenosis. About 5% of patients have moderate to
severe residual left atrioventricular valve insuffi-
ciency and may require further surgery to attempt 
to improve valve function. Between 20 and 25%
have mild residual left atrioventricular valve insuffi-
ciency within the first few years after surgery. Little
information is available regarding the long-term
outlook for the valve; possibly, with growth and
increase in heart size, regurgitation will develop or
progress in the repaired valve. Also, the incidence or
severity of tricuspid regurgitation should be evaluated.

These patients should be carefully followed to
define the long-term outlook after surgery. An
additional consideration is the need for antibiotic
prophylaxis therapy for infective endocarditis fol-
lowing surgery. Prophylaxis was previously advised
because the atrioventricular valve is still abnormal.
However, recent guidelines of the American Heart
Association do not recommend the use of prophy-
laxis for this group of patients [11].

Unbalanced commitment of the atrioventricular
valve complicates the approach to surgical repair.
Dominance of the right ventricle is associated with
reduction in the size of the left ventricle. As men-
tioned above, it is often difficult to predict whether
the size of the left ventricle will be sufficient to sus-
tain adequate output after separation of the ventri-
cles to provide a two-ventricle repair. Outflow
obstruction of the left ventricle may be severe 
in these infants and require intracardiac relief.
Furthermore, repair of the atrioventricular valve is
often associated with residual insufficiency of the
mitral or tricuspid valve. The surgery is compli-
cated and associated with a high immediate mortal-
ity; if the infant survives, there is frequently serious
morbidity during the succeeding months. This has
prompted some to recommend cardiac transplant
for this syndrome.
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been implicated in the manifestations of bicuspid
aortic valve syndrome (see Chapter 10).

The term aortic stenosis is used to indicate an
obstruction to left ventricular outflow in the region
of the aortic valve. Generally, three main groups of
lesions are recognized: valvar stenosis, subvalvar
stenosis, and supravalvar stenosis. Valvar stenosis is
much more common in males, with a male to female
ratio of 4:1, whereas subvalvar and supravalvar
stenosis are only somewhat more common in males.
Aortic stenosis is one of the more common forms of
congenital cardiac disease, comprising about 6–7%
of infants born with congenital heart disease. Con-
genital aortic stenosis probably occurs more fre-
quently than has been recognized previously, because
in many adult patients who have aortic stenosis it
had been assumed that the lesion was acquired.
However, many individuals who develop aortic
stenosis as adults have a bicuspid aortic valve, indi-
cating that they have a congenital anomaly of the
valve. We now suspect that a significant number of
individuals who have bicuspid valves and either
insignificant or mild congenital aortic stenosis dur-
ing childhood may develop progressive obstruction
associated with calcification of the valve during
adult life. As many as 1–2% of all individuals have
been reported to be born with bicuspid aortic valve,
so the incidence of “congenital” aortic stenosis 
is considerably higher than has been previously 
recognized.

Several congenital lesions may be associated with
obstruction to blood flow into the aorta not related
to anomalies of the aortic valve or the immediate
subvalvar area. Thus in patients with tricuspid atresia
and aortopulmonary transposition and a ventricu-
lar septal defect, blood flows from the left ventricle
through the ventricular septal defect into the right
ventricle and aorta. A small ventricular septal defect
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Bicuspid aortic valve and 
aortic stenosis
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The normal aortic valve has three cusps. A relatively
large proportion of individuals have an abnormality
of the aortic valve, characterized by the presence 
of only two cusps. This anomaly, bicuspid aortic
valve, is reported to occur in at least 1% of the popu-
lation, and some consider the incidence to be as
high as 2%. It is of interest that despite the recogni-
tion of this high incidence of bicuspid aortic valve
for at least half a century, unless it was associated
with aortic stenosis, it has not been included as one
of the congenital cardiovascular malformations.
The incidence of congenital cardiac lesions is usu-
ally quoted as 8 per 1000; this includes those indi-
viduals who have bicuspid aortic valve, only if
associated with stenosis. The incidence of bicuspid
aortic valve is as high as, and perhaps higher, than
that of all other congenital cardiovascular lesions
combined. The reason that it was not included 
in the classification of congenital cardiac lesions
probably relates to the fact that although it was re-
cognized in autopsy studies, it was not detected clin-
ically. It was only diagnosed during life following
the introduction of echocardiography during the
past 15–20 years. The importance of bicuspid aortic
valve is being appreciated with the recent under-
standing that it represents one aspect of a vascular
abnormality that affects the aorta and perhaps
other vessels. Furthermore, it is becoming increas-
ingly apparent that related hereditary factors are
involved in bicuspid aortic valve, coarctation of 
the aorta, ascending aortic aneurysm, and aortic
dissection and hypoplastic left heart syndrome.
Recently, mutations in the NOTCH1 gene have

10
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would create an obstruction to left ventricular
outflow and function as an aortic stenosis.
Similarly, patients with single ventricle with a small
chamber from which the aorta arises may develop
functional aortic stenosis if the bulboventricular
foramen connecting the main ventricular chamber
to the rudimentary chamber becomes narrowed.
The condition of idiopathic hypertrophic sub-
aortic stenosis (IHSS) produces a varying degree of
obstruction to outflow of the left ventricle. It is the
result of hypertrophy of the left ventricular myocar-
dium, often in an asymmetric manner, involving
predominantly the septum. This condition is not
discussed in this chapter; it is primarily a disorder
of myocardial growth.

Although the term hypoplastic left heart syndrome
has been used to describe a complex in which the
left ventricle and ascending aorta are poorly devel-
oped, the majority of patients included in this syn-
drome have aortic atresia. Aortic atresia possibly
represents the extreme end of the spectrum of aor-
tic stenosis; this is supported by observations in
human fetuses of progression of aortic stenosis to
aortic atresia and hypoplastic left ventricle during
gestational development. However, because of the
possibility that hypoplastic left ventricle may arise
from factors other than aortic stenosis and because
the management of patients with aortic atresia and
aortic stenosis are so different, I have elected to dis-
cuss aortic atresia in Chapter 11. I have decided to
discuss hypoplastic left ventricle associated with
aortic stenosis in this chapter because the size of the
left ventricle in the infant with aortic stenosis is not
infrequently an important consideration in decid-
ing whether the ventricle will be able to sustain an
adequate systemic blood flow if the stenosis is
relieved.

Morphological considerations

Bicuspid aortic valve
Bicuspid aortic valve is much more frequent in
males (male to female ratio 2:1) [1]. The two
leaflets are sometimes of equal size, but more fre-
quently are of different sizes. The larger of the two
leaflets may have been formed by fusion of two of
the cusps, because a median raphe is often present.
The large cusp is most likely the result of fusion of
the right coronary and left coronary leaflets; this is

present in most of the patients with aortic coarcta-
tion and is less likely to be associated with signi-
ficant aortic stenosis or insufficiency [2]. Fusion of
the right coronary to the noncoronary leaflet is less
common, but is more likely to be associated with
moderate to severe stenosis and may be associated
with insufficiency. The commissures are adherent
for varying lengths and this to a great extent deter-
mines the degree of stenosis.

The importance of bicuspid aortic valve in
patients with aortic stenosis has been documented
by Roberts and Ko [3]. They examined the aortic
valves in over 900 adults undergoing valve replace-
ment for severe stenosis. Those considered to be
caused by rheumatic fever and those on which pre-
vious surgery had been performed were excluded.
Of the 7% in which surgery was performed below
50 years of age, about two-thirds had bicuspid
valves and one-third unicuspid valves. In those 50–
70 years of age at the time of surgery, about two-
thirds had bicuspid valves and one-third tricuspid
valves. In those over 70 years of age, only 40% had
bicuspid valves and 60% had tricuspid valves. Thus
it is evident that, below the age of 50 years, non-
rheumatic valvar aortic stenosis is usually, if not
always, associated with a developmental abnormal-
ity of the valve, with two cusps, or only one leaflet.
In older individuals, aortic valve stenosis is associ-
ated with calcification of bicuspid valves or of nor-
mally developed tricuspid valves.

Bicuspid aortic valve is frequently noted in patients
with coarctation of the aorta. The incidence varies
from 25 to 80%. In a recent report, about 70% of
patients who had coarctation repair were documented
to have bicuspid aortic valves [4]. In a study of
infants and children with coarctation of the aorta,
bicuspid aortic valve was present in 63% [2].

Dilation of the ascending aorta may be noted in
patients with bicuspid aortic valve, even in the
absence of significant aortic stenosis. [5]. Enlarge-
ment of the ascending aorta had been noted in
patients with congenital aortic stenosis and had been
ascribed to the effects of turbulence on the aortic
wall, so-called poststenotic dilatation. This was sup-
ported by the fact that the dilation is frequently
related to the portion of the aortic wall subjected to
the jet of blood ejected through the stenotic aortic
valve. However, sometimes the dilation is diffuse,
involving the whole circumference of the ascending
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aorta. Dilation of the ascending aorta has been
observed in fetuses with valvar aortic stenosis. It
seems unlikely that this can be accounted for by 
turbulence because, in the fetus, if there is obstruc-
tion to left ventricular outflow, the volume of blood
ejected into the aorta will be reduced and thus 
significant turbulence is unlikely. There is now
increasing evidence that there is a structural defect
in the aortic wall, which may also be responsible for
the abnormal aortic valve. Fedak et al. [6] propose
that the integrity of the aortic wall is disrupted by
deficiency of the microfibrillar proteins fibrillin-1
and fibulin. The authors maintain that these pro-
teins regulate formation of both the aortic valves
and the aortic wall. In patients with bicuspid valve
the ascending aorta shows structural changes in-
cluding deficient elastic fibers and smooth muscle
cell disorientation as well as varying degrees of cystic
fibrosis of the media. This also explains the rela-
tively high incidence of dissection of the ascending
aorta in adult life, an incidence five to ten times that
of individuals with tricuspid aortic valves. It there-
fore seems likely that the poststenotic dilation is the
result of the inherent abnormality in aortic wall
structure and that the turbulence is a contributing
factor in the dilation of the aorta.

The reason for the high incidence of bicuspid
aortic valve in males is unexplained, but it is of
interest that women with Turner syndrome, in whom
only one X chromosome is present, have a relatively
high incidence of bicuspid aortic valve of about
10%; coarctation of the aorta is also common in
these patients. Genetic aspects of bicuspid aortic
valve are discussed below.

Valvar aortic stenosis
This is the type encountered most frequently,
accounting for about three-quarters of all patients.
Based on the study of Roberts and Ko [3], the valve
is bicuspid in about two-thirds of individuals with
valvar aortic stenosis. The majority of the remain-
ing patients with valvar stenosis has a unicuspid
valve, with no clear distinction of separate leaf-
lets. The orifice is usually small and shaped like a
teardrop, with the wide portion in the center of the
valve. It is not clear whether this valve represents
fusion of the three cusps or lack of formation of two
of the cusps. It is thus apparent that presence of a
tricuspid valve is most unusual with valvar aortic

stenosis. This suggests that the concept that aortic
stenosis could develop as a result of prenatal infec-
tion is unlikely. The valve cusps are often thickened
and immobile, but may have the normal mem
branous appearance. Calcification of the valve is
not usually prominent in individuals below the age
of 25–30 years, but becomes increasingly frequent
and severe with advancing age. Calcification makes
the valve cusps more immobile and thus may
aggravate the stenosis or, in individuals with non-
stenotic bicuspid valves, may induce stenosis.
Following surgery on the valve, calcification tends
to occur much sooner and has been observed in
adolescents and young adults. It may contribute to
recurrence of stenosis after surgical relief or after
balloon dilation of the valve.

The morphology of the aortic valve is distinctly
different in infants with severe valvar stenosis.
Frequently, the valve annulus is narrow and the
cusps are thickened, often described as myxoma-
tous, or fleshy. They are also often irregular and
have a “knobbly” appearance. These features of the
cusps do not persist and within a few months after
birth they become thinner and more membranous
in appearance, although the leaflets may still be
thick and relatively immobile. Occasionally, new-
born infants with a hypoplastic left ventricle have a
narrow aortic annulus, but the aortic valve may
have three relatively normal, thin cusps. These
infants are often thought to have aortic stenosis by
clinical examination, but the valve is normally
developed, although small.

The ascending aorta is often dilated, particularly
in its anterior portion, and this has been considered
to be due to the turbulence associated with ejection
through the stenotic valve. However, as discussed
above, it is probably the result of structural abnor-
mality of the aortic wall; the turbulence could be a
contributing factor. The ascending aorta frequently
has an area of intimal thickening a short distance
above the valve related to the jet from the stenotic
valve. This is not usually the site for the develop-
ment of infective endocarditis. The infection most
frequently involves the upper surface of the valve
cusps or the adjacent aortic sinus; this is the area of
least turbulence, proximal and lateral to the narrow
stenotic jet flow (vena contracta).

Other cardiac anomalies are frequently associated
with aortic valvar stenosis. As above, coarctation of
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the aorta and aortic stenosis are commonly asso-
ciated, particularly if the valve is bicuspid. Patent
ductus arteriosus is also commonly noted in infants
with aortic stenosis; it may be important in pro-
viding systemic blood flow in infants with critical
stenosis (see Chapter 10). Also during infancy, the
foramen ovale may be widely patent because it is
stretched by dilatation of the left atrium. Occasion-
ally, ventricular septal defects of various size and
location may occur in association with valvar aortic
stenosis.

Subvalvar aortic stenosis
This form of stenosis is present in about 20% of
patients with left ventricular outflow obstruction.
When it occurs as an isolated lesion it presents 
in two forms. A discrete fibromuscular ring just
beneath the aortic valve is the most common type
of subvalvar stenosis. A fibrous membrane may
extend from the ring into the lumen, adding to the
obstruction of left ventricular outflow. Although
previously a thin membranous type of obstruction
had been described, it appears that most if not all
so-called membranous obstructions are compon-
ents of the fibromuscular ring. The fibromuscular
ring may involve one of the valve cusps and this
may interfere with valve function, creating mild
degrees of insufficiency. The aortic valve may be
normal, but often the cusps are thickened. It has
been proposed that this results from the turbulence
of the jet created by the subvalvar stenosis. The sec-
ond type of subvalvar stenosis is a more extensive
narrowing that is elongated and has been described
as tunnel-like. It is most commonly associated with
other anomalies such as the Shone complex (supra-
valvar stenosing ring of the mitral valve, parachute
mitral valve, coarctation of the aorta, and subvalvar
aortic stenosis). Frequently, subaortic stenosis occurs
in association with other intracardiac lesions, in-
cluding ventricular septal defect and septal malalign-
ment with displacement into the left ventricular
outflow tract, double-outlet right ventricle of 
the Taussig–Bing type, and atrioventricular septal
defect with abnormal mitral valve attachment. The
aortic valve is bicuspid in about 20% of patients
with subvalvar stenosis, particularly those with asso-
ciated lesions.

Discrete fibromuscular subvalvar stenosis is
rarely evident in early infancy and is recognized in

later childhood or in adults. The stenosis is invari-
ably progressive, but the rate of increase in stenosis
is variable. It may be quite rapid during childhood,
but is usually fairly slow in adult life [7]. Also, 
progression is usually quite slow in the milder
forms, but may be rapid if stenosis is more severe.
Recurrence after surgery is quite common [8].
Furthermore, aortic valve regurgitation, which may
not be evident or is only mild before surgery, is
apparent in 50–70% of patients after surgery. It is of
variable severity, but may require aortic valve
replacement.

Supravalvar aortic stenosis
This type of stenosis is infrequent. Although it may
occur as an isolated lesion, it is commonly asso-
ciated with other anomalies. One-third to half of
these individuals have Williams syndrome, charac-
terized by growth delay, developmental delay, stel-
late iris, elfin facies, dental anomalies, hypoplastic
nails and, occasionally, hypercalcemia in early
infancy. Stenoses of other arteries, especially the
pulmonary arteries, may also occur. The syndrome
is thought to be associated with an elastin gene
mutation on chromosome 7q11.23. A familial form
of supravalvar stenosis has also been described
without the associated features of Williams syn-
drome. The aortic valve is bicuspid in about 20% of
patients with Williams syndrome and supravalvar
aortic stenosis. [9].

Supravalvar stenosis most commonly presents as
a constricting ring located at the superior margins
of the sinuses of Valsalva. The media is thickened
and collagen in the wall and the intima is increased.
The narrowing may extend some distance into the
ascending aorta. Although a membranous obstruc-
tion has been described, it probably represents a
narrow hourglass constriction. Because the stenosis
often involves the margins of the cusps, the coro-
nary ostia may be partly covered and the arteries
may be small. The intramyocardial arteries usually
have thick walls involving both the medial and 
intimal layers.

Other features in aortic stenosis
Left ventricular size varies in older children and
adults with aortic stenosis, depending on the sever-
ity of stenosis. With mild stenosis, ventricular myo-
cardial thickness and cavity size may be normal.
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With severe stenosis, the left ventricle is hyper-
trophied but the chamber is not enlarged. However,
if aortic insufficiency is associated, the ventricle is
enlarged. Myocardial fibrosis is noted in children
who have had severe stenosis from infancy, but
with milder stenosis may not be evident until 
adult age.

Infants born with severe stenosis frequently
show marked endocardial fibroelastosis. The ven-
tricular wall is markedly thickened, but cavity size
varies greatly. Infants who develop cardiac failure
several weeks after birth usually have marked cham-
ber enlargement. However, those presenting with
early postnatal symptoms may have a small or large
ventricle. When the chamber is small, there is often
marked endocardial fibroelastosis. Also, papillary
muscle abnormalities may occur, involving the
posterior papillary muscle more commonly. Infarc-
tion with fibrosis and shortening may result in
mitral insufficiency. Abnormalities of the small
coronary arteries have been described in infants
with severe stenosis, especially with small ventri-
cles. The size and function of the left ventricle is an
important consideration in making decisions about
the surgical approach to be adopted. This is dis-
cussed in detail on p. 235.

Occasionally, the left ventricle is small and the
aortic annulus narrow. However, the valve may
appear to be a normal, but small, tricuspid valve.
The left atrium is often small and subendocardial
fibroelastosis may occur in the region of the mitral
valve or more extensively. The foramen ovale may
be of normal size, but frequently is small or closed
when the left ventricle is hypoplastic.

Embryological and genetic
considerations

There is considerable controversy about the causes
of aortic stenosis. Two main hypotheses have been
proposed for the occurrence of valvar stenosis: the
aortic valve may be deformed by an abnormality
during embryological development of the endocar-
dial tubercles from which the cusps form; the other
proposal is that an intrauterine insult, such as an
infection or metabolic disturbance, causes damage
to the valve that results in stenosis. It has been sug-
gested that the frequent finding of a bicuspid valve
supports the concept that stenosis is a primary

developmental defect. However, as mentioned
above, the morphology of the bicuspid valve varies.
In most individuals with valvar stenosis, the size of
the leaflets is unequal, and the larger leaflet has a
median raphe. It is possible that this could be the
result of endocarditis with fusion of two of the three
cusps. Infants with severe aortic stenosis frequently
have associated left ventricular endocardial fibro-
elastosis and it has been proposed that this may be
the result of endocarditis, supporting the concept
that an intrauterine infection has involved both the
valve and the endocardium. However, subendocar-
dial fibroelastosis could be the result of aortic
stenosis. If left ventricular pressure is elevated,
there may be interference with coronary flow,
which primarily affects the subendocardial region
of the myocardium and may cause ischemia result-
ing in fibrosis. It is thus not yet resolved whether
valvar aortic stenosis is a genetic or an acquired
developmental anomaly.

The frequent observation of bicuspid aortic
valves by echocardiography of relatives of patients
with valvar aortic stenosis, coarctation of the aorta,
or hypoplastic left heart syndrome suggests that
hereditary factors could be important in their 
etiology. Recently, detailed analysis of families of
children with these lesions has confirmed the herit-
ability of these lesions and the association with
bicuspid aortic valve [10], and it has been proposed
that bicuspid aortic valve and its associated anomal-
ies are linked to the chromosomal regions 18q, 5q,
and 13q [11].

A recent study of five generations of one family
identified 11 members with aortic stenosis. Eight
had bicuspid valves with or without calcification
and three had calcified tricuspid valves. A mutation
of the NOTCH1 gene was identified in the affected
individuals and it was proposed that this was
responsible for the abnormal development of the
valve, as well as for the calcification [12].

The mechanisms responsible for subvalvar aortic
stenosis are also not known. Postnatal development
of fibrous subvalvar obstruction has been observed
in the Newfoundland breed of dog. Genetic trans-
mission of the lesion lends support to a develop-
mental cause of some instances of subvalvar stenosis.
However, this type of stenosis is unusual, account-
ing for only 10–15% of patients with subvalvar
obstruction. Most have a membranous obstruction,
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and it is not known what may cause this type 
of obstruction. As mentioned above, subvalvar
obstruction may be associated with other intracar-
diac lesions; it is usually the result of malalignment
of the ventricular septum with displacement into
the left ventricular outflow tract. The obstruction 
is not usually manifest in the fetus and develops
postnatally.

Supravalvar aortic stenosis is frequently asso-
ciated with Williams syndrome, which may be asso-
ciated with idiopathic infantile hypercalcemia [13].
The suggestion that there may be some relationship
between vitamin D and this lesion comes from
experimental studies in which administration of
large doses of vitamin D to pregnant rabbits may
produce supravalvar aortic stenosis and dental
anomalies in the offspring. However, little is known
about the mechanisms that account for supravalvar
stenosis.

Hemodynamic considerations

Fetal circulation
The effects of valvar, isolated subvalvar, and
supravalvar stenosis on the course of the circula-
tion in the fetus are probably similar. The effects of
aortic stenosis in the fetus will be determined by the
time during gestation when the obstruction devel-
ops and its severity. Initially, aortic stenosis will
decrease left ventricular stroke volume, because the
fetal heart is incapable of maintaining stroke vol-
ume when afterload is increased (see Chapter 1).
Diastolic volume will increase, but inflow into the
ventricle will be reduced. Left atrial pressure will
tend to rise and flow through the foramen ovale
into the left atrium will be reduced. The total vol-
ume entering and leaving the ventricle is limited
and it might be expected that over time the left ven-
tricle would not develop normally. Several ultra-
sound studies in human fetuses with aortic stenosis
have shown a relative decrease in left ventricular
size with advancing gestation. This suggests either
that aortic stenosis may become more severe with
advancing gestation or that a moderately stenotic
valve may not grow and therefore will become more
obstructive. In 1995 in serial studies in human
fetuses with various types of left ventricular outflow
obstruction, Hornberger et al. [14] observed that
the left ventricle developed normally with advanc-

ing gestation in some fetuses, but in others left ven-
tricular volume did not increase proportionately
with advancing gestation and thus the left ventricle
was hypoplastic at birth. Because the fetuses in 
this study had diverse diagnoses, including aortic
coarctation, it was difficult to define the specific
effect of aortic stenosis.

In a study by Axt-Fliedner et al. [15], aortic
stenosis was suspected in a fetus at about 11 weeks’
gestation; by about 16 weeks the left ventricle 
was hyperechogenic and dysfunctional, suggesting
the presence of subendocardial fibroelastosis, and
subsequently became hypoplastic. The most com-
prehensive observations have been made at the
Children’s Hospital in Boston. In a series of fetuses
with aortic stenosis and normal left ventricular
dimensions at less than 30 weeks’ gestation, 17 of 23
had developed hypoplastic left heart syndrome by
the time of delivery. Factors strongly associated
with progression to hypoplastic left heart syndrome
were retrograde flow in the transverse aortic arch,
left-to-right flow across the foramen ovale in con-
trast to the normal right-to-left flow, monophasic
mitral valve filling suggesting abnormal diastolic
filling of the left ventricle, and left ventricular dys-
function [16]. The observations of poor left ven-
tricular development in these reports has formed
the basis for therapy to relieve aortic stenosis in the
fetus in an attempt to prevent the development of
hypoplastic left heart syndrome (see Chapter 11).

Evidence supporting the effect of stenosis on
ventricular development has been derived from
studies in fetal lambs. We produced left ventricular
outflow obstruction of moderate severity by plac-
ing a band around the ascending aorta in lambs 
at 0.6–0.7 gestation [17]. Within a few days to 3
weeks, the left ventricular wall was markedly thick-
ened, but cavity size was considerably reduced. The
increase in muscle mass was accomplished by in-
crease in the number of myocytes (i.e., hyperplasia),
with no evidence of hypertrophy or increase in 
cell size. These changes are similar to those observed
in the right ventricle in fetal lambs in which we
banded the pulmonary artery. The development of
the coronary circulation in the left ventricular
myocardium was not examined in the lambs with
aortic banding. If the response was the same as in
the right ventricular myocardium of lambs with
pulmonary stenosis, the number of capillaries did
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not match the increase in cell numbers. This
resulted in an increase in the intercapillary distance
(see Chapter 15).

Based on these observations of left ventricular
growth, it can be hypothesized that, at the time of
birth, the left ventricle will be small if aortic stenosis
develops early in gestation. However, the later aor-
tic stenosis develops, the more opportunity the
ventricle would have had to grow normally and the
larger it would be at birth. The severity of stenosis
would also influence ventricular growth; severe
stenosis, although appearing fairly late in pregnancy,
could almost completely prevent further growth.
However, mild stenosis may permit some further
growth. As mentioned above, stenosis that is rela-
tively mild in early gestation could progress to severe
obstruction if the valve orifice remains the same.

In another study on fetal lambs, a nonconstrict-
ing band was placed around the ascending aorta at
0.3–0.4 gestation [18]. Aortic stenosis developed as
the fetus grew in utero. Some of the fetuses had
marked left ventricular hypertrophy at term and
although the ventricles appeared to have small cavi-
ties at autopsy, ultrasound studies in utero did not
demonstrate small left ventricular chambers. It was
suggested that the small cavities noted at autopsy
were the result of contraction. Other fetuses devel-
oped enlarged left ventricles with mitral regurgita-
tion and a number died in utero with severe fetal
hydrops. Despite a very high left ventricular end-
diastolic pressure, none of the fetuses showed any
evidence of subendocardial fibroelastosis, unlike
human fetuses with aortic stenosis.

It is possible that the site of stenosis in this model
could account for the different manifestations. In
the experimental model in fetal lambs, the obstruc-
tion is beyond the origin of the coronary arteries;
thus, with the high pressure in the aorta proximal
to the obstruction, coronary blood flow could be
well maintained and the reduction in coronary
blood flow to the subendocardial region that has
been incriminated as the cause of subendocardial
fibroelastosis may not occur. In the human fetus
with valvar aortic stenosis, coronary blood flow
may be impaired and this would contribute to the
development of subendocardial ischemia in the pre-
sence of high end-diastolic pressure in the ventricle.

Although some human fetuses with severe aortic
stenosis or hypoplastic left heart may succumb 

in utero with hydrops, infants born with aortic
stenosis, even of severe degree, appear normally
developed at birth and do not show any evidence 
of having suffered from intrauterine hypoxemia 
or lack of nutrient supply. Therefore, it can be
assumed that the fetus with aortic stenosis probably
has a normal combined ventricular output (CVO)
and normal umbilical–placental blood flow.

There is as yet no published information avail-
able in human fetuses regarding right and left ventri-
cular output and umbilical blood flow to confirm
this. Because left ventricular output is reduced in
the presence of aortic stenosis, right ventricular
output would have to increase to maintain a nor-
mal CVO. In studies in late-gestation fetal lambs,
we found that graded constriction of the aortic isth-
mus decreased left ventricular output. With mild to
moderate degrees of constriction, right ventricular
output increased to maintain CVO, but it could 
not compensate adequately when constriction was
severe and CVO fell. The question to be considered
is whether the right ventricle can adapt over a
longer period to increase output sufficiently to
maintain a normal CVO. We examined cardiovas-
cular dynamics a few days and up to 3 weeks after
acute banding of the ascending aorta in fetal lambs
[17]. Left ventricular systolic pressure achieved levels
as high as 110 mmHg, compared with a normal of
about 70 mmHg. Left ventricular output decreased
markedly; it is interesting, though, that in this rela-
tively acute preparation, right ventricular output
did not increase adequately to maintain a normal
CVO. Umbilical–placental blood flow fell modestly
but flows to fetal body organs were reasonably well
maintained. The apparently normal CVO in human
fetuses with aortic stenosis could be accounted for
by the ability of the right ventricle to fully compen-
sate for the reduction in left ventricular output if
the stenosis is induced slowly. Decreased flow
through the foramen ovale diverts venous return
to the tricuspid valve, increasing right ventricular

volume load. This will increase right ventricular
volume and induce right ventricular myocardial
hyperplasia and possibly hypertrophy. The increased
muscle mass will be able to increase right ventricu-
lar stroke volume to provide a normal CVO.

The course of the circulation in a fetus with 
aortic stenosis in which right ventricular output has
adjusted is shown in Figure 10.1. Superior vena
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cava blood passes across the tricuspid valve as it
does normally. Because left ventricular outflow 
is obstructed and compliance of the ventricle is
decreased, the inflow of inferior vena cava (IVC)
blood into the left atrium and the left ventricle is
impeded. Thus, a greater proportion of IVC blood
passes into the right ventricle and the volume of
blood flowing through the foramen ovale is reduced.
The right ventricle contributes a greater percentage
to CVO, and left ventricular output is reduced to a
variable degree, depending on the severity of the
stenosis. The ductus arteriosus carries a greater
flow than it does normally. Typically, in the lamb
fetus, 55–60% of CVO passes through the ductus,
but if right ventricular output is increased and lung
flow does not increase greatly, flow across the 
ductus will increase because the contribution to
descending aortic flow from the ductus arteriosus
increases. Flow across the aortic isthmus is reduced
because the contribution to descending aortic flow
from the ductus arteriosus increases. The reduction
in IVC return to the left atrium results in a larger
contribution of blood with higher oxygen satura-

tion to the right ventricle and pulmonary artery.
This may result in some degree of pulmonary arte-
riolar vasodilatation and lack of development of
pulmonary vascular smooth muscle (see Chapter
5). The greater IVC contribution to right ventricu-
lar output will also result in a decrease in the differ-
ence between oxygen saturations in the ascending
and descending aortae. Left ventricular systolic
pressure will be increased to a modest degree; even
though left ventricular muscle mass increases, very
high pressures are not generated, because inflow
into the ventricle is reduced and end-diastolic pres-
sure is not significantly increased.

The pattern of blood flow in the aortic arch and
ascending aorta is a useful indicator of the severity
of stenosis and the ability of the ventricle to provide
blood flow to the systemic circulation. If aortic
stenosis is severe, little or no blood will be ejected
into the ascending aorta. Flow to the large arteries
arising from the arch will be provided by blood
passing through the ductus arteriosus and then
coursing in a retrograde direction across the aortic
isthmus to the arch. If there is minimal flow
through the aortic valve, blood may also flow retro-
gradely in the ascending aorta to provide coronary
blood flow. The pattern of flow in the arch and
ascending aorta has been examined by Doppler
flow study in utero in human fetuses with aortic
stenosis. These observations have confirmed the
fact that retrograde flow in the arch and ascending
aorta is a useful predictor of the severity of stenosis.
A similar pattern has been noted with aortic atresia
and also in fetuses with a small aortic annulus and
hypoplastic left ventricle but without severe valvar
stenosis.

If the fetus has mild left ventricular outflow
obstruction, left ventricular pressure will increase
and myocardial hyperplasia will occur. The increase
in muscle mass may allow the ventricle to maintain
a normal stroke volume without a significant
increase in left ventricular end-diastolic pressure.
Left ventricular filling and output will be main-
tained and therefore left ventricular development
will be normal. The contribution of right ventricu-
lar blood through the ductus arteriosus to the
descending aorta may be somewhat greater than
normal, so that the difference between ascending
and descending aortic oxygen saturations may be
slightly reduced (Figure 10.2).
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Figure 10.1 Severe valvar aortic stenosis in a fetus: course
of the circulation, oxygen saturations (circled), and
pressures. It has been assumed that the right ventricle has
compensated by increasing its output to provide a normal
combined ventricular output. m, mean pressure.
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The pattern of the circulation during fetal life
with other types of aortic stenosis is probably sim-
ilar to that described for the fetus with valvar aortic
stenosis. However, if subaortic narrowing is associ-
ated with other intracardiac lesions (see Chapter 10), 
the patterns of blood flow may be modified.

Circulatory changes after birth
The postnatal adaptations of infants with aortic
stenosis are dependent on the severity of the
obstruction. It is convenient to discuss the hemo-
dynamic changes in four groups of patients: the
newborn infant with severe valvar aortic stenosis;
the infant with moderately severe discrete valvar,
subvalvar or supravalvar stenosis; the child with
moderate aortic stenosis and the individual with
mild aortic stenosis. The normal aortic valve area is
about 2.0 cm2/m2 body surface area; stenosis is
considered to be severe when the valve area is 
less than about 0.6 cm2/m2, and to be moderately
severe when the valve area is below about 1.0
cm2/m2. Valve areas above this level are considered
to be moderate to mild. Similar criteria can proba-

bly be applied to membranous subvalvar stenosis
and to localized supravalvar stenosis, but may not
be valid for diffuse subvalvar fibromuscular steno-
sis or a long supravalvar stenosis.

Severe aortic stenosis in the neonate
The systemic circulation in the fetus is largely 
provided by flow from the pulmonary artery
through the ductus arteriosus. After birth, elimina-
tion of the low-resistance placental circulation may
increase afterload on the left and right ventricles.
This may further reduce the ejection of any small
volume of blood that the left ventricle was capable
of ejecting in the fetus. All or most of the systemic
blood flow would have to be provided by flow from
the pulmonary artery through the ductus arterio-
sus. Arterial Po2 would therefore be reduced in the
descending aorta. The Po2 in the left subclavian and
carotid arteries and in the innominate artery will
depend on the volume ejected by the left ventricle.
With minimal output, retrograde flow in the aortic
arch would result in similar reduced Po2 in all the
head and neck vessels. If the left ventricle can pro-
vide a modest output, the Po2 in the innominate
artery may be normal but that in the left subclavian
artery may be reduced. Except with very severe
stenosis, the left ventricle will eject a volume 
adequate to provide coronary blood flow.

Although left ventricular muscle mass increases
during fetal life, the ventricle does not maintain its
output, and left ventricular pressure is only mod-
estly increased. After birth the ventricular pressure
is increased, but the systolic pressure is usually in
the range 100–120 mmHg, and it rarely exceeds
these levels in the neonate. Frequently, only a small
pressure gradient of 10–15 mmHg can be recorded,
because flow through the valve is restricted. The
systolic pressure gradient is not usually greater than
about 30 mmHg.

Role of the ductus arteriosus
The ductus arteriosus plays an important role in
postnatal circulatory adjustments, particularly in
those infants in whom left ventricular output is
markedly limited (Figure 10.3). In the immediate
postnatal period, if left ventricular output is low,
aortic pressure tends to fall. However, right-to-left
flow of blood from the pulmonary artery through
the ductus arteriosus may maintain adequate 
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Figure 10.2 Mild valvar aortic stenosis in a fetus: course of
the circulation, oxygen saturations (circled), and pressures
are only minimally affected, since left ventricular output is
only slightly reduced. m, mean pressure.
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systemic blood flow and systemic arterial pressure.
Shunting of pulmonary arterial blood away from
the lungs will tend to lessen the severity of pul-
monary edema by delaying the development of very
high left atrial pressures (see Chapter 10). The infant 
may thus have little evidence of pulmonary edema
and have adequate systemic circulation but cyanosis,
particularly in the lower body, may be noted. Blood
oxygen saturation and Po2 in the descending aorta
will be reduced compared with the ascending aorta.
Depending on the volume of blood entering the
ascending aorta, the right subclavian arterial oxy-
gen saturation may also be reduced.

As the ductus arteriosus closes, total systemic
blood flow will have to be maintained by left ven-
tricular ejection (Figure 10.4). Left ventricular sys-
tolic and end-diastolic pressures will increase, and
this may permit the ventricle to maintain an ade-
quate cardiac output and systemic arterial pressure.
However, if it is not able to do so, systemic arterial
pressure and cardiac output will fall. Peripheral
perfusion will be decreased, with the development

of metabolic acidemia. Associated with the closure
of the ductus arteriosus, pulmonary arterial pres-
sure and blood flow into the lungs will increase.
Left atrial and pulmonary venous pressures will
tend to rise and pulmonary edema may develop.

Role of the foramen ovale
The level of left atrial pressure is an important
determinant of left ventricular output. However, if
left atrial pressure increases markedly, pulmonary
venous and pulmonary capillary pressures will rise
and pulmonary edema will ensue. At birth, elimi-
nation of the umbilical venous contribution to IVC
return reduces flow through the foramen ovale.
This, associated with the increased pulmonary
venous return to the left atrium, will tend to close
the valve of the foramen ovale. The resulting rise in
left atrial pressure enhances filling of the left ven-
tricle, but compliance of the ventricular wall will 
also determine the degree of filling. As mentioned
above, many infants with severe aortic stenosis
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Figure 10.3 Severe valvar aortic stenosis in a newborn
infant in whom the ductus arteriosus still is patent: course
of the circulation, oxygen saturations (circled), and
pressures demonstrate the important role of the ductus in
maintaining systemic blood flow. m, mean pressure.
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Figure 10.4 Severe valvar aortic stenosis in a newborn
infant in whom the ductus arteriosus has constricted:
course of the circulation, oxygen saturations (circled), and
pressures show the marked deterioration due to
interference with blood supply to the systemic circulation.
m, mean pressure.
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have subendocardial fibroelastosis, which probably
decreases ventricular compliance, thus restricting
end-diastolic volume and stroke volume. A more
compliant ventricle will permit greater filling and a
high atrial pressure may be effective in maintaining
adequate left ventricular output (see Figure 10.3).
However, if the left ventricle is not able to eject ade-
quate volume across the obstructed valve, left atrial
pressure will rise to very high levels and pulmonary
edema will develop. The degree to which left atrial
pressure rises is also influenced by the behavior of
the foramen ovale. If the valve of the foramen is
competent, left atrial pressure can rise to high 
levels, with mean pressures up to 25–30 mmHg.
However, elevation of left atrial pressure may stretch
the atrial septum and the foramen may become
incompetent. This will permit left-to-right atrial
shunting that limits the increase in left atrial pres-
sure. The lowered filling pressure reduces the abil-
ity of the left ventricle to maintain an adequate
output, but there is less likelihood for severe pul-
monary edema to develop. If the ductus arteriosus
closes, rapid deterioration will occur.

Coronary circulation
Normally, the left ventricle increases stroke volume
and stroke work after birth, so that there is
increased energy utilization and oxygen require-
ment. The increased Po2 of ascending aortic and
coronary arterial blood after birth will help to sup-
ply additional oxygen. With severe aortic stenosis,
aortic pressure may fall when the ductus arteriosus
constricts and coronary perfusion may be reduced.
Left ventricular systolic and diastolic pressures are
elevated so that myocardial blood flow, particularly
to the inner layers of the ventricle, will be restricted.
This could further interfere with its ability to main-
tain systemic output across the stenotic valve and
aggravate the failure

Effect of oxygen administration
Administration of high-oxygen gas mixtures may
potentially have adverse effects in infants with severe
aortic stenosis. If systemic blood flow is being
maintained by flow from the pulmonary artery
through the ductus arteriosus, an increase in sys-
temic arterial Po2 may constrict the ductus and
thus decrease flow into the systemic circulation.
Oxygen may also decrease pulmonary vascular

resistance and lower pulmonary arterial pressure;
this will tend to decrease the flow from the pul-
monary artery through the ductus arteriosus, fur-
ther reducing systemic blood flow.

Effect of prostaglandin E1

If the left ventricle is unable to provide adequate
systemic output after birth, it is mandatory that the
ductus arteriosus remain open so that blood can
flow from the pulmonary artery to the aorta. The
time after birth that the ductus closes varies, but
administration of prostaglandin (PG)E1 dilates the
ductus or maintains its patency. Potential adverse
effects may be associated with PGE1 infusion. The
vasodilator effect on the systemic circulation may
result in a fall in aortic pressure, and interfere with
coronary blood flow to both the left and right ven-
tricular myocardium. It is therefore important to
monitor arterial pressure; if it falls significantly
with PGE1, intravenous fluids should be infused
and catecholamines, such as dopamine or dobu-
tamine, administered. The reduction in pulmonary
vascular resistance resulting from PGE1 may allow
pulmonary arterial blood to pass preferentially to
the lungs rather than through the ductus into the
aorta. This is not a significant concern if right ven-
tricular output is adequate. It is therefore import-
ant to provide intravenous fluids and, if necessary,
catecholamines. The vasodilator effect of PGE1 on
the pulmonary circulation may increase pulmon-
ary blood flow and possibly induce pulmonary
edema by increasing left atrial pressure. This also
does not appear to be a major problem.

Adequacy of left ventricle to maintain systemic 
blood flow
Newborn infants with severe aortic stenosis fre-
quently have small left ventricles; there is often 
serious question as to whether the ventricle is cap-
able of maintaining an adequate systemic output
even if the stenosis is relieved. Cardiac output is the
product of heart rate and stroke volume. Stroke
volume can be expressed as the proportion of left
ventricular diastolic volume that is ejected. Diastolic
volume is determined by ventricular cavity size and
compliance, as well as by filling pressure. The ejec-
tion fraction is related to myocardial contractility.
Until recently, it was immaterial whether the left
ventricle was capable of providing an adequate 
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output, because no alternative was available other
than attempting to relieve the stenosis. Now, with
the possibility that the Norwood procedure can be
used as in aortic atresia, the decision has to be made
whether the left ventricle can become an adequate
systemic ventricle. Numerous measurements have
been proposed for determining whether the cardiac
output is likely to be adequate if the stenosis is
relieved.

The diameter of the aortic valve annulus has
been proposed as an indicator of likelihood for sur-
vival after surgery. The size below which survival is
unlikely has varied in different reports. Generally, 
if annulus diameter is greater than 10 mm most
infants will survive, whereas if it is below 7.5 mm
survival is unlikely. However, others report survival
with annulus diameters of 5 or 6 mm; thus this
measurement is not reliable in decision-making.
Measurement of ventricular size at end diastole 
by ultrasound technique has also been used to
assess the potential for adequate cardiac output. In
one report, left ventricular diameter was 18.4 mm
in survivors and 11.3 mm in nonsurvivors. Ven-
tricular volume (V) has also been estimated by 
two-dimensional ultrasound from the following
equation:

V = 6.83b3

where b is the minor or short-axis dimension.
Normal left ventricular end-diastolic volume is
about 40 mL/m2. Survival is unlikely after surgery if
the volume is less than 20 mL/m2. With volumes of
20–30 mL/m2, survival after valvotomy is 70%;
with volumes greater than 30 mL/m2, survival is
about 90%. Estimating ventricular volume using
the above formula presents a serious problem.
Minor variations in measurement of the minor axis
introduce large differences in calculated volume,
because the value is cubed. Thus a minor-axis mea-
surement of 18 mm produces an estimated volume
of 40 mL; however, a minor-axis measurement of
only 2 mm less (16 mm) produces an estimated
volume of 28 mL. To overcome this concern, vari-
ous other measurements to predict the likelihood
for survival after aortic valvotomy have been pro-
posed. The criteria proposed by Rhodes et al. [19]
based on echocardiographic study are favored
because, based on the experience with 46 neonates
with aortic stenosis, the outcome for two-ventricle

repair could be predicted with 95% accuracy. The
equation used is as follows:

Score = 14.0 (BSA) + 0.943 (AoR/m2) + 4.78 (LAR)
+ 0.157 (MVA/m2) − 12.03

where BSA indicates body surface area, AoR aortic
root diameter (cm) indexed to body surface area,
LAR ratio of the long-axis dimension of the left
ventricle to the long-axis dimension of the heart,
and MVA mitral valve area (cm2) indexed to body
surface area. A score less than −0.35 was considered
not compatible with survival after two-ventricle
repair. However, with more experience, it was
found that this formula was predictive in somewhat
less than 80% of the patients, so it has now been
modified to the following:

Score = 10.98 (body surface area) + 0.56 (aortic
annulus z-score) + 5.89 (left ventricular to
heart long-axis ratio) − 0.79 (grade 2 or 3
endocardial fibroelastosis) − 6.78

Using a cutoff of less than −0.65, outcome could be
predicted in 90% of the patients [20].

The calculation of this score involves several
measurements in small hearts and is therefore also
subject to potential error. Furthermore, all these
estimates of morphology do not take into considera-
tion functional aspects of the left ventricle. Thus
infants with ventricles with volumes that are only
modestly reduced may not be able to maintain an
adequate output after relief of stenosis if there 
is significant endocardial fibroelastosis. Also, the
presence of mitral insufficiency may limit the abil-
ity of the ventricle to sustain systemic blood flow.
One of the most reliable predictors of the inability
of the ventricle to provide an adequate cardiac out-
put after relief of aortic stenosis is the pattern of
blood flow in the aorta, assessed by Doppler ultra-
sound study. The observation of retrograde systolic
blood flow in the arch and ascending aorta indi-
cates that there is no significant flow across the 
aortic valve; even in the presence of severe valvar
stenosis, this still predicts unlikelihood of survival
with attempted two-ventricle repair. The issues
relating to surgical choices are discussed on p. 250.
Despite the various criteria that have been sug-
gested to assess the likelihood that the left ventricle
will be capable of providing an adequate systemic
flow, none are reliable indicators. As techniques
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have improved, many infants in whom previous
attempts to provide two functioning ventricles
have not been successful may now survive.

Hypoplastic left ventricle
As mentioned above, occasionally the aortic valve
has three thin leaflets and no obvious stenosis is evid-
ent, but flow into the aorta is severely restricted
because the left ventricle is small. The aortic annu-
lus and ascending aorta are also small, as is the
mitral valve annulus. Endocardial fibroelastosis is
present, involving the papillary muscles and mitral
valve and it may be more extensive. This complex
may be truly described as hypoplastic left ventricle.
If the ventricular size is estimated to be too small to
sustain adequate output, or if flow in the aortic arch
is retrograde, it is unlikely that a two-ventricle
repair is feasible.

Moderately severe aortic stenosis in infants
and children
Associated with ventilation at birth, pulmonary
venous return increases and the left ventricle is
required to increase stroke volume. In the infant
with moderately severe stenosis and with a well-
developed ventricular cavity, the ventricle is able to
provide adequate output across the obstructed
valve in the immediate postnatal period. The 
subsequent hemodynamic events are variable, de-
pending on the severity of stenosis. With moderate
stenosis, left ventricular systolic pressure increases
to maintain stroke volume, but because the high
afterload induced by the stenosis lowers ejection
fraction, end-diastolic volume and pressure increase.
Initially, to maintain adequate ventricular filling,
the height of the left atrial a wave is increased, 
but with more severe obstruction or greater flow
demands, mean left atrial pressure increases. The
requirements for cardiac output increase over the
first 6–8 weeks postnatally in association with 
the physiological fall in hemoglobin concentration
(see Chapter 2). During this period the left ventricle
undergoes hypertrophy and may be able to provide
an increase in stroke volume with only a modest
increase in end-diastolic pressure. However, evid-
ence of increased sympathoadrenal stimulation
often become manifest (see Chapter 7). If left atrial
pressure is markedly increased, pulmonary edema
with tachypnea and increased respiratory effort will

develop. The drop in hemoglobin concentra-
tion reduces arterial oxygen content and this may
interfere with oxygen supply to the myocardium.
The increased workload on the ventricle associated 
with the rise in systolic pressure demands a higher 
oxygen consumption. In addition the higher mass
of the left ventricular muscle demands an increase
in total oxygen supply. If coronary flow cannot be
increased adequately to meet the increased oxygen
demands, myocardial ischemia may result, and 
this will be evidenced by electrocardiographic
changes. Frequently, the infant tolerates the post-
natal circulatory changes with only mild symp-
toms, but may develop acute cardiac failure as a
result of infection, which increases the require-
ments for cardiac output and therefore myocardial
oxygen supply. Cardiac failure most frequently
develops within about 8 weeks after birth in infants
with moderately severe stenosis as a result of the
increased demands for cardiac output, as men-
tioned above. Occasionally, failure develops later,
within 6–8 months, particularly as a result of 
infection.

Usually left ventricular pressure is not higher
than about 120 mmHg in newborn infants, even
with severe aortic stenosis. Postnatally, cardiac out-
put requirements increase with growth (see Chap-
ter 2). If the aortic valve orifice does not enlarge in
proportion with the increased blood flow, the pres-
sure gradient required to provide the flow will
increase and left ventricular pressure will rise. In
order to generate the higher pressure and stroke
volume, myocardial mass subsequently increases,
mainly by hypertrophy of myocytes but possibly
with some hyperplasia. Left ventricular systolic
pressure thus increases, sometimes achieving levels
as high as 180–200 mmHg within the first few
months after birth. Systemic arterial blood pressure
may be normal, but often pulse pressure is some-
what reduced. The increase in myocardial muscle
mass usually parallels the increase in pressure 
gradient and left ventricular pressure required to
provide increased output requirements, so that car-
diac failure is most unusual with valvar or discrete
subvalvar stenosis beyond infancy.

The pressure gradient required for maintaining
flow across the stenotic valve depends on the mag-
nitude of flow during systole. The relationship
between valve area, pressure and flow has been

c10.qxd  12/22/08  11:35  Page 237



238 CHAPTER 10

described by Gorlin and Gorlin [21] in the follow-
ing equation:

Aortic valve area (cm2)

=

It is apparent that if aortic valve area does not
change, the volume of blood flowing through the
valve in systole is related to the square root of the
mean pressure gradient. The mean pressure gradi-
ent is therefore related to (stroke volume during
systole)2. A doubling of flow will be associated with
a fourfold increase in mean pressure gradient. Not
only will an increase in stroke volume elevate the
pressure gradient, but it also increases the duration
of ejection. The decrease in systolic duration occur-
ring with the increased heart rate associated with
sympathetic stimulation, exercise or anxiety con-
tributes to the rise in pressure gradient, in addition
to the rise in stroke volume. Infusion of catechola-
mines such as isoproterenol, dobutamine, or low
doses of dopamine increases cardiac output by 
raising heart rate as well as stroke volume. These
agents increase the pressure gradient across the valve
and they have been used to simulate the effects of
exercise in individuals with aortic stenosis. The
relationship between pressure gradient and stroke
volume is similar to that in patients with pulmon-
ary stenosis; this is shown in Figure 15.7 (p. 399).

As with severe aortic stenosis in the neonate, the
foramen ovale may influence the hemodynamic
and clinical features in older infants with moderate
or severe aortic stenosis. The increased left atrial
pressure that develops when left ventricular failure
occurs distends the left atrium and the atrial 
septum and may open the foramen ovale. A left-to-
right shunt develops, and because left-sided pres-
sures are elevated it may be substantial, even though
the atrial septal opening is not very large. Pulmon-
ary to systemic flow ratios as great as 3:1 have been
encountered. Pulmonary arterial pressure is ele-
vated, partly as a result of increased left atrial pres-
sure but also because of increased pulmonary blood
flow. The left-to-right shunt prevents the left atrial
pressure from rising to high levels and thus will
reduce the likelihood for pulmonary edema to
develop. However, the filling pressure of the left
ventricle is not able to increase and left ventricular

 

Stroke volume (mL)/Systolic ejection time (s)

Mean systolic pressure gradient44 5.

output may be somewhat compromised. The large
volume load on the right ventricle, associated with
modest right-sided hypertension, may result in
right-sided failure.

Less severe degrees of aortic stenosis induce
moderate increases in left ventricular pressure after
birth (Figure 10.5). The ventricle is able to maintain
adequate cardiac output without significant increases
in end-diastolic pressure and no symptoms are 
evident during infancy. We do not know what
determines the natural history of the anatomical
lesions in children with aortic stenosis. If the valvar
or subvalvar orifice enlarges with growth of the
patient, no significant changes in pressure gradient
may occur. However, there is considerable evid-
ence suggesting that the orifice is usually relatively
fixed, so that stenosis progressively becomes more
severe relative to body size and cardiac output re-
quirements. Serial observation during infancy has
demonstrated that in most infants, growth of the
stenotic orifice has not matched growth in body
size and the stenosis becomes relatively more severe.
The heart rate decreases as the child grows (see
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Figure 10.5 Moderate valvar aortic stenosis in a newborn
infant: course of the circulation, oxygen saturations
(circled), and pressures. m, mean pressure.
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Chapter 2). In order to maintain adequate cardiac
output, stroke volume has to increase. This requires
an elevation of left ventricular systolic pressure.
Associated with the lower heart rate, the duration
of systole is longer, because the stroke volume is
ejected over a longer period. This increase in the
period of systolic ejection may not be adequate 
to significantly modify the increase in pressure 
gradient required for the greater flow across the
obstructed outlet.

Individuals with aortic stenosis do not develop
cardiac failure during childhood or adolescence;
the most common disturbances are syncope, infect-
ive endocarditis, or sudden death. Syncopal episodes
usually occur above the age of 6 years and are prob-
ably related to inability of the left ventricle to 
maintain an adequate stroke volume, and cerebral
blood flow falls. Syncope is often associated with or
immediately follows exertion, but other physiolo-
gical mechanisms may be involved. Syncope usually
occurs in patients with aortic stenosis when they are
forced to stand erect and still for long periods, par-
ticularly in a warm environment. The peripheral
venous dilatation and pooling decreases venous
return to the heart, and results in a fall in systemic
blood flow. Infective endocarditis may occur at any
age but is unusual before the age of 2–3 years.
Following recovery from an episode of infective
endocarditis, aortic insufficiency may develop.

The cause of sudden death in children or young
adults with aortic stenosis is not known, but it is
probably due to the sudden increased demand on
the left ventricle for greater cardiac output. Sudden
death occurs most frequently during or immedi-
ately after exertion. Normally, vasodilatation occurs
during exercise, but arterial pressure is usually 
elevated because cardiac output increases. In indi-
viduals with aortic stenosis, if the increase in left
ventricular stroke volume is restricted, systemic
blood pressure will not be maintained. This inter-
feres with coronary perfusion of the left ventricular
myocardium, and because the demand on the left
ventricle is increased during exercise, oxygen sup-
ply is inadequate and acute myocardial ischemia
will result. The most likely cause of sudden death is
ventricular fibrillation resulting from myocardial
hypoxia. The risk of sudden death is greatest in
those individuals who have electrocardiographic
evidence of marked left ventricular hypertrophy,

and especially in those with ST- and T-wave changes
in the left precordial leads. Although sudden death
is most likely to be encountered in children with
more severe degrees of stenosis, it has been known
to occur with only moderately severe stenosis. The
degree of stenosis and the severity of the stress
determine when syncopal episodes or sudden death
occur. Generally, it is considered unlikely that chil-
dren who have a resting systolic pressure difference
of less than 50 mmHg between the left ventricle and
the aorta will die suddenly. In most of these chil-
dren in whom there is valvar stenosis, the calcu-
lated orifice area is above 0.6–0.7 cm2/m2.

Maintenance of coronary blood flow is import-
ant in individuals with aortic stenosis because the
increased left ventricular muscle mass necessitates
greater oxygen consumption. Although blood flow
per gram of myocardium is probably the same as in
the normal heart, the total coronary flow must be
increased in the hypertrophied ventricle. Because
coronary flow is largely determined by aortic dias-
tolic pressure, a fall in pressure could decrease flow
and thus oxygen supply to the ventricle. A fall in
aortic pressure, which may result from peripheral
vasodilatation, may therefore compromise left 
ventricular output. Vasodilator drugs or anesthesia
could be dangerous in patients with aortic stenosis
and it is mandatory to monitor arterial pressure
and to provide vasoconstrictor agents if arterial
pressure falls significantly.

The physiological effects of discrete subvalvar
and supravalvar stenosis are similar to those of 
valvar aortic stenosis in children. However, with
supravalvar stenosis, the coronary arteries, arising
from the sinuses of Valsalva, are placed between the
aortic valve and the stenosis and are therefore sub-
jected to the same elevated left ventricular systolic
pressure. Systolic flow in the arteries is increased
early after experimental supravalvar aortic con-
striction, but diastolic blood flow is reduced because
the diastolic pressure in the aorta proximal to the
stenosis is lower than normal. This is comparable 
to the very low diastolic pressure observed in the
main pulmonary artery proximal to a band. The
low diastolic pressure results in reduced flow to 
the subendocardial layers of the myocardium. The
coronary arteries become markedly dilated and 
tortuous and the small coronary arteries develop
marked medial thickening and intimal proliferation
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and occlusion, which may interfere with coronary
perfusion.

Left ventricular outflow obstruction associated
with other lesions
As mentioned above, obstruction proximal to the
aortic valve may be associated with other intracar-
diac defects. The hemodynamic disturbances are
influenced by the specific lesions as well as by the
subvalvar stenosis. The subvalvar aortic stenosis is
not usually very severe and is frequently not appre-
ciated, because other features dominate. During
the neonatal period, blood supply to the aorta is
derived partly through the ductus arteriosus and
either a small or zero pressure gradient is noted
between the ventricle and the aorta. After the duc-
tus arteriosus closes, systemic arterial flow must be
provided by flow into the aorta from the left ven-
tricle. The disturbances associated with different
lesions are discussed briefly.

In infants with double-outlet right ventricle of
the Taussig–Bing type, there is a malalignment 
ventricular septal defect and the pulmonary artery
overrides the left ventricle. The postnatal fall in pul-
monary vascular resistance results in preferential
flow from the left ventricle into the pulmonary cir-
culation and the resulting high pulmonary blood
flow may induce cardiac failure. Flow into the aorta
is limited and arterial pressure may be reduced, but
because flow is restricted, a large pressure gradient
between the ventricle and the aorta is not evident.
The stenosis may become manifest after a surgical
procedure. Banding the pulmonary artery will reduce
pulmonary blood flow, but left ventricular pressure
rises, blood flow into the aorta increases, and a
pressure gradient becomes evident. A similar phe-
nomenon may occur in the infant with a posteriorly
malaligned ventricular septum with a ventricular
septal defect. Also, with this lesion, the stenosis may
become evident after the ventricular septal defect 
is closed. If careful attention is not directed to the
aortic outflow during repair, subvalvar stenosis
may become evident after surgery.

A different mechanism is responsible for the
development of outflow obstruction in infants 
with tricuspid atresia, ventricular septal defect, 
and aortopulmonary transposition. Postnatally,
after the ductus arteriosus has closed, aortic blood
flow is derived from the left ventricle through the
ventricular septal defect and right ventricular

infundibulum. The postnatal fall in pulmonary vas-
cular resistance results in preferential flow into the
pulmonary artery. If the ventricular septal defect 
is large, no gradient will be noted between the left
and right ventricles, but flow into the aorta would
be somewhat limited, because blood flows prefer-
entially into the low-resistance pulmonary vascular
bed. If the ventricular septal defect were restrictive,
a gradient between the left and right ventricle
would be evident but, because flow into the aorta
would be restricted, it would not be a large gradi-
ent. Banding of the pulmonary artery will limit 
flow into the pulmonary circulation and increase
left ventricular pressure. A greater flow across the
restrictive ventricular septal defect will occur and 
a larger pressure gradient across the ventricular
septal defect will develop. Because the ventricular
septal defect usually becomes smaller with growth,
the functional subvalvar aortic stenosis increases 
in severity and the pressure gradient between the
ventricles increases.

Mild aortic stenosis and bicuspid 
aortic valve
Because it is a common lesion and has not previ-
ously appeared to be associated with serious hemo-
dynamic or clinical disturbance, bicuspid aortic
valve has been considered a relatively benign lesion.
Mild aortic stenosis is encountered most frequently
when there is a bicuspid valve with some adhesion
at the margins of the raphe and slight limitation of
valve opening. The systolic pressure gradient across
the aortic valve may be as low as 5–10 mmHg, and
the presence of a definite aortic valve lesion may be
confirmed only after an ultrasound study has
demonstrated the bicuspid valve with thickening
and limitation of motion of the leaflets. A resting
systolic pressure gradient of up to about 30 mmHg
does not appear to influence normal development
or exercise tolerance during childhood (Figure 10.6).
Usually, left ventricular systolic pressure is not
raised to more than 140–150 mmHg and cardiac
output can be maintained during exertion. The
main concern with these individuals is that there
may be progression of the stenosis in adult life.
Calcification of the valve is rare in childhood and
adolescence, but it is thought that many instances
of severe aortic stenosis occurring in the third to
fifth decade are due to fibrosis and calcification of
congenital bicuspid valves associated with mild
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stenosis in childhood. Bicuspid aortic valve also
raises other concerns: in children and adolescents,
bicuspid aortic valve is the lesion, second only to
ventricular septal defect, with which infective
endocarditis is most commonly associated.

It has also been proposed that thinning of the
ascending aortic wall may occur in association 
with bicuspid aortic valve. As discussed above,
bicuspid aortic valve, defective aortic wall, and 
aortic coarctation are probably associated with a
common developmental abnormality (p. 229).
Almost 30% of individuals below the age of 40 years
who develop dissection of the aorta have asso-
ciated bicuspid aortic valves. Also dissection of the
aorta is five to ten times more common in indi-
viduals with bicuspid, compared with tricuspid, 
aortic valves. In addition to these concerns is the
occurrence of aortic insufficiency in adults with
bicuspid aortic valves.

Clinical features

The clinical features of aortic stenosis are discussed
in relation to the same groups outlined above,

namely severe aortic stenosis in the newborn
infant, moderately severe stenosis in older infants
and children, and mild aortic stenosis.

Severe aortic stenosis in the newborn
infant
The infant may appear normal at birth, but mild to
moderate cyanosis is evident, due to shunting of
pulmonary arterial blood through the ductus arte-
riosus. If the aortic valve provides adequate flow to
supply the ascending aorta and branches arising
from the arch, the Po2 of blood in the lower body
will be reduced compared with blood distributed to
the upper body and differential cyanosis may be
appreciated. Descending aortic Po2 may be reduced
to 35–40 mmHg and pH may fall to below 7.0 due
to severe metabolic acidemia. If the ascending aortic
blood flow is derived across the aortic valve, right
arm arterial Po2 may be normal at 90–100 mmHg.
A reduced Po2 in right radial arterial blood similar
to that in descending aortic blood indicates that
ascending aortic flow is derived retrogradely across
the arch from the ductus arteriosus. lt indicates that
the aortic stenosis is very severe or that the left ven-
tricle is markedly hypoplastic. Pco2 may be normal
but is often slightly increased due to pulmonary
edema; it rarely exceeds 45 mmHg. Administration
of 100% oxygen usually increases Po2 considerably,
and if systemic blood flow is reduced, Po2 may
reach levels above 250 mmHg. There is a potential
risk with oxygen administration because it could
constrict the ductus arteriosus and restrict systemic
arterial blood flow. This effect of oxygen is largely
prevented by infusion of PGE1.

In the early postnatal period, mild tachypnea
may be noted, but severe respiratory distress does
not usually occur. The pulse volume is usually nor-
mal or slightly reduced and heart rate is increased
to 160–180/min. The cardiac impulse is also nor-
mal in this period. The first heart sound may be
soft; the second sound is either single or narrowly
split, because the aortic second sound is not heard
or is soft, because flow through the valve is greatly
reduced. A systolic ejection murmur of grade 2–3/6
intensity is often heard along the mid-left parasternal
border. Occasionally the murmur is transmitted 
to the upper right sternal border. However, in
many infants with severe aortic stenosis, a murmur
may not be audible, because flow across the valve 
is negligible. As the ductus arteriosus constricts,
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Figure 10.6 Mild valvar aortic stenosis in a child: course of
the circulation, oxygen saturations (circled), and pressures
indicate that apart from left ventricular hypertension there
is little interference with the circulation. m, mean pressure.
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cyanosis may improve, but the infant shows 
evidence of hypoperfusion, with pallor and weak
pulses. Respiratory rate and effort increase and
hepatomegaly may develop. If an atrial left-to-right
shunt occurs through the foramen ovale, the pre-
cordial activity over the lower sternum becomes
prominent. The infant may show some improve-
ment with diuretic therapy and other supportive
measures such as inotropic support (see Chapter 10),
but the response may be minimal and the infant’s
condition usually deteriorates progressively, with
pulmonary edema, inadequate perfusion, and
increasing metabolic acidemia. Infusion of PGE1

usually results in improvement of peripheral perfu-
sion by opening the ductus arteriosus.

Moderately severe aortic stenosis in
older infants and children
When aortic stenosis is not critical in the new-
born period but is moderately severe, significant
symptoms may not arise until 8–10 weeks after
birth. The infant is often anxious and irritable and
has increased perspiration, tires during feeding,
and respiratory rate increases. Frequently a mur-
mur has been detected even prior to the onset of
symptoms. The symptoms progress to severe car-
diac failure with pallor, tachypnea to 60–80/min,
and marked respiratory distress. The heart rate is
increased to 160–180/min and the pulses are poorly
felt. Blood pressure is reduced to 50–60 mmHg
systolic and pulse pressure is narrow.

The liver is usually enlarged and, if right-sided
failure has resulted from a large atrial left-to-right
shunt, it may extend 4–5 cm below the costal mar-
gin. Rales are sometimes heard at the lung bases
posteriorly. The heart is enlarged and the impulse
may be prominent at the apex. If an atrial left-to-
right shunt is present, the precordial impulse may
be increased beneath the lower sternum. The first
sound may be soft or of normal intensity and the
second sound is normal and split. Paradoxical split-
ting of the second sound, which is occasionally
heard in older individuals with severe aortic valvar
stenosis, is unusual in infants. A systolic ejection
click may be heard in some infants along the left
sternal border, but is not, as is usual in older chil-
dren, always heard with valvar stenosis in infants. A
harsh crescendo–decrescendo systolic murmur of
grade 4–5/6 extending throughout most of systole

is heard at the mid-left sternal border and radiates
to the upper right sternal border; it is particularly
loud in the suprasternal notch. The clinical features
of the cardiac examination do not differ signi-
ficantly in relation to the site of stenosis. The pres-
ence of an ejection click suggests valvar stenosis,
but it is occasionally heard with a subvalvar 
membrane.

Infants who develop cardiac failure may show
progressive deterioration and succumb to cardiac
failure or inadequate systemic blood flow with
shock. The mortality was very high in early surgical
attempts to relieve stenosis in infants. Treatment
with digoxin and diuretic agents was occasion-
ally successful in relieving acute cardiac failure. 
The infants usually continued to have sweating,
respiratory distress, and poor development, and
subsequently succumbed to infection or persistent
failure before the end of their first year.

Infants with moderate or less severe stenosis 
frequently do not develop any symptoms during
infancy. The clinical presentation is that of an inci-
dental finding of a systolic murmur. As mentioned
above, even if the valve orifice does not increase in
proportion with body size during growth, hyper-
trophy of the left ventricle compensates for the
increase in cardiac output requirements so that ven-
tricular failure does not develop. These individuals
are commonly encountered as older children or
adults with moderate degrees of aortic stenosis.
These children usually have no symptoms and
often have normal exercise tolerance, but occasion-
ally fatigue is experienced with relatively limited
exertion. The severity of the stenosis may not
change greatly, but progressive increase in severity
over time has been recorded in some children. 
The clinical examination in these children varies,
depending on the severity of the stenosis.

The arterial pulse may be normal, but with more
severe stenosis the upstroke may be delayed and the
pulse volume may be weak. The left ventricular
impulse is increased at the apex and is thrusting in
character.

The first heart sound is normal and commonly a
systolic ejection click is heard at the cardiac apex
and along the left sternal border. The click is usually
indicative of valvar stenosis, but occasionally an
ejection click may be heard with discrete subvalvar
stenosis. Due to the prolongation of left ventricular
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ejection, the second heart sound tends to be narrow
and the aortic component soft. The normal increased
splitting of the second sound during inspiration
may not occur and, in severe valvar stenosis, widen-
ing of the sound on expiration and narrowing on
inspiration (paradoxical splitting) may be evident.
A prominent third sound is heard quite frequently
at the apex and, in severe stenosis, an atrial or
fourth sound may also be present. A loud systolic
murmur of grade 3–5/6 intensity is characteristic of
aortic stenosis; the murmur usually starts with the
first sound, reaching a crescendo early in systole
with milder stenosis and in mid-systole with more
severe stenosis. It may also occupy only the first
two-thirds of systole when stenosis is less severe but
extends throughout systole with severe stenosis. In
older children the murmur is most prominent at
the upper right sternal border in patients with val-
var or supravalvar stenosis and radiates well to the
right side of the neck. With subvalvar stenosis the
murmur is often heard best at the mid-left sternal
border. Diastolic murmurs are not heard often, but
a short grade 2–3/6 decrescendo blowing murmur
following the second sound may be present along
the mid-left or at the upper right sternal border.
This murmur does not differentiate between valvar
and subvalvar stenosis and is more frequently heard
with membranous subvalvar stenosis. The cause of
the aortic regurgitant murmur in these patients is
not known, but it may be due to interference with
normal valve closure by the subvalvar membrane
or fibrous ring. The aortic insufficiency is rarely
severe enough to produce a significant hemo-
dynamic effect unless there has been complicating
infective endocarditis. This may damage the valve
and produce marked regurgitation, with enlarge-
ment and hyperactivity of the ventricle, an increase
in the systolic murmur, a loud prolonged diastolic
murmur, and a widening of pulse pressure.

Supravalvar stenosis is frequently associated
with other anomalies and, as mentioned above, the
features of Williams syndrome are commonly asso-
ciated. These include mental retardation, abnormal
facies consisting of a prominent forehead, a small
mandible, up-turned nose with poorly formed
nasal bridge, well-developed epicanthal folds, and
usually poorly developed and widely spaced teeth.
Individuals also often have outgoing personalities.
In children with supravalvar stenosis, blood pres-

sure in the right arm may be as much as 15–20
mmHg higher than in the left arm. This is thought
to be due to the fact that the jet created by the steno-
sis is directed into the innominate artery and thus
kinetic energy is transferred into this vessel. This
phenomenon is known as the Coanda effect. Apart
from the specific features mentioned, these patients
are otherwise normal in appearance.

Mild aortic stenosis
Individuals with bicuspid aortic valve may have 
no symptoms and no abnormal physical findings.
Females with findings consistent with bicuspid aor-
tic valve should be carefully evaluated for physical
features of Turner syndrome. Occasionally, a sys-
tolic ejection click is heard at the mid-left sternal
border, with no accompanying murmurs.

The patient with mild stenosis has no symptoms
during childhood. The lesion is diagnosed by the
presence of a systolic murmur at the upper right
sternal border radiating to the right side of the
neck. In contrast to patients with severe stenosis,
the second heart sound is normal, the pulse and
blood pressure are normal, and there is no increased
left ventricular impulse. A systolic ejection click is
usually present at the mid-left sternal border. The
systolic murmur is usually of grade 2–3/6 intensity,
rarely occupies more than the first two-thirds of the
systolic cycle, is less harsh, and peaks early in sys-
tole. In late adolescence or adulthood, progressive
stenosis may occur due to calcification of the valve.
Some individuals develop aortic insufficiency in
adult life. As mentioned above, the incidence of
aortic dissection is increased in individuals with
bicuspid aortic valve. In addition these individuals
are subject to the risk of infective endocarditis.

The chest radiograph shows a normal-sized heart,
possibly with some left ventricular prominence and
the ascending aorta may be mildly enlarged. The
electrocardiogram is usually normal.

Investigations

Electrocardiography
Severe aortic stenosis in the newborn infant
The usual pattern is that of right axis deviation and
right ventricular hypertrophy within the normal
limits for age. However, in some infants, significant
right ventricular hypertrophy is noted, evidenced
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by tall right precordial R waves and upright T waves
in the right precordial leads. The left ventricular
forces may be of normal amplitude in the left pre-
cordial leads, but infants with hypoplastic left ven-
tricle may show R waves of low amplitude in left
precordial leads. Increased left ventricular forces
are infrequently present in the newborn period but
may be seen in older infants with moderately severe
stenosis (see below). The P waves are usually nor-
mal, but occasionally a bifid P wave is observed in
leads I and II, reflecting left atrial enlargement. The
T waves may be inverted or flattened in leads I, aVL,
V5, and V6.

Moderately severe aortic stenosis in older
infants and children
Electrocardiography usually provides a reasonable
indication of the severity of stenosis, but there are
enough examples in which there is a discrepancy
between the electrocardiogram and the degree of
stenosis that the relationship cannot be relied on. In
infants, there is often right axis deviation up to 3–4
months postnatally and right ventricular precordial
voltages may be increased in addition to increased
left ventricular forces. In older children, left ven-
tricular voltages are usually increased in moderate
to severe stenosis. The absence of ST depression
and/or T-wave flattening or inversion does not
exclude severe aortic stenosis, but the presence of
these changes almost invariably confirms that the
stenosis is severe. They should also raise concern
that the coronary arterial ostia may be narrowed by
growth of fibrous tissue in the region of the supra-
valvar ridge in patients with supravalvar stenosis.

Chest radiography
Severe aortic stenosis in the newborn infant
Chest radiography usually shows modest cardio-
megaly during the fist day or two postnatally, but
heart size increases progressively and pulmonary
edema becomes evident. Cardiomegaly is general-
ized and usually it is not possible to specify which
ventricle is predominantly enlarged. The left atrium
is often prominent.

Moderately severe aortic stenosis in older
infants and children
Chest radiography in the infant with cardiac failure
shows cardiomegaly involving particularly the left

ventricle and the left atrium, with prominent pul-
monary venous markings and pulmonary edema.
In older individuals who do not have any symp-
toms, the transverse cardiac diameter is not increased
but there may be left ventricular enlargement, evid-
enced by downward displacement and rounding 
of the apex. In infants in whom foramen ovale dila-
tion has occurred, resulting in a large atrial left-to-
right shunt, the right ventricle may be enlarged and
the pulmonary vascular markings are prominent.

There is usually prominence of the ascending
aorta in patients with valvar stenosis; this may be
due to poststenotic dilatation, but is most likely
related to abnormal structure of the aortic wall
associated with the occurrence of bicuspid aortic
valve (see Chapter 10). In patients with supravalvar
stenosis, the ascending aorta is not usually promin-
ent but may be mildly enlarged in some individuals.
With subvalvar stenosis the ascending aorta is not
enlarged. It has been mentioned that a discrete 
subvalvar membranous obstruction may be asso-
ciated with poststenotic dilation, but I have never
encountered this. In patients with more severe
degrees of stenosis, left atrial enlargement may be
noted.

Echocardiography
Ultrasound examination is capable of confirming
the presence of aortic stenosis and assessing its
severity. The presence of bicuspid aortic valve,
which may not have any clinical manifestations, is
also detectable by ultrasound technique. The need
for cardiac catheterization for diagnosis or evalu-
ation of the severity of stenosis has largely been 
eliminated. Recently, however, catheterization is
being performed more frequently for treatment by
balloon valvoplasty. Important information that
should be obtained by ultrasound examination
includes the following:
• location and nature of the obstruction;
• morphology of the aortic valve;
• assessment of the severity of obstruction;
• estimation of the diameter of the aortic annulus;
• assessment of the size of the left ventricle;
• evaluation of left ventricular wall thickness;
• assessment of left ventricular function;
• presence of endocardial fibroelastosis;
• patency of the ductus arteriosus and flow
through it;
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• atrial left-to-right shunting through the foramen
ovale;
• presence of associated cardiac lesions.
The severity of obstruction is assessed by measuring
peak instantaneous and mean pressure drops. Also,
if possible, aortic valve area should be estimated
from the continuity equation:

A1V1 = A2V2

where A1 denotes flow area of the left ventricular
outflow tract, V1 mean flow velocity in the left ven-
tricular outflow tract, A2 effective valve orifice area,
and V2 mean velocity in the vena contracta. The
equation should be solved for A2.

Two-dimensional ultrasound studies demon-
strate the site of obstruction at the valve or in the
subvalvar or supravalvar region. The aortic valve is
frequently dysplastic and markedly thickened in
newborn infants with valvar stenosis. The valve
may show little motion and frequently the annulus
is narrow. In older infants and children, the valve 
is membranous, but often the leaflets are thick.
Commonly the valve is bicuspid; the two cusps may
be of equal size, but often one cusp is considerably
larger and in diastole a median raphe is evident,
giving the appearance that the valve is bicuspid.
However, in systole, the typical fish-mouth appear-
ance of the orifice confirms the bicuspid nature of
the valve. The stenotic valve domes upward during
systole. Subvalvar stenosis may be related to a
fibrous membrane immediately beneath or a few
millimeters proximal to the valve cusps. It may also
dome during systole and the membrane may
restrict motion of the valve cusps during diastole.
Also, in some patients a discrete subvalvar mem-
brane may develop into a fibromuscular obstruc-
tion with a more diffuse obstruction some distance
proximal to the valve.

The severity of the stenosis has been evaluated by
various techniques. One method used M-mode
measurements of the thickness of the posterior wall
of the left ventricle and the dimension of the cavity
during systole to assess left ventricular systolic pres-
sure. This is of no particular value in newborn or
young infants and the technique has now been
largely replaced by use of Doppler flow techniques.
Continuous-wave Doppler allows measurement of
peak velocity in the jet beyond the stenosis. The
direction of the jet may vary, depending on the 

orientation of the orifice, so it is important to
attempt to use color Doppler to align the trans-
ducer accurately in order to measure the maximal
velocity. Based on the Bernoulli principle, with 
flow across a thin membrane, the instantaneous
pressure gradient (P) can be calculated from the 
equation P = 4V2, where V is peak velocity. Peak
instantaneous pressure gradients recorded by this
method have yielded results that correlate fairly
well with peak-to-peak systolic pressure gradients
measured by cardiac catheterization. However, the
gradients measured by Doppler technique are gen-
erally higher than those measured by catheteriza-
tion. The pressure gradient measured by catheters
reflects the difference in peak systolic pressures
recorded in the left ventricle and the aorta. These
peaks may not be reached simultaneously. The gra-
dient calculated from peak Doppler flow velocity
represents the difference in pressures at the instant
peak velocity is reached. This could explain the dif-
ference in the gradients measured by the two meth-
ods. Recently, the discrepancies between gradients
measured by the two methods has been explained
on the basis of the phenomenon of pressure recov-
ery, i.e., an increase in pressure distal to a stenosis
resulting from conversion of kinetic into potential
energy. By making adjustments in the Doppler 
gradients to correct for pressure recovery, the cor-
relation between pressure gradients measured by
Doppler and catheter techniques is greatly improved.

Although the estimation of systolic pressure 
gradient by means of continuous-flow Doppler
examination is very useful, it must be recognized
that the overestimation compared with the gradi-
ent measured on pressure recordings varies greatly.
The differences reported have varied from 5 to about
80 mmHg. Until such time as a reliable method for
predicting the gradient recorded by pressure meas-
urements using Doppler equipment is developed,
decisions about treatment should not be based on
the Doppler gradient alone (see Principles of man-
agement, p. 250). The pressure gradients measured
by Doppler technique are probably reasonably reli-
able when stenosis is due to a subvalvar membrane
or to a localized supravalvar stenosis. However, the 
gradients may be unreliable with subvalvar tunnel-
like stenosis or a long supravalvar constriction.

In infants, increased echodensity in the region of
the papillary muscles is often noted and the whole
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endothelial surface of the ventricle may show the
increased echodensity, which probably represents
endocardial fibroelastosis. The importance of this
finding has not been resolved, because severe
fibroelastosis has been observed in fetal hearts that
did not demonstrate increased echodensity when
examined prior to death. Also, infants with marked
echocardiographic changes often have apparently
normal left ventricular function.

Assessment of ventricular size is extremely im-
portant in newborn infants, because detection of 
a hypoplastic ventricle requires a decision about
whether it is capable of maintaining an adequate
systemic blood flow if the stenosis is relieved. This
will influence the surgical procedure that will be
attempted. This assessment is now generally made
from ultrasound studies; these have been discussed
on p. 236. In addition, the ejection fraction of the
ventricle can be calculated to try to assess ventricu-
lar function. However, this is not at all reliable in
the presence of stenosis, because the high afterload
will markedly reduce ejection from the ventricle.
This assessment is of greater value after the stenosis
has been relieved, when a low ejection fraction is a
more useful indicator of poor function. The use of
color flow Doppler techniques to assess direction of
flow in the aortic arch and ascending aorta is also
helpful in making theses decisions. The presence of
retrograde flow indicates that flow is being derived
through the ductus arteriosus and that flow
through the aortic valve is severely restricted. It is
unlikely that the left ventricle will provide adequate
flow, even if aortic stenosis is relieved.

The ultrasound examination should determine
whether other lesions, such as aortic coarctation or
mitral valve anomalies, are present. If subvalvar
stenosis is present, the lesions frequently associated
should be excluded.

Cardiac catheterization and
angiocardiography
As mentioned above, ultrasound examination has
largely replaced cardiac catheterization for diagno-
sis and assessment of severity of aortic stenosis. In
many centers, patients with aortic stenosis, includ-
ing newborn infants, are referred for surgery with
information obtained by ultrasound study alone.
However, in recent years, cardiac catheterization is
again being performed in a number of individuals

with aortic stenosis for the purpose of relieving the
obstruction by balloon valvoplasty (see Chapter 10).

Approach and catheter manipulation
Prior to proceeding with the procedure in a new-
born infant, measures should be instituted to
improve the hemodynamic and metabolic status by
correcting acidemia, hypoglycemia, and hypocal-
cemia, administering diuretic therapy if the infant
has cardiac failure and oxygen if hypoxemia is pre-
sent. Intravenous PGE1 should be administered to
open the ductus arteriosus if it has constricted or to
maintain its patency, so as to provide systemic
blood flow if the aortic stenosis is critical. Usually a
right heart catheterization is performed to confirm
the findings of ultrasound examination and also to
measure mixed venous oxygen saturation in order
to calculate blood flows by the Fick method. The
venous catheter is inserted first from the femoral
approach; after routine catheterization of the right
heart, attempts are made to pass the catheter across
the foramen ovale into the left ventricle. If this can
be accomplished, the pressure difference across the
aortic outflow may be measured by advancing a
catheter inserted into the umbilical artery to the
central aorta. It may not be possible to pass a
catheter into the left atrium and ventricle because
the foramen ovale may have been sealed by eleva-
tion of left atrial pressure. In this event a long trans-
septal sheath can be used to pass a catheter into the
left ventricle. From here it may be possible to
manipulate a catheter across the outflow tract into
the aorta. If it is not possible to enter the left ventri-
cle across the atrial septum, an arterial catheter is
inserted into either an umbilical or femoral artery
and passed retrogradely across the aortic valve into
the left ventricle. This may be a difficult procedure
in a newborn infant. Slow withdrawal of the catheter
either from the aorta into the left ventricle or from
the ventricle into the aorta may make it possible to
establish whether the stenosis is subvalvar, valvar,
or supravalvar. This may be difficult in an infant
because the catheter may flip so that the pressure
transition is not well visualized.

In children, after performing the right heart
study, a trans-septal approach is used to manipu-
late a catheter into the left ventricle and then into
the aorta. Slow withdrawal across the outflow tract
will demonstrate the site of stenosis. However, it
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may be difficult to distinguish between a valvar
stenosis and stenosis due to a membrane immedi-
ately beneath the valve. The distance between the
valve and the membrane may be so short that, on
withdrawal of the catheter, no transitional pressure
can be recorded between the aorta and the main left
ventricle.

Oxygen saturation and blood gases
In infants with cardiac failure, mixed venous 
oxygen saturation is low because cardiac output is
reduced. Frequently right atrial, right ventricular,
and pulmonary arterial oxygen saturations are
increased by an atrial left-to-right shunt. Oxygen
saturations may be increased to as high as 85–88%.
Oxygen saturation in the descending aorta may be
lower than that in the ascending aorta due to right-
to-left shunting through the ductus arteriosus.
However, when there is a large left-to-right shunt at
the atrial level, the pulmonary arterial blood shunted
into the descending aorta may have a relatively high
saturation and this will to some extent mask the dif-
ference in upper and lower body saturation. If flow
through the aortic valve is severely restricted, oxy-
gen saturation in the ascending aorta may be
reduced to levels similar to that in the descending
aorta because ductus arteriosus-derived blood will
flow retrogradely across the arch.

When systemic blood flow is markedly reduced,
systemic arterial pH may fall to below 7.0. Pco2

may be slightly increased up to 45 mmHg if pul-
monary edema is present. Po2 in descending aortic
blood may be reduced to 35–40 mmHg. Oxygen
administration usually increases Po2 levels; occa-
sionally, 100% oxygen will raise ascending aortic
Po2 above 250 mmHg because of the high pul-
monary blood flow and low systemic flow.

In children with aortic stenosis at any site, oxy-
gen saturations and blood gases on the right and left
sides of the heart are normal unless there are com-
plicating lesions.

Pressures
In infants with cardiac failure, right atrial pressure
is increased and mean levels of 8–10 mmHg are
common. Right ventricular and pulmonary arterial
pressures vary greatly; in the newborn period, they
may exceed aortic systolic pressure, and mean pul-
monary arterial pressure may be higher than mean

aortic pressure. In later infancy, right ventricular
and pulmonary arterial pressures may be normal,
but are often moderately elevated, with systolic pres-
sure in the range 40–60 mmHg. The pulmonary
arterial wedge and left atrial pressures are increased,
sometimes to mean levels of 20–25 mmHg. Left
atrial pressure shows equal a and v waves or a dom-
inant a wave; left ventricular end-diastolic pressure
may reach 25–35 mmHg. Left ventricular systolic
pressure is rarely greater than about 120 mmHg 
in the newborn infant, but in the older infant it 
may be raised to 180–200 mmHg. Aortic systolic
pressure in the presence of cardiac failure is usually
below 70 mmHg. The pressure gradient across the
outflow may be relatively low in infants with severe
stenosis when systemic blood flow is very low. It is
not usually greater than about 50 mmHg and even
smaller gradients of 10–20 mmHg may be recorded
with severe stenosis. Also, when the left ventricle is
hypoplastic, left ventricular output may be severely
restricted and a minimal gradient may be recorded
even though stenosis is severe.

In children with aortic stenosis, the right atrial,
right ventricular, and pulmonary arterial pressures
are usually normal. The left atrial a wave and left
ventricular end-diastolic pressure may be increased
to 25–30 mmHg in children with severe stenosis.
Left ventricular systolic pressure may be increased
to 280–300 mmHg, but with mild stenosis it may
be in the normal range.

The systolic pressure difference across the obstruc-
tion may be as high as 200 mmHg, but with mild
stenosis the gradient may be only 10–15 mmHg. In
individuals with bicuspid valve, no systolic pressure
gradient may be recorded, even though valve motion
is seen to be restricted on ultrasound examination.
Proximal to the obstruction, with severe stenosis,
the left ventricular pressure contour shows a slower
than normal upstroke and downstroke. The site of
stenosis can usually be determined by careful with-
drawal of the catheter from the ventricle into the
aorta. With supravalvar stenosis, the systolic pres-
sure is higher in the aorta just beneath the obstruc-
tion. The diastolic pressure in the chamber between
the stenosis and the aortic valve is often lower than
that in the aorta beyond the stenosis. A sudden
change in systolic pressure as the catheter is moved
across the valve indicates the presence of valvar
stenosis. When subvalvar stenosis is some distance
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proximal to the valve, the left ventricular chamber
between the stenosis and the valve shows a lower
systolic pressure but similar diastolic pressure as
the left ventricle. With discrete subaortic stenosis, 
it may be difficult to record a decrease in systolic
pressure below the aortic valve, because the stenosis
is just proximal to the valve and the catheter may
flip across the membrane and valve, giving the
appearance that the stenosis is valvar. No systolic
pressure difference is recorded across the valve. In
assessing the presence or severity of stenosis, it is
important to appreciate that the peripheral arterial
pressure, when recorded with a needle or a cannula
in the femoral, brachial or radial artery, may show a
considerably higher systolic pressure than that in
the ascending aorta, due to reflected waves. Thus, if
left ventricular pressure is recorded by a catheter
passed into the ventricle across the atrial septum, it
is possible that a mild degree of aortic stenosis may
be overlooked.

Blood flow and shunts
In infants in cardiac failure, cardiac output is
decreased. Systemic blood flow may be reduced to
1.5–2.0 L/min per m2. Pulmonary blood flow may
be reduced, but is often normal or increased due to
an atrial left-to-right shunt. The pulmonary to sys-
temic flow ratio may be increased to as much as
3.0–3.5:1. This reflects a decrease in systemic blood
flow as well as maintenance or an increase in pul-
monary blood flow. Some right-to-left shunt may
occur through the ductus arteriosus, but it may be
difficult to detect from oxygen saturation measure-
ments when right ventricular oxygen saturation is
increased, because of the left-to-right shunt at the
atrial level.

In older children, cardiac output is usually nor-
mal at rest. During exercise, the cardiac output does
not increase normally in patients with severe steno-
sis, but heart rate increases and stroke volume may
fall. The response to exercise is normal in children
with mild stenosis.

Vascular resistances and valve area
Pulmonary vascular resistance is usually increased
in infants in cardiac failure, but is otherwise nor-
mal. Systemic vascular resistance is increased when
failure is present or in severe stenosis with reduced
cardiac output. The valve area calculation is prob-

ably not reliable except with valvar and possibly
discrete subvalvar membranous stenosis. The valve
area reflects the pressure–flow relationship across
the valve and should be viewed in this way, rather
than as a reliable anatomical measurement of the
size of the orifice. The area of the aortic valve is sim-
ilar to that of the pulmonary valve, and the normal
changes in valve area are similar to those of the pul-
monary valve. Aortic valve area is normally about 
2 cm2/m2 body surface area. Usually a valve area
less than about 0.6 cm2/m2 is considered to repre-
sent severe stenosis and is associated with a systolic
pressure difference of at least 70 mmHg across 
the valve in older infants and children. Smaller
valve areas are associated with much larger gradi-
ents. Because cardiac output and heart rate may
vary considerably during a cardiac catheterization
study, the stroke volume and thus pressure differ-
ence across the valve may vary. The calculation of
aortic valve area has been used in considering recom-
mendations for surgery, as it takes into account 
the pressure variations associated with changes 
in flow.

Response to catecholamines
Cardiac output increases during exercise and this 
is associated with an increase in systolic gradient
across the stenosis. It is technically difficult to mea-
sure the response of the gradient to exercise during
cardiac catheterization. To simulate the response to
exercise, catecholamines have been used to increase
heart rate and cardiac output. Isoproterenol or dobut-
amine have been infused while left ventricular and
aortic pressures are being recorded. Isoproterenol
produces a marked increase in heart rate that,
together with the increased cardiac activity, may
produce considerable artifact in pressure recording
due to catheter movement. It is preferred to place a
pigtail catheter in the ventricle for this procedure,
but it does not eliminate the problem of pressure
interpretation completely. Dobutamine has been
used recently and has the advantage that it does not
produce marked tachycardia. The changes in pres-
sure gradient can thus be assessed more reliably.
Although the change in pressure gradient has been
used for decisions about treatment, there are, as yet,
no guidelines for making this determination. It is
therefore difficult to justify the use of catechola-
mines for assessing severity of stenosis.
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Angiocardiography
Angiograms are usually performed in both the left
ventricle and the ascending aorta in patients with
aortic stenosis. Prior to the introduction of ultra-
sound techniques, angiograms were important in
defining whether the stenosis was valvar or imme-
diately subvalvar in position, because pressure
recordings are not always reliable. They also pro-
vide details about the anatomy of the outflow, 
the size of the annulus and, usually, the number 
of leaflets and sinuses. An injection into the aorta
just above the valve, or in supravalvar stenosis just
above the obstruction, is often more useful in
showing the location of the obstruction and func-
tion of the valve than is a left ventricular injection.
The angiograms are best performed with biplane
equipment and projections are designed to demon-
strate the left ventricular outflow tract and to
clearly visualize the valve and supravalvar and sub-
valvar areas. The vertical tube is usually positioned
to obtain about 45° in left anterior oblique and
about 20° of craniocaudal angulation. The lateral
tube is placed to provide about 30° right anterior
oblique and 20° craniocaudal angulation.

In newborn infants with severe stenosis, the left
ventricle may be small and empty slowly. The aortic
valve annulus is often narrow, the sinuses are poorly
developed, and the valve is thickened and moves
poorly. The ascending aortic diameter is variable in
newborn infants with severe stenosis; it may be rel-
atively small, but is occasionally somewhat dilated.
A central or eccentric jet during systole is evident.
An injection into the aorta may show slow clearing
of contrast medium if only a small amount of blood
enters the aorta from the left ventricle.

In older infants, the left ventricular cavity is usu-
ally enlarged and the residual volume is increased.
The valve is not as thick and is seen to dome during
systole and a jet is seen centrally or sometimes
directed posteriorly. In infants with markedly reduced
systemic blood flow there is a risk of myocardial
depression and renal complications from contrast
material. It is therefore advisable to limit the amount
of contrast medium and to use nonionic agents.

In older children with discrete stenosis, left ven-
tricular cavity size is usually normal; the thickened
wall is usually evident when stenosis is severe. When
valvar stenosis is present, usually only two leaflets
are noted and the leaflets are thickened, move

poorly, and dome upward in systole. With mild
stenosis no jet is noted, but in moderate or severe
cases a systolic jet is seen, often eccentric in position
and most commonly directed to the posterior right
wall of the ascending aorta. The width of the jet
through the valve orifice may reflect the severity 
of the stenosis. With mild valvar stenosis there is
almost always a bicuspid valve with some thicken-
ing and restricted motion. Subvalvar stenosis pre-
sents as a diffuse narrowing in the outflow just
below the valve, often more severe in the septal
region. When a membrane is present, it may be
seen to move up and down during the cardiac cycle.
With supravalvar stenosis there is dilatation of the
supravalvar portion of the aorta and marked dilata-
tion and tortuosity of the main coronary arteries.
The aorta is usually narrowed just above the valve,
but frequently the wall of the aorta at the level of the
attachments of the valve cusps is involved in the
stenosis. Mild degrees of aortic regurgitation may
be seen with the ascending aortogram in both val-
var and discrete subvalvar stenosis.

Cardiac catheterization and angiocardiography
are associated with high risk in patients with marked
supravalvar aortic stenosis. Hypotension and de-
creased cardiac output may occur at any time dur-
ing the procedure. It has been proposed that an
acute decrease in diastolic pressure may induce
coronary insufficiency with rapid deterioration.

Differential diagnosis

The diagnosis of aortic stenosis is most likely to be
missed or not considered in the newborn period.
Because the systolic murmur may be soft or absent,
the diagnosis of aortic atresia, coarctation of the
aorta, cardiomyopathy, or acute myocarditis may
be considered. Aortic atresia presents many similar
features, namely weak pulses, minimal cyanosis,
increased right ventricular activity, similar radio-
logical appearance, and an electrocardiogram with
dominant right forces. In infants with aortic coarc-
tation, the finding of prominent pulses in the upper
extremities and absent or weak femoral pulses is
usually diagnostic. The possibility should be con-
sidered that the right subclavian artery may have an
anomalous origin below the coarctation and that
the left subclavian artery may be involved in the
coarcted segment. For this reason it should be 
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routine practice to palpate carotid pulses if the arm
pulses are diminished. Both arm pulses would be
weak in these circumstances. Myocardial disease,
particularly acute myocarditis, may present with
poor peripheral circulation, weak pulses, and a
large heart with poor sounds and no murmurs. The
heart is usually markedly enlarged on radiography,
but this is of no help in differentiation. The electro-
cardiogram usually shows low voltages with ST 
segment and T-wave changes in the left precordial
leads. In cardiomyopathies, voltages may be increased.
Murmurs are not usually noted, but a systolic apical
murmur due to left ventricular enlargement and
mitral incompetence may be heard. Arrhythmias,
particularly multiple ventricular ectopic beats, are
more frequent in infants with myocarditis. The
diagnosis may be difficult to make from clinical
examination alone, but ultrasound examination
will differentiate between the various lesions.

In older infants, on clinical examination, the dif-
ferentiation between aortic stenosis and ventricular
septal defect may be difficult. The murmur of aortic
stenosis is often maximal at the mid-left sternal
border in this age group. Usually, however, the
murmur radiates to the upper right sternal border
and neck with aortic stenosis and to the xiphoid
with ventricular septal defect. Increased pulmonary
vascular markings would support the diagnosis 
of ventricular septal defect, but if there is an atrial 
left-to-right shunt with aortic stenosis, pulmonary
vessels may also be prominent. Marked left ventricu-
lar hypertrophy on the electrocardiogram would
support the diagnosis of aortic stenosis. Ultrasound
study clearly differentiates the lesions.

In children, a ventricular septal defect may be
confused with aortic stenosis, and the differenti-
ation is similar to that in infants. Occasionally, it
may be difficult to distinguish between aortic and
pulmonary stenosis because the systolic murmur 
is heard on both sides of the upper sternum and
radiates to both sides of the neck. Other clinical 
features, electrocardiography, and radiography
usually help to differentiate. An ultrasound study
will demonstrate the lesions.

Principles of management

The management of patients with aortic stenosis
depends on age and on the severity and location of
the obstruction.

Aortic stenosis in the fetus
Aortic stenosis does not appear to cause serious
symptoms in the fetus. Although hydrops fetalis is
not common in fetuses with aortic stenosis, it has
occasionally been observed. Whether this is due 
to the presence of associated lesions has not been
resolved. In one report, two fetuses with aortic
stenosis and hydrops were treated by maternal
digoxin administration. The edema resolved and
balloon valvoplasty was performed after birth. It
would thus appear that, if hydrops is detected,
maternal digoxin therapy should be attempted.

The progression or development of left ventricu-
lar hypoplasia in fetuses with aortic stenosis exam-
ined serially by ultrasound has raised the question
of whether relief of the stenosis will allow normal
development of the ventricle. This is discussed in
detail in Chapter 11.

Severe aortic stenosis in newborn
infants
These infants frequently require urgent manage-
ment because they develop poor perfusion when
the ductus arteriosus constricts and metabolic
changes follow. In addition to tracheal intubation it
is important to gain intravascular access rapidly,
either through an umbilical vessel if this is possible
or through a peripheral vein. The infant should be
maintained at optimal environmental temperature.
Hypoglycemia and hypocalcemia should be treated.
It is advisable to infuse PGE1 to attempt to open the
ductus arteriosus if it is constricted, or to maintain
its patency. It is important to monitor respiration
carefully when infusing PGE1 because it may induce
apnea and assisted ventilation may be required.
Arterial pressure should be observed because PGE1

may cause a considerable fall in arterial pressure
and this could seriously affect coronary blood flow
to the myocardium. Intravascular fluids and pos-
sibly catecholamine infusion (e.g., dopamine or
epinephrine) should be administered to attempt 
to maintain arterial pressure. Recently, the value 
of these agents in treatment is being questioned.
Infants with aortic stenosis who present with circu-
latory shock or cardiac failure in the neonatal
period do not usually survive more than several
days. It is therefore mandatory that an additional
procedure be attempted.

Various surgical approaches have been used to
relieve aortic valvar stenosis in infants, but cardio-
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pulmonary bypass with open valvotomy became
the standard procedure. Mortality was extremely
high; in the early experience, only about 20% of
infants survived. More recently, optimal results
have been about 70% survival with surgery. How-
ever,  it was difficult to assess whether the infants
died as a result of the procedure or whether the left
ventricle was unable to maintain an adequate car-
diac output. With the introduction of the Norwood
procedure for treatment of aortic atresia, we have
two options: (i) relieving the stenosis and hoping
that the left ventricle will be able to sustain an 
adequate systemic circulation; or (ii) avoiding any
attempt to allow the left ventricle to provide sys-
temic blood flow. This currently poses a serious
dilemma, because, if possible, it would always be
preferable to perform a two-ventricle repair. The
decision is based largely on an assessment of left
ventricular size. This issue is discussed in detail
above (Adequacy of the left ventricle to maintain
systemic blood flow). As mentioned, factors other
than ventricular cavity size, such as ventricular 
contractility and presence of mitral valve disease, 
will affect the ability of the ventricle to provide an
adequate output if the stenosis is relieved. A useful
indication of the probability that output is not
likely to be adequate is the finding of retrograde
flow in the aortic arch and especially in the ascend-
ing aorta, because it indicates that there is minimal
flow from the left ventricle into the aorta. However,
as mentioned above, a number of infants who had
small ventricles and who would previously not have
been considered likely to maintain adequate sys-
temic output have done well with aortic valvotomy
or valvoplasty.

If it is decided that the ventricle will be incapable
of providing adequate output, a Norwood proced-
ure can be performed (see Chapter 11). If the deci-
sion is made to relieve the stenosis, two approaches
are now possible: surgical valvotomy and balloon
valvoplasty. The early experiences with balloon valvo-
plasty were not very favorable, because of compli-
cations and mortality. However, the results of the
procedure have improved over the past 15 years
and results are comparable with, if not perhaps 
better than, those of surgery. The procedure is per-
formed via either a prograde or retrograde approach.
In the prograde approach, the catheter is passed
across the atrial septum to the left atrium and ven-
tricle and then into the aorta. It may then be pos-

sible to pass a wire and the balloon catheter across
the aortic valve and perform the valvoplasty. One
disadvantage of this approach is that damage to the
mitral valve may occur occasionally. If this is not
technically feasible a retrograde approach from an
umbilical or femoral artery is used and the wire and
balloon catheter passed through the aortic valve.
This may require considerable manipulation and
there is some risk of damage to the valve, with per-
foration and valvar insufficiency. There is also a risk
of perforation of the left ventricle. If the femoral
approach is used, 50% or more of the infants
develop obstruction of the artery, which may not
respond to thrombolytic therapy. The possibility
that this will interfere with limb growth has to be
considered. Balloon valvoplasty has been quite suc-
cessful in producing sufficient relief of stenosis that
cardiac failure is relieved and adequate systemic
blood flow maintained. The mortality of the proced-
ure is 10–15% in infants as a group but may be
somewhat higher in newborns. Survival varies in
different series, but at about 6–8 years 75–80% of
those in whom the procedure was performed in
infancy are alive. Many require repeat valvoplasty,
and aortic regurgitation is common, being moder-
ate to marked in about 20% of patients. Residual
stenosis is common and many patients continue to
have pressure gradients as high as 50 mmHg or
more. The indications for repeat valvoplasty vary in
different centers, but many recommend it if the
gradient is greater than 50 mmHg.

Some reports of both surgical aortic commis-
surotomy and balloon dilation of the valve are
rather disappointing, with a higher mortality, espe-
cially in those with associated coarctation or
depressed ventricular performance Agnoletti et al.
[22] reported a 19% mortality with surgery and 
a 56% mortality after balloon dilation. Although
many survivors required additional surgery includ-
ing valve replacement, they have done well and
have good left ventricular function.

There is a relatively high incidence of subendo-
cardial fibroelastosis in infants with severe aortic
stenosis. Despite the appearance of marked
echodensity of the inner surface of the left ventricle,
in some infants it does not appear to have a
significant effect on left ventricular filling or per-
formance. In others, there is serious impairment of
ventricular performance. Some attempts have been
made in several centers to improve left ventricular
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function in some of these infants by surgical relief
of the stenosis and stripping the fibroelastic layer
from the septal surface and free wall of the left ven-
tricle. Some infants have survived the procedure
and shown improvement in left ventricular perform-
ance, but the long-term outlook of these patients is
yet to be assessed.

The subsequent management of those infants
who have had balloon dilation or surgery of the
aortic valve is discussed below in the section on
stenosis in older infants and children. With these
improvements in the results of balloon valvoplasty,
the approach to infants with aortic stenosis and
hypoplastic left ventricle can be reassessed. If the
ventricle cannot sustain an adequate cardiac output
after surgical valvotomy, a second major operation
to perform a Norwood procedure would entail a
high mortality. However, if there is uncertainty
about the potential ability of the ventricle to pro-
vide adequate output, the response to balloon
valvoplasty can be tested. If not successful, the 
single-ventricle Norwood approach can be used.

Older infants and children with
moderate to severe stenosis
In older infants with moderate to severe aortic
stenosis and cardiac failure, surgery or balloon
valvoplasty is recommended. Current practice is
tending toward balloon valvoplasty in patients 
with valvar stenosis, whereas surgery is preferred 
in those with subvalvar and supravalvar stenosis.
When the subvalvar stenosis is due to a tunnel-like
obstruction of the left ventricular outflow, it is often
necessary to do an extensive resection of tissue and
complex techniques have been developed to relieve
the stenosis. The Konno procedure has been per-
formed in these individuals; this operation is also
indicated if the aortic annulus is small. The pro-
cedure involves incising the root of the aorta and 
the right ventricular outflow tract. The ventricular 
septum is then incised to open the aortic annulus.
Previously, a prosthetic valve was inserted into the
widened annulus. A patch was then used to close
the aorta and the ventricular septum. If necessary a
patch was placed over the right ventricular infun-
dibulum. More recently, the favored approach is to
use a pulmonary valve and artery autograft instead
of a prosthetic valve (see Chapter 10). The pulmonary
autograft placement in the aortic position was

developed by Ross. The combined surgical tech-
nique is now known as the Ross–Konno procedure.

Supravalvar stenosis is currently treated surgi-
cally. The aorta is incised across the constriction
and a patch is used to relieve the stenosis. Care must
be exercised to avoid damaging the coronary arter-
ies and the aortic valve mechanism during the pro-
cedure. A long segment of stenosis is more difficult
to relieve and may require more extensive grafting
in the ascending aorta. Although it is feasible to relieve
supravalvar stenosis by balloon angioplasty, the
concern is that there is a similar risk for hemorrhage
and aneurysm as occurs with aortic coarctation.

Discrete subvalvar aortic stenosis
The risks of syncope or sudden death are not
significantly different in patients with subvalvar
stenosis compared with those with valvar stenosis.
Many centers recommend surgical treatment for
this lesion when left ventricular outflow pressure
gradients are considerably lower than those used as
indications for treating aortic valvar stenosis. This
approach is based on two concerns: first, that the
aortic valve may become progressively damaged by
the impact of the jet arising from the subvalvar
stenosis; and second, that the stenosis may progress
to produce a more diffuse stenosis, which would
require more extensive surgery at a later time.

Subvalvar stenosis associated with
intracardiac lesions
When subvalvar stenosis is the result of ventricular
septal malalignment, as with double-outlet right
ventricle of Taussig–Bing type or single ventricle
with rudimentary outlet chamber leading to the
aorta, a procedure has been used to bypass the
obstruction. The Damus–Kaye–Stansel operation
involves anastomosing the proximal cut end of the
transected pulmonary artery to the side of the
ascending aorta. This allows blood from the left or
dominant ventricle to flow through the pulmonary
artery directly into the aorta, thus bypassing the
obstructed area. The distal end of the pulmonary
artery is sutured and pulmonary flow is provided
first by a modified Blalock–Taussig systemic-to-
pulmonary arterial shunt in young infants or, in older
infants and children, by a bidirectional superior
cavopulmonary anastomosis and later by a Fontan
or modified Fontan procedure (see Chapter 16).
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Valvar aortic stenosis in children
This group of children includes those treated by
surgery or balloon valvoplasty in infancy, and the
much larger number of individuals who did not
have clinical concerns during infancy or early
childhood. Most of these patients do not have
symptoms, although they are at risk of developing
infective endocarditis.

The indications for treating these individuals are
still not clearly defined. We do know that the tend-
ency is for the stenosis to become more severe 
with growth. However, there is no reliable informa-
tion regarding the natural history of the disease in
individuals with different levels of gradient across
the valve. The recommendations for management
are based on subjective views rather than on any
firm documentation of the course and risks of 
the lesion. Certain clinical features are generally
regarded as definite indications, namely electrocar-
diographic evidence of strain as shown by ST- and
T-wave changes, cardiomegaly, repeated syncopal
attacks, and angina. In the majority of individuals,
these criteria are not present. The recommenda-
tions for either initial or repeat valvoplasty or
surgery are based on the magnitude of the pressure
gradient across the valve. However, these recom-
mendations are arbitrary.

It is important to appreciate that all current re-
commendations for intervention based on the mag-
nitude of the pressure gradient refer to the systolic
gradient recorded across the valve by pressure mea-
surement. The recommendations do not apply to
gradients estimated from Doppler velocity record-
ings. Furthermore, the recommendations refer to
gradients measured at rest and not to gradients dur-
ing exercise or during infusion of catecholamines.
Because the gradients estimated from Doppler
velocity are likely to be overestimates, it is crucial
that if relief of stenosis is being considered solely on
the basis of the pressure gradient, then this should
be evaluated by cardiac catheterization prior to the
valvoplasty or valvotomy.

At present, the recommendation of most pedi-
atric cardiologists is that if the systolic pressure dif-
ference across the aortic obstruction is greater than
70–75 mmHg, surgery is definitely indicated. This
usually corresponds to a valve area of less than
0.5–0.6 cm2/m2. This recommendation is based on
the fact that ST- and T-wave abnormalities are

most likely to be associated with pressures above
this level, and that individuals who have died sud-
denly have usually demonstrated ST- and T-wave
changes. When the pressure difference across the
obstruction is less than 25–30 mmHg, surgery is
not recommended. No restrictions are placed on
their activities, but these patients are observed 
for possible increase in severity of stenosis with
growth. During early childhood, they are examined
at about 6-monthly intervals and subsequently at 
1-year and later 2-year intervals if no significant
change has occurred in the electrocardiogram or
the ultrasound examination. If the stenosis has 
progressed, they are managed as discussed below.
Patients with valvar stenosis with gradients of
30–55 mmHg are also followed carefully. When the
child is cooperative an exercise study is performed
to assess electrocardiographic responses. Although
no restrictions are usually recommended for nor-
mal activities, many advise that participation in
competitive activities be discouraged. These chil-
dren are usually evaluated annually beyond infancy
clinically and by electrocardiography and ultra-
sound study.

There is considerable diversity regarding man-
agement of individuals with valvar stenosis and 
systolic pressure gradients of 55–70 mmHg. When
surgery was the only method of relieving the steno-
sis, a pressure gradient of about 70 mmHg was con-
sidered the level at which the operation should be
performed, unless other symptoms or signs were
evident (see above). However, with the introduc-
tion of the interventional procedure of balloon
valvoplasty, several centers are now recommending
that the procedure be performed if the gradient is
greater than 55 mmHg. There is no known rat-
ionale for this recommendation. It has been sug-
gested that it is likely that, over time, these 
individuals are at risk of developing myocardial
hypertrophy and fibrosis and that relief of the
obstruction will inhibit or slow this process. If
valvotomy or valvoplasty is not performed in this
group of patients, they should be observed closely.
Active sports and especially competitive activities
should be avoided. Exercise and ultrasound studies
should be done every 6–12 months. If there is 
evidence of electrocardiographic abnormalities or
increase in the gradient, valvoplasty or valvotomy
should be considered.

c10.qxd  12/22/08  11:35  Page 253



254 CHAPTER 10

Although the results of surgical valvotomy are
excellent in older infants and children with valvar
stenosis, it is generally agreed that the surgery is not
ideal. Rarely there is a tricuspid aortic valve with
adherent raphe that can be separated readily to 
provide an effective valve with no regurgitation.
Usually, however, the valve is bicuspid and the sur-
geon must compromise between partial relief from
the stenosis and complete relief, with a high risk 
of producing aortic insufficiency. When there is a
unicuspid valve, the results of surgery are even less
predictable and the risks of insufficiency are even
greater. The majority of patients do experience
excellent relief from stenosis and the mortality is
well below 5%. Balloon valvoplasty also has a very
low mortality beyond infancy and achieves excel-
lent relief of stenosis. Currently, there does not
appear to be any justification for surgical valvo-
tomy as the initial procedure for valvar aortic
stenosis in children. As with valvotomy, valvoplasty
may result in aortic insufficiency of variable degree.
With both valvotomy and balloon valvoplasty,
recurrence of stenosis usually develops after a vari-
able period. It is therefore important to follow these
patients carefully, and if stenosis again becomes
severe, repeat valvoplasty may be indicated. Sub-
sequent procedures are likely to be less successful in
relieving stenosis and aortic regurgitation may be
considerably greater. After either valvotomy or
valvoplasty, the valve is still abnormal. Prior to the
middle of 2007, it was strongly recommended that
these individuals be provided with antibiotic pro-
phylaxis for infective endocarditis, but with the
change in recommendations for prophylaxis it is no
longer indicated, as long as a prosthetic valve is not
used for valve replacement [23]. Prophylaxis is still
recommended for those individuals in whom there
is a high risk of infection and in whom infection
may have serious consequences. The guidelines of
the American Heart Association state that “IE pro-
phylaxis for dental procedures may be reasonable,
even though we acknowledge that its effectiveness
is unknown.” Some pediatric cardiologists consider
the risk of infective endocarditis to be so high in
patients who have had previous palliative surgery
on the aortic valve that prophylaxis should be re-
commended in these individuals.

If, after the initial or subsequent procedures, it is
considered that the stenosis cannot be adequately

relieved, or that aortic insufficiency is likely to be
severe, the possibility of valve replacement has to be
considered. There used to be reluctance to use
prosthetic valves in children for several reasons. A
major consideration is that the prosthesis provides
a valve of fixed orifice and with growth it would
have to be replaced. A second concern is that anti-
coagulants are necessary to prevent thrombosis on
the prosthetic valve; it is inconvenient and some-
times difficult to regulate therapy and active chil-
dren are prone to injury with risk of hemorrhage.
Recently, the Ross procedure has been performed
in infants and children in several centers. The aortic
valve and annulus are replaced by the individual’s
own pulmonary annulus and valve – a pulmonary
autograft. The pulmonary artery is then replaced by
a valved conduit from the right ventricle to the pul-
monary artery, such as an aortic homograft.

The results of this approach have been gratifying.
Preliminary results suggest that the autograft grows
in proportion to the child’s growth. Initially there
was concern that the postvalvar pulmonary artery
became dilated and that aneurysmal dilatation may
occur. However, it appears that after the first few
months no further expansion occurs. A significant
advantage is that anticoagulation is not necessary.
The survival of the pulmonary valve in the aortic
position is of some concern. In a large series of
Ross’s adult patients there was no evidence of dete-
rioration of valve function over two decades; it
remains to be seen how the valve will perform over
decades in children. If the Ross procedure is per-
formed during infancy, it is very likely that the 
pulmonary conduit will have to be replaced at
intervals. This, and the possibility of associated pul-
monary valve abnormalities, has begun to raise
some questions about the desirability of perform-
ing Ross procedures in infants.

It is also being recognized that the pulmonary
valve is sometimes abnormal in patients who have
bicuspid aortic valves. In one study, about 15% of
patients with bicuspid aortic valve had bicuspid
pulmonary valves or pulmonary valve fenestrations
and valve insufficiency. This precluded the applica-
tion of the Ross procedure [24]. Because the major-
ity of children with aortic stenosis have bicuspid
aortic valves, it is important to exclude the possible
association of pulmonary valve abnormalities in those
in whom a Ross procedure is being contemplated.
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Bicuspid aortic valve without stenosis
In the past, little attention was directed toward
individuals in whom a bicuspid aortic valve had
been detected. Generally, in the era when antibiotic
prophylaxis for infective endocarditis was still being
recommended, it was not usually recommended
unless the valve was stenotic. This is surprising,
because it is known that those with a bicuspid valve
alone are prone to develop endocarditis. With the
change in guidelines for prophylaxis in 2007, this is
no longer an issue. However, the valve may develop
stenosis with advancing age and insufficiency may
occur. Also, with the recognition that patients with
bicuspid aortic valve have associated abnormalities
of the aortic wall and are prone to development of
ascending aortic dilation, as well as aortic dissec-
tion, these individuals should be monitored by
ultrasound examination to assess aortic valve mor-
phology and function and the size of the ascending
aorta. This examination does not need to be per-
formed frequently during childhood, but becomes
increasingly important with advancing age.
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suggested by some, but most important with regard
to embryological, hemodynamic, and therapeutic
implications. Furthermore, the left ventricle may
be hypoplastic in association with other congenital
cardiac lesions. Occasionally an atrioventricular
septal defect is committed predominantly to the
right ventricle, resulting in hypoplasia of the left
ventricle; also, the left ventricle may rarely be
hypoplastic in individuals with double-outlet right
ventricle. The grouping of all lesions associated
with a small left ventricle creates considerable con-
fusion in the literature, because it is difficult to
assess results of surgery in specific lesions causing
hypoplasia of the left ventricle. I have elected to dis-
cuss the hypoplastic left ventricle associated with
aortic stenosis in Chapter 10 and the hypoplastic
ventricle associated with aortic arch obstructions in
Chapter 12. This chapter presents a discussion on
aortic atresia and mitral atresia. In various reviews,
65–80% of hypoplastic left ventricles are related to
aortic atresia, whereas the remainder are associated
with aortic stenosis or aortic arch obstructions and
other lesions. The variability in reported incidences
may be accounted for by differences in the criteria
used for the assessment of left ventricular size in the
latter groups.

Morphological observations

Mitral and aortic atresia with intact
ventricular septum
Aortic atresia is associated with an intact ventricu-
lar septum in 95% of patients and with mitral atre-
sia in about 40% [3,4]. If mitral atresia is present,
there may be no evidence of a valve, or a blind dim-
ple may be noted at the atrioventricular junction;
occasionally, atretic mitral valve tissue may be
noted. In these instances, the left ventricular cavity

CHAPTER 11

Aortic atresia, mitral atresia, and
hypoplastic left ventricle

257

In 1952, Lev [1] introduced the term “hypoplasia 
of the aortic tract complex” to describe a group of
congenital cardiac lesions in which severe aortic
stenosis or atresia, severe stenosis or atresia of the
mitral valve, hypoplastic ascending aorta, and a
small left ventricle were associated. Noonan and
Nadas [2] recognized that the clinical presentation
with severe cardiac failure and inadequate systemic
perfusion, which is common in these infants, is also
observed in infants with aortic isthmus atresia or
interruption and aortic coarctation of the so-called
preductal type. They suggested the term hypoplastic
left heart syndrome to describe all these infants. This
term and clinical concept have now been widely
accepted. This is unfortunate, because these lesions
may differ considerably in their hemodynamic
effects and the type of surgical procedure recom-
mended may be greatly influenced by the precise
anatomical and physiological disturbance. It has
become apparent that the hypoplastic left ventricle
associated with aortic arch obstructions is usually
adequate to maintain systemic cardiac output when
the obstruction is relieved. However, the hypo-
plastic left ventricle associated with critical aortic
stenosis may not be capable of providing adequate
systemic blood flow even if the stenosis is relieved
(see Chapter 10). The etiological factors resulting in
the development of these lesions are not known. As
discussed in Chapter 11, there is a strong hereditary
association between some of the lesions, whereas
others such as aortic arch interruption could be
associated with a distinct genetic anomaly (see
Chapter 12). The precise classification of these
lesions is therefore not merely semantic, as has been
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may not be distinguishable or it may be diminutive
and represented by a small slit. The cavity of the
ventricle is separated from the atretic aortic valve
by fibromuscular tissue. The free wall of the ventri-
cle is fairly thin and, in the presence of both mitral
and aortic atresia, fibrosis of the left ventricular
myocardium and the presence of endocardial fibro-
elastosis are considerably less evident compared
with hearts with aortic atresia and a patent mitral
valve [5]. The ascending aorta is very narrow; in the
neonate the diameter is 3 mm or less along its
length to the origin of the innominate artery. It
then becomes somewhat wider at the origins of the
left carotid and subclavian arteries but the whole
aortic arch is narrow and even the arteries arising
from the arch may be narrowed. The ascending
aorta ends blindly proximal to the origin of the
coronary arteries; it is often somewhat wider in the
region of the sinuses of Valsalva and the coronary
arteries usually originate normally. Coarctation of
the aorta is almost always present; the degree of
constriction varies, but it is marked in 70–80% 
of all patients. The coarctation is at the junction of
the isthmus with the ductus arteriosus and thus
could restrict flow from the ductus and descending
aorta into the aortic arch and its branches, as well 
as the coronary circulation. The main pulmonary
artery and ductus arteriosus are large.

The left atrium is usually small; the superior
attachment of the septum primum is often dis-
placed toward the left, making the left atrium very
small. The atrial septum is small as a result of 
the small size of the chamber. There is frequently
endocardial fibrosis involving both the wall of the
atrium and the septum, and the muscular tissue of
the septum is replaced by fibrous or elastic tissue.
This is important with regard to possible attempts to
perform balloon atrial septostomy (see Chapter 11).
The size of the foramen ovale is variable but is 
usually small. In a small proportion of patients, the
foramen ovale is tiny, with an orifice as small as 
1 mm. In these individuals, the walls of the pul-
monary veins are often thickened and the endothe-
lium is also thick and white. In addition, the small
intrapulmonary vessels have increased medial
smooth muscle development. Rarely, mitral valve
atresia is associated with a sealed foramen ovale and
the exit of blood from the left atrium is through a
levoatriocardinal vein.

Aortic atresia with patent mitral orifice
and intact ventricular septum
Although the mitral orifice is patent in about 
60% of patients with aortic atresia, the valve is 
usually abnormal. Valve cusps are usually thick-
ened, and the chordae are thickened and usually
short and attached to short papillary muscles. The
mitral valve orifice is stenotic to varying degrees.
Compared with patients with mitral atresia, the 
left ventricular cavity is larger and the myocardial
wall is thickened. Myocardial fibrosis is common
and endocardial fibroelastosis is also usually a
prominent feature in these individuals. Abnorma-
lities of the coronary arteries occur in 30–50% 
of patients with aortic atresia and open mitral 
valve. The coronary arterial walls may be thickened
and ventricular to coronary arterial communica-
tions have been described [6]. The other features 
of the heart and great vessels are similar to those
described above in the hearts with both mitral and
aortic atresia.

Aortic atresia, mitral atresia, and
ventricular septal defect
In the presence of a large ventricular septal defect
associated with mitral or aortic atresia, the left ven-
tricular cavity may be of normal size and the ven-
tricular wall may be of normal thickness. Aortic
atresia with ventricular septal defect and a normal
left ventricle is observed in only 5% of patients with
aortic atresia [7]. With aortic atresia and ventricu-
lar septal defect, flow into the aorta is still derived
through the ductus arteriosus, so the ascending
aorta and arch are small.

With mitral atresia and ventricular septal defect,
the left ventricle may be of normal size, because
blood can enter the ventricle through the defect. In
the absence of aortic atresia, flow into the ascend-
ing aorta could be derived from the left ventricle
and the ascending aorta and aortic arch may be of
normal size.

Proposed causes of 
hypoplastic left heart 
syndrome

The causes of aortic and mitral atresia with
hypoplastic left ventricle are not known, but several
hypotheses have been suggested.
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Genetic factors
In a study of the heritability of bicuspid aortic valve,
it was observed that, in addition to occurrence of
bicuspid valve and aortic coarctation in first-degree
relatives, hypoplastic left heart syndrome was 
also noted [8]. Subsequently, the heritability of 
this malformation as well as other cardiovascular
anomalies was examined in 38 probands with
hypoplastic left heart; 55% of families had more
than one affected individual and there was a high
incidence of abnormalities of other cardiac valves,
leading to the conclusion that “hypoplastic left
heart syndrome is determined largely by genetic
factors” [9]. Specific genes that may be involved
have not been identified, but it has been suggested
that possibly a mutation of the HAND genes could
explain failure of left ventricular development.
Knockout mice lacking HAND2 do not form a right
ventricle and those lacking HAND1 and HAND2 do
not form either ventricle [10].

Interference in blood flow
The concept has been proposed that reduction in
the volume of blood entering the left ventricle
could interfere with its normal development during
growth of the heart prenatally. Experimentally,
occlusion of the mitral valve in the chick embryo
results in a hypoplastic ventricle [11]. It has been
suggested that premature closure of the foramen
ovale in the fetus could result in left ventricular
hypoplasia [12]. The cause of the foramen ovale
narrowing has not been defined. If the foramen
ovale is narrowed early in fetal development, filling
of the left atrium from the inferior vena cava (IVC)
stream will be reduced. Because pulmonary flow in
the fetus is low, the total volume of blood entering
the left atrium and ventricle will be less than nor-
mal and this could interfere with development of
the left side of the heart. It has also been suggested
that the effect of prenatal constriction of the fora-
men ovale on cardiac development may be related
to the period during gestation when it occurs. If the
foramen ovale narrows in early gestation, the left
ventricle would be almost absent, with complete
atresia of mitral and aortic valves. If it constricts at a
later stage of gestation, the left ventricle would have
the opportunity to develop, with normal mitral
valve and aortic valve leaflets, but this development
would subsequently be arrested or limited. Closure

of the foramen ovale in late fetal life would not
interfere with development of the left ventricle 
but may cause a delayed postnatal decrease in 
pulmonary vascular resistance, because a large 
flow into the right ventricle and pulmonary artery
may create fetal pulmonary arterial hypertension.
However, it is just as likely that the initial insult 
is obstruction at the mitral, ventricular, or aortic
valve level. The resulting increase in left atrial pres-
sure would tend to close the foramen ovale and
reduce flow from the right to the left side of the
atrial septum. Ultrasound study of the foramen
ovale in fetuses with hypoplastic left heart usually
demonstrates the small foramen ovale and often
shows an exclusive flow of blood from the left to the
right atrium.

The volume of blood entering the left ventricle
could also be reduced by obstruction to left ventricu-
lar output. Thus aortic stenosis in the fetus would
tend to reduce stroke volume and increase end-
systolic volume. This could limit the volume of blood
entering the left ventricle by increasing left atrial
pressure, thus restricting foramen ovale right-to-
left flow. In experimental studies in fetal lambs, 
we showed that when the ascending aorta is con-
stricted by a band in fetal lambs at 0.6–0.7 gestation
[13], the left ventricle first showed marked thicken-
ing of the muscle but the cavity progressively
decreased in size; left ventricular output was markedly
reduced. Nevertheless, we thought it possible that 
if aortic obstruction occurs in the embryo or in
early fetal development, the left ventricle may not
develop further. However, in a recent report of
ascending aortic banding in fetal lambs at 0.3–0.4
gestation, the left ventricle was hypertrophied but
cavity size was not reduced [14]. It is difficult to
explain this difference in response. Several reports
have described progressive reduction in the size of
the left ventricle in human fetuses in association
with aortic stenosis [15,16]. These observations
have suggested that the presence of aortic stenosis
in the fetus interferes with flow out of and into the
left ventricle, resulting in progressive reduction in
volume during fetal development and culminating
in hypoplasia of the ventricle. The progressive
decrease in left ventricular dimensions in human
fetuses has been noted in numerous studies and it
has been proposed that relief of aortic stenosis in
utero could prevent the progression to hypoplastic
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left heart syndrome and allow normal growth of the
ventricle. This has led to the application of balloon
dilation to attempt to relieve the obstruction at the
aortic valve. The procedure, guided by ultrasound
imaging, consists of passage of a needle through the
maternal abdominal wall and uterus into the fetal
left ventricle, manipulating a wire into the aorta
and then passing a balloon dilation catheter over
the wire [17,18].

The concept that hypoplastic left heart is com-
monly the result of increasing severity of aortic 
valvar stenosis during fetal growth is now widely
accepted. However, in most reports, the left ventri-
cle has been abnormal at the initial examination 
of the fetus by ultrasound; usually there is echoden-
sity suggesting the presence of endocardial fibro-
elastosis, ventricular dysfunction, and sometimes
enlargement. Subsequent studies show lack of left
ventricular growth, with progressive reduction 
in size relative to fetal growth. There are only 
scattered reports of fetuses in whom, on initial
study, aortic valvar stenosis with an apparently
normal left ventricle was observed, with subse-
quent progression to fibroelastosis and ventricular
dysfunction and then left ventricular hypoplasia. In
one report, a fetus first observed at about 11 weeks’
gestation showed increased ascending aortic flow
velocity with an otherwise normal heart. About 
5 weeks later the left ventricle showed increased
echodensity and was dysfunctional, suggesting the
development of hypoplastic left heart syndrome; at
birth the infant had typical hypoplastic left heart
syndrome [19].

Primary left ventricular dysfunction
Left ventricular dysfunction and echocardio-
graphic evidence of endocardial fibroelastosis are
not always associated with aortic stenosis. Sharland
et al. [20], in a study of 30 fetuses with echocardio-
graphic features of left ventricular dysfunction,
noted that the aortic valve was bicuspid but not
obstructive in six. One of these had hypoplasia of
the left ventricle and the others had endocardial
fibroelastosis. Also, three newborn infants with left
ventricular hypoplasia were noted at autopsy to
have myocardial hypertrophy and endocardial
fibroelastosis; however, even though the left ven-
tricular outflow tract and aortic valves were small,
no stenosis was present [21].

These observations have raised the question as to
whether hypoplastic left heart could be the result 
of myocardial damage resulting from intrauterine
infection or exposure to toxins. It is of interest that,
in the fetus, the course of the circulation may favor
involvement of the left rather than the right ventricle.
As discussed in Chapter 1, about half of umbilical
venous return passes through the ductus venosus
and flows preferentially across the foramen ovale
into the left atrium and ventricle. Thus any infec-
tious agent or toxin traversing the placenta from
the mother would be preferentially directed to the
left ventricle.

Viral infection, particularly coxsackievirus B,
may cause myocarditis and result in ventricular
dysfunction. It is also possible that endocarditis of
the aortic and mitral valve could occur and result in
damage to the valve leaflets, with development of
stenosis. Another possible mechanism that could
affect the valve is reduced output of the left ventri-
cle resulting from disturbed myocardial function. 
If the output is reduced, the aortic valve may not
open adequately and potentially stenosis or even
atresia could result.

Although the role of toxin exposure as a cause of
hypoplasia of the left heart has not been entertained
seriously, one study supports the possible role of
environmental toxins as a factor in its occurrence.
Over an 18-year period, all infants born with hypo-
plastic left heart syndrome in Maryland and the
District of Columbia were analyzed. A region of
Baltimore was identified in which the incidence was
twice as high as in other areas. In this region indus-
trial release of dioxin, polychlorinated biphenyls,
and solvents into the atmosphere were documented,
suggesting that environmental toxins could have 
a role in the occurrence of hypoplastic left heart
syndrome [22].

It is possible that there is not a single etiology for
the development of hypoplastic left ventricle and
that any of the mechanisms mentioned above, or a
combination, may be involved. It is also possible
that the period during fetal development when 
the insult is introduced could influence the type of
abnormality, as well as the severity of the cardiovas-
cular malformation. Thus if aortic stenosis is the
initial lesion, not only will the severity of the steno-
sis be important in interfering with left ventricular
development, but also the gestational age at which
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it becomes manifest. Stenotic lesions of the aortic
and pulmonary valve tend to increase with advanc-
ing age in many infants postnatally. The likelihood
for progressive stenosis of the aortic valvar stenosis
would be greater, as well as more rapid, in utero
because of the relatively much more rapid rate 
of growth. The earlier in gestation that significant
aortic stenosis becomes manifest, the more likely
would left ventricular as well as mitral valve devel-
opment be affected.

The presence of endocardial fibroelastosis pre-
dominantly in those fetuses that have a patent
mitral valve in association with aortic stenosis or
atresia is of considerable interest. The hypothesis
currently favored regarding the development of
fibroelastosis postulates that it is the result of high
end-diastolic pressure in the left ventricle interfer-
ing with coronary blood flow into the subendo-
cardial layers of the myocardium. Thus if aortic
stenosis were the primary lesion, reduced output
from the left ventricle could result in an increase in
diastolic volume and pressure. Poor growth of the
ventricle could interfere with mitral valve growth
and perhaps also result in mitral insufficiency,
which could further increase diastolic pressure.

In the 40% of the patients with mitral atresia as
well as aortic atresia, it is difficult to explain the
absence of subendocardial fibroelastosis. Based on
current concepts, if aortic stenosis was the primary
lesion and if it was severe enough to cause left ven-
tricular and mitral valve hypoplasia with resultant
atresia, it is most unlikely that an increase in ven-
tricular diastolic pressure would not have occurred.
Thus, the lack of fibroelastosis suggests that aortic
stenosis is unlikely to be the primary lesion. One
would have to postulate that the mitral valve
anomaly is primary and that the left ventricular and
aortic valve manifestations are secondary to inter-
ference with flow through the mitral valve. Possibly
foramen ovale obstruction could be the primary
anomaly. 

These hypotheses assume that the main factors
determining coronary blood flow are the degree 
of aortic stenosis and the magnitude of increase in
left ventricular diastolic pressure. However, aortic
stenosis or atresia is associated with a small ascend-
ing aorta and aortic arch and the majority of these
individuals also have coarctation of the aorta
between the ductus arteriosus and the aortic arch. If

flow into the ascending aorta from the left ventricle
is markedly restricted, blood supply to the coronary
circulation would have to be derived from retro-
grade flow into the aortic arch from the ductus arte-
riosus. If the aortic coactation is severe, coronary
blood flow could be severely restricted. It would be
interesting to determine the severity of the coarcta-
tion in those individuals in whom there is mitral
and aortic atresia, as compared with those with a
patent mitral valve.

Hemodynamic considerations

Fetal circulation
Congenital cardiovascular malformations result in
alterations in blood flow patterns and it has long
been postulated that these changes may result in
additional abnormalities of the circulation dur-
ing prenatal development. The interrelationships
between blood flow and morphological changes
associated with hypoplastic left heart syndrome in
the developing circulation have been well docu-
mented in human fetuses by serial echocardio-
graphic studies (see Chapter 11). It is also apparent
that the period of gestation when the malformation
manifests its effects is important in determining the
type of anomaly as well as its severity. For these rea-
sons, the hemodynamic features of the circulation
may vary considerably. In this section I propose to
first discuss features of specific malformations and
then to consider the following possible concerns in
the fetus:
• development of cardiac failure;
• adequacy of coronary blood flow;
• adequacy of cerebral blood flow;
• foramen ovale restriction;
• development of the pulmonary circulation;
• distribution of oxygen to the tissues.

Specific malformations
Mitral and aortic atresia with intact 
ventricular septum
With complete obstruction to output from the left
ventricle, the right ventricle has to maintain the
total cardiac output. The course of the circulation
in the fetus is shown in Figure 11.1.

If mitral as well as aortic atresia is present, the
normal flow of blood from the IVC across the fora-
men would be abolished and most of the IVC blood
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will be deflected through the tricuspid valve into
the right ventricle. Even if the foramen ovale is of
reasonable size, the low compliance of the small left
atrium limits entry of blood into the chamber. The
right ventricle also receives all the superior vena
cava (SVC) return. The pulmonary venous blood
enters the left atrium; if the mitral valve is open but
hypoplastic, a small amount of blood may enter the
left ventricle. However, with no egress from the
ventricle, all pulmonary venous blood must pass
through the foramen ovale to the right atrium. If
the foramen ovale is restrictive, left atrial and pul-
monary venous pressures will be markedly elevated.
Observations of pulmonary venous flow patterns
by Doppler technique in fetuses with hypoplastic
left heart have shown decreased systolic velocity
and exaggerated flow reversal [23]. The pattern of
pulmonary venous flow was found to be predictive
of the degree of obstruction at the foramen between
the left and right atrium. Continuous forward flow

with minor reversal during atrial systole was asso-
ciated with a mean foramen ovale size of 4.5 mm.
With continuous but reduced forward flow and a
prominent a-wave reversal, the mean foramen ovale
size was 1.6 mm. When flow was briefly forward
and reverse, there was no atrial septal communica-
tion [24]. The pattern of flow in the pulmonary
veins is helpful in determining whether attempts
should be made to enlarge the foramen ovale in the
fetus or immediately after birth (see Chapter 11).

The blood ejected from the right ventricle enters
the main pulmonary artery. The proportion that
enters the pulmonary circulation will depend on
pulmonary vascular resistance, as well as the degree
of obstruction at the foramen ovale, but the re-
mainder, which consists of almost the total cardiac
output, flows through the ductus arteriosus into
the descending aorta. The head, brain, and upper
extremities, as well as the coronary circulation,
receive their blood from the ductus by retrograde
flow across the isthmus. The lower body and the
placenta receive blood supply from the descending
aorta in the usual manner. It is not known whether
total cardiac output in the fetus is restricted in
hypoplastic left ventricle, because it is all ejected by
the right ventricle. In the normal fetal lamb, acute
complete occlusion of the ascending aorta results in
an increase in right ventricular output, but total
output falls by 10–15%. However, in the lamb, the
left ventricle ejects only about 33% of combined
ventricular output (CVO), so the right ventricle has
to increase its output by only 50% of its usual out-
put to maintain normal CVO. In the human fetus,
left ventricular output is about 45% of CVO, so the
right ventricle would have to almost double its out-
put to maintain a cardiac output similar to that in
the normal fetus. It has generally been assumed that
cardiac output is close to normal levels because
infants born with hypoplastic left heart syndrome
do not usually show evidence of intrauterine
growth retardation. The normal fetal development
and normal hemoglobin levels usually found in
neonates suggest that placental blood flow and sys-
temic blood flow to the lower body are adequate to
provide sufficient nutritional and oxygen require-
ments to the fetus.

However, it is very likely that pulmonary blood
flow is less than normal because, as discussed on 
p. 265, pulmonary vascular changes may result in
elevation of pulmonary vascular resistance and
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Figure 11.1 Mitral and aortic atresia in a fetus: course of
the circulation, oxygen saturations (circled), and pressures.
m, mean pressure.
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restriction of the foramen ovale could further inter-
fere with flow into the lungs. Furthermore, flow
into the ascending aorta and its branches will be
restricted to a variable degree, depending on the
severity of the preductal coarctation of the aortic
isthmus that is usually present. Thus the total car-
diac output may be lower than in the normal fetus
and the demand on the right ventricle to maintain
the total output may be increased only modestly. 

In the normal human fetus it is estimated that
about 75% of descending aortic blood flow is pro-
vided through the ductus arteriosus and 25% from
the ascending aorta across the arch and isthmus
(see Table 1.3). In the fetus with aortic atresia,
the total descending aortic flow as well as blood
passing retrogradely into the arch and its branches
traverses the ductus arteriosus. This represents a
substantial increase in ductus blood flow and this,
combined with the fact that there is no forward
flow in the aortic isthmus, may account for the
development of the coarctation just above the junc-
tion of the aorta with the ductus, as proposed by
Hutchins [25]. However, it is possible that the 
aortic arch malformation may be a component of
abnormal development of the left side of the heart.

Normally, because the ductus venosus stream in
the IVC passes preferentially through the foramen
ovale, the oxygen content of ascending aortic 
blood is higher than that in the descending aorta.
However, with aortic atresia, little if any blood from
the IVC crosses the foramen ovale. Pulmonary
venous blood, which enters the right atrium across
the foramen ovale, and IVC and SVC blood mix 
in the right atrium. The completely mixed venous
blood enters the right ventricle and pulmonary
artery. The oxygen contents of pulmonary arterial,
ascending aortic, and descending aortic blood are
identical. The Po2 of blood to the upper body is
therefore slightly lower than normal, whereas Po2

of blood to the lungs and lower body will be slightly
higher than normal. The small decrease in Po2 in
blood supplied to the head could possibly have
some effect on oxygen availability to the brain, 
particularly if blood flow is also restricted. The 
fetal blood oxygen dissociation curve is steep, and a
difference of 2–3 mmHg in Po2 could produce 
a change in oxygen content of as much as 1.0–
1.5 mL/dL. However, cerebrovascular resistance may
adjust to these changes, permitting an increase in
flow and normal oxygen and substrate supply.

With the complete mixing of venous return, 
pulmonary arterial blood will also have a higher 
Po2 than normal; this difference could be as much
as 3–5 mmHg. The fetal pulmonary circulation is
very sensitive to even small changes in Po2 (see
Chapter 5) and the higher level could produce
relaxation and possibly reduce the degree of medial
smooth muscle development. However, other fac-
tors could also affect pulmonary vascular develop-
ment. Infants suspected of having had premature
closure of the foramen ovale in utero have been
found to have increased pulmonary arteriolar
smooth muscle development. This is thought to be
related to the higher flow into the right ventricle
and pulmonary artery, creating pulmonary arterial
hypertension in the fetus. Constriction of the duc-
tus arteriosus in utero also results in pulmonary
hypertension and increased thickness of the pul-
monary arteriolar smooth muscle layer (p. 96). Both
these factors could be operative in fetuses with 
aortic atresia. The total systemic and umbilical
blood flow traverses the ductus arteriosus and if the
ductus does not distend to accommodate the large
flow, pulmonary arterial hypertension could result.
If the foramen ovale is small in association with
aortic atresia, even the small amount of pulmonary
venous blood returning to the right atrium could
result in left atrial and pulmonary venous hyper-
tension and this could induce increased pulmonary
arteriolar smooth muscle formation.

The amount of smooth muscle in the pulmonary
arterioles at birth could vary, depending on the 
factors influencing the fetus. If the foramen ovale 
is small or the ductus arteriosus does not dilate 
to accommodate the increased flow, pulmonary
vascular smooth muscle development will be in-
creased. Newborn infants with aortic atresia and a
small foramen ovale have been noted to have pul-
monary venous changes and increased pulmonary
arteriolar smooth muscle. If the foramen ovale is
large enough to readily accommodate pulmonary
venous flow and the ductus is wide enough to
accommodate systemic and umbilical blood flow
with no elevation in pulmonary arterial pressure,
the higher Po2 of pulmonary arterial blood may
limit pulmonary arteriolar smooth muscle develop-
ment. There is some evidence supporting this 
possibility. In a report of two infants with aortic
atresia, the walls of the pulmonary arterioles were
noted to be unusually thin. 
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In the presence of aortic atresia, coronary circula-
tion must be maintained by retrograde flow through
the hypoplastic ascending aorta. It appears that this
channel is usually adequate to provide myocardial
oxygen and nutritional requirements during fetal
growth. In association with fetal hypoxemia, coro-
nary blood flow increases markedly. It is possible,
however, that the long narrow ascending aorta may
not be able to accommodate the increased demands
for flow and myocardial hypoxia could occur. 

Mitral and aortic atresia with ventricular septal defect
Mitral atresia with ventricular septal defect may
occur with or without aortic atresia. Complete mix-
ture of all venous return to the fetal heart occurs in
the right atrium. If aortic atresia is also present,
blood ejected by the right ventricle may pass
through the ductus arteriosus and be distributed in
the same manner described above. Blood may pass
through the ventricular septal defect into the left
ventricle, but then would be ejected back into the
right ventricle. The ventricular septal defect would
have no influence on the course of the circulation,
but by providing flow into the left ventricle it could
permit its normal development. If the aortic orifice
is patent, blood entering the left ventricle through
the ventricular septal defect can be ejected into the
ascending aorta and provide blood flow to the
coronary circulation and the upper body. The left
ventricle may not be normally developed and 
the ascending aorta may be smaller than normal.
Although the ascending aorta is supplied by blood
from the left ventricle, the oxygen saturation and
Po2 of blood in the ascending and descending aor-
tae and the pulmonary circulation will be similar
because there is complete admixture in the right
atrium. Usually the aortic isthmus is narrow, sug-
gesting that although the left ventricle may provide
the blood supply to the coronary circulation, upper
extremities and head, very little blood crosses the
isthmus in the fetus. Probably most blood supplied
to the descending aorta is derived by flow from the
pulmonary artery across the ductus arteriosus.

Development of cardiac failure
The occurrence of hydrops fetalis resulting from
cardiac failure in the fetus with hypoplastic left
heart syndrome has been recognized for many
years [26]. With the introduction of ultrasound
examination, hydrops fetalis due to cardiac failure

can be detected in utero in fetuses with hypoplastic
left heart syndrome [27]. It has also been observed
in fetuses with critical aortic stenosis [28].

Hydrops fetalis is the manifestation of cardiac
failure in the fetus, associated with high venous
pressure (see Chapter 1). Although the right ventri-
cle is required to eject a larger volume of blood than
normal in the fetus with hypoplastic left heart, as
discussed above, the output is probably not equal to
CVO in the normal fetus and it is unlikely that the
increased output alone causes venous pressure to
increase. Several factors may contribute to raising
venous pressure. If the left ventricle is dysfunc-
tional and enlarged, the septum may be deviated to
project into the right ventricle, thus limiting dias-
tolic flow into the chamber and increasing venous
pressure. If pulmonary vascular resistance is in-
creased because of either pulmonary vascular
changes or an increase in left atrial pressure due to a
restricted foramen ovale, the right ventricle will be
required to eject a larger volume against a higher
afterload and this may result in elevation of dias-
tolic and thus venous pressure. If the aortic coarcta-
tion is severe, retrograde flow into the ascending
aorta may be inadequate to provide coronary blood
flow to meet the oxygen and energy requirements
of the right ventricle, with resultant failure and elev-
ated venous pressure.

Adequacy of coronary blood flow
In the presence of aortic atresia or severe aortic
stenosis, coronary blood flow is provided by 
retrograde flow from the ductus arteriosus into 
the aortic arch and ascending aorta. The severity 
of preductal coarctation is probably the most
important factor in determining coronary flow.
However, blood flows retrogradely in the aortic
arch and ascending aorta and if the ascending 
aorta is very small, flow to the coronary circulation 
could be more compromised than flow to the upper
extremities, head, and brain. Inadequate coronary
blood flow could contribute to the severity of endo-
cardial fibroelastosis and, as mentioned above, to
induction of cardiac failure.

Adequacy of cerebral blood flow
Studies of patients with hypoplastic left heart syn-
drome have shown disturbances in cognitive devel-
opment in a number of these individuals [29]. The
initial hypotheses were that this was the result of the
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complex procedures associated with palliative surgery.
However, studies of patients who had transplanta-
tion indicated that they also showed neurodevelop-
mental delay [30].

The possibility was then considered that cerebral
development could be impaired during fetal life as 
a consequence of inadequate cerebral blood flow
resulting from the small aortic arch and particularly
the presence of preductal aortic coarctation. This
concept received support from several observations
of a considerable incidence of decreased head cir-
cumference in newborn infants with hypoplastic
left heart syndrome [31–33]. Attempts have been
made to evaluate cerebral blood flow in fetuses with
hypoplastic left heart syndrome by measuring the
pulsatility index in Doppler flow recordings from
cerebral arteries. In two reports, the presence of a
low pulsatility index was interpreted as indicating
that cerebral vascular resistance was low and that
this reflected a “brain-sparing effect” in an attempt
to maintain cerebral oxygen supply [34,35]. Although
cerebral vascular resistance may be reduced in these
fetuses, it is inappropriate to derive this conclusion
from the low pulsatility index. The majority of
fetuses with hypoplastic left heart have preductal
aortic coarctation and this is most likely the main
factor responsible for the reduced pulsatility index.
Oxygen supply to the brain is probably reduced in
fetuses with aortic atresia; whereas normally blood
provided to the brain is derived from the ascending
aorta and has a relatively high oxygen saturation, in
fetuses with aortic atresia the blood distributed to
the whole body is mixed and thus oxygen satura-
tion of blood to the brain would be lower than nor-
mal (see Chapter 11). However, a reduced volume
of flow is probably more important than the mod-
estly reduced oxygen saturation, because this will
interfere not only with oxygen supply but with
delivery of energy substrates.

The severity of coarctation that will affect cere-
bral perfusion in the human fetus is not known. In
fetal lambs autoregulation of cerebral blood flow has
been shown to function over a relatively small range
of pressures. Also, the mean perfusion pressure can
be decreased by only a small amount without reduc-
ing cerebral blood flow [36]. If these relationships
are present in the human, it is likely that even a relat-
ively mild degree of obstruction by aortic coarcta-
tion could significantly compromise cerebral flow.

A recent report by Hinton et al. [37] indicates

there is a high incidence of reduced head circum-
ference in fetuses with aortic atresia and in many,
white matter injury in the brain was demonstrated.
Of interest is the fact that the reduced head size
developed during the second or third trimester. I
propose that the findings could be explained by 
the development of aortic coarctation, resulting 
in cerebral ischemia. It would be interesting to
examine the relationship between the presence 
and severity of aortic coarctation and head size in
fetuses with aortic atresia.

Foramen ovale restriction
The foramen ovale is usually small in fetuses with
aortic atresia. In the normal fetus about 25% of
CVO passes through the foramen ovale into the left
atrium and about 20% of CVO returns from the
lungs to the left atrium. With aortic or mitral atre-
sia, there is no egress from the left ventricle. Blood
returning from the lungs can return to the general
circulation only by passing through the foramen
ovale to the right atrium. Left atrial pressure is
increased and this tends to close the foramen ovale
and limit flow from the IVC into the left atrium.
The smaller the foramen ovale, the higher the left
atrial pressure. This elevation of left atrial pressure
may result in the development of pulmonary lym-
phangiectasis. As mentioned on p. 262, restriction
of the foramen ovale can be recognized by a change
in the pattern of pulmonary venous blood flow.
The high left atrial pressure is reflected in high pul-
monary venous pressure and the pulmonary veins
become thickened. The high venous pressure may
also affect pulmonary vascular development and
pulmonary vascular resistance may be increased
(see below). Infants with a restricted foramen ovale
often have serious cardiopulmonary distress at 
the time of birth and prognosis is very poor. The
serious implications of a restricted foramen ovale
have prompted some centers to attempt to dilate
the opening in utero (see Chapter 11).

Development of the pulmonary circulation
In the normal human fetus about 20% of CVO is
distributed to the lungs from the pulmonary trunk.
It returns to the left atrium and ventricle and is
ejected into the aorta. In the fetus with aortic atresia
and intact ventricular septum, pulmonary venous
blood has to exit the left side of the heart through
the foramen ovale. If the foramen ovale is
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restricted, left atrial and pulmonary venous 
pressures are elevated and, as mentioned above,
pulmonary lymphangiectasis and thickening of
pulmonary veins may be noted.

In adults with increased left atrial pressure,
obstructive lesions of small pulmonary vessels are
frequently noted. There is increasing evidence indi-
cating that fetuses with high left atrial pressure 
may have abnormalities in development of small
pulmonary arteries. Not only is there increased
thickening of the walls, but the number of small
arterioles is reported to be decreased. It is proposed
that the smaller pulmonary vascular bed may be
responsible for the critical condition of newborn
infants who have hypoplastic left heart syndrome
with restricted foramen ovale [38,39].

Distribution of oxygen to tissues
In the normal fetus oxygen content of ascending
aortic blood is higher than that in the descending
aorta. This is the result of preferential streaming of
well-oxygenated umbilical venous blood through
the ductus venosus and foramen ovale into the left
atrium and ventricle and of systemic venous blood
into the right ventricle and pulmonary artery and
then through the ductus arteriosus to the descend-
ing aorta. In the fetal lamb, oxygen saturation in the
ascending aorta is about 65% and in the descending
aorta about 52%.

In the fetus with aortic atresia, blood does not
flow from the right to the left atrium across the
foramen ovale and thus all umbilical and systemic
venous blood enters the right atrium. Pulmonary
venious blood passes through the foramen ovale
from the left to the right atrium and mixes with the
other venous blood. The mixed venous blood enters
the right ventricle and pulmonary artery. The oxygen
saturations of pulmonary arterial, ascending aortic,
and descending aortic blood are identical. The oxy-
gen saturation of blood distributed to the upper
body, brain, and heart is therefore somewhat lower
than normal, whereas oxygen saturation of blood
distributed to the lungs and lower body is slightly
higher than normal. An estimate of the magnitude
of change in these saturations can be derived, using
assumed values for umbilical and systemic venous
blood flows and oxygen saturations.

In the sheep, umbilical blood flow is about 
200 mL/min per kg and systemic venous return

about 250 mL/min per kg. In the human the
assumption is made that umbilical blood flow is
about 150 mL/min per kg and systemic venous
return about 300 mL/min per kg. Oxygen satura-
tions in umbilical venous blood in both lamb 
and human are about 80% and in systemic venous
blood about 40%. With complete admixture, mixed
oxygen saturation would be about 58% in the sheep
and about 53% in the human.

The decrease in oxygen in blood supplied to the
head is considerable and, combined with a prob-
able reduction in blood flow resulting from the 
aortic obstruction, could substantially limit oxygen
availability to the brain. Similarly, the oxygen 
saturation as well as the volume of blood flow to the
coronary circulation may be compromised and
thus reduce oxygen availability to the myocardium.

With the complete mixing of venous return, pul-
monary arterial blood will have an oxygen satura-
tion higher than normal. The fetal pulmonary
circulation is very sensitive to even small changes in
Po2 (see Chapter 5) and the higher level could pro-
duce relaxation and possibly reduce the amount of
medial smooth muscle development. However,
other factors could also affect pulmonary vascular
development. As mentioned above, restriction of
the foramen ovale in utero has been found to be
associated with a reduction in the number of small
arteries in the lung and an increase in pulmonary
vascular smooth muscle development. Thus the
increase in left atrial pressure appears to have a more
important effect than oxygen saturation change on
pulmonary vascular development.

Changes in the circulation after birth
The elimination of the placental circulation 
results in a marked increase in systemic vascular
resistance, and it is necessary for an increased 
pulmonary circulation to be established to provide
adequate postnatal oxygenation. If there is a
diminutive or absent left ventricle, all pulmonary
venous blood must cross the atrial septum to enter
the right atrium, except in the rare instance when a
levoatriocardinal vein is present.

Aortic and mitral atresia with diminutive 
left ventricle
Survival of the infant postnatally depends on the
presence of an adequate atrial communication to
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permit pulmonary venous drainage to enter the
systemic circulation and an adequate ductus arte-
riosus to maintain systemic blood flow. The hemo-
dynamic and clinical features vary greatly, as
determined by the relative resistances imposed by
the foramen ovale, ductus arteriosus, and systemic
and pulmonary vascular resistances (Figure 11.2).
Also, the severity of coarctation of the aorta proxi-
mal to the ductus arteriosus has an important role
in determining systemic blood flow distribution.

The course of the circulation postnatally is sim-
ilar to that in the fetus. All the SVC and IVC blood
passes into the right atrium and right ventricle
(Figure 11.3). The pulmonary venous blood also
passes into the right atrium across the foramen
ovale. Complete mixing of all pulmonary and 
systemic venous bloods occurs in the right atrium
or, if there is streaming of the various venous flows,
in the right ventricle. This mixed systemic and 

pulmonary venous blood is ejected into the main
pulmonary artery, and blood of similar oxygen 
saturation is distributed to the lungs through the
pulmonary arteries and to the systemic circulation
across the ductus arteriosus. Flow to the vessels
arising from the aortic arch is provided in a retro-
grade manner across the aortic isthmus from the
ductus arteriosus; coronary circulation is derived
from flow down the hypoplastic ascending aorta to
the aortic root.

The hemodynamic features and clinical manifes-
tations of hypoplastic left ventricle are influenced
by a number of factors, and these are discussed 
separately. It should be appreciated, however, that
various combinations of these features can modify
the circulatory dynamics and clinical presentation.
It is also not unusual that the clinical manifesta-
tions may change as the factors are modified at 
different periods after birth.

Foramen ovale
The foramen ovale has a crucial role in the circula-
tory dynamics and clinical manifestations of aortic
atresia both before and after birth. It may be
restricted in utero and this may result in increased
fluid transudation into the lungs and some fetuses
develop pulmonary lymphangiectasis. Postnatal
adaptation will be difficult, because the large
amount of interstitial fluid may interfere with lung
expansion and gas exchange. In a series of fetuses
with hypoplastic left heart and a foramen ovale
orifice of less than 2 mm, postnatal survival was
severely compromised. In seven fetuses with very
severe restriction delivered by planned cesarean
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Figure 11.2 Mitral and aortic atresia in a newborn infant:
course of the circulation, oxygen saturations (circled), and
pressures. The systemic blood flow is derived through the
ductus arteriosus. m, mean pressure.
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Figure 11.3 The circulation in a newborn infant with aortic
and mitral atresia demonstrating the various vascular
resistances that determine the circulatory distribution.
Detailed description is given in the text.
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section, only two survived [40]. Restriction of the
foramen ovale in the fetus has now been recognized
by the abnormal pulmonary venous blood flow
pattern. Because it adversely affects postnatal sur-
vival, it has been suggested that the foramen should
be enlarged by balloon inflation in the fetus.

The adverse effect of a restricted foramen ovale
may be the result of not only the effect on the 
lung in utero but also the postnatal changes in the
circulation. With transfer of the function of gas
exchange to the lungs after birth, pulmonary blood
flow has to increase to provide adequate oxygen
uptake. With aortic atresia all pulmonary venous
blood must pass through the foramen ovale. Even if
the foramen is of moderate size, the large increase
in flow through it may create a relative obstruction
and further increase left atrial and pulmonary
venous pressures, with the likelihood that pul-
monary edema will develop. The high venous pres-
sure in the lungs will tend to limit pulmonary blood
flow; this reduction in flow would help to reduce
pulmonary venous pressure, but would result in 
a reduction of oxygen uptake in the lungs. If the
foramen ovale is restricted, even a small increase in
pulmonary blood flow will raise left atrial and pul-
monary venous pressures.

Pulmonary blood flow and pulmonary venous
pressure are determined to some extent by the
behavior of the ductus arteriosus. If the ductus arte-
riosus is widely patent, pulmonary arterial pressure
will not exceed systemic arterial pressure. The limi-
tation in pulmonary arterial pressure will restrict
the volume of blood flow into the lungs; this will
interfere with oxygen uptake and the infant may
therefore be quite cyanotic. However, because the
volume of blood returning to the left atrium is rela-
tively low, pulmonary venous and left atrial pres-
sures will not increase markedly and the tendency
for pulmonary edema to occur would be reduced. If
the ductus arteriosus constricts, pulmonary arterial
pressure can exceed aortic pressure and result in an
increase in pulmonary blood flow; however, particu-
larly if the foramen ovale is small, left atrial and pul-
monary venous pressures would be increased and
pulmonary edema will tend to develop.

Ductus arteriosus
In infants with hypoplastic left ventricle, systemic
blood flow is dependent on the size of the ductus

arteriosus and the ratio of pulmonary to systemic
vascular resistance. After birth there is a dramatic
decrease in blood flow through the ductus arterio-
sus. In the fetus, the ductus arteriosus conducts
both total systemic and umbilical blood flow (see
Chapter 1). In the fetal lamb, this represents a flow
of about 400 mL/min per kg fetal body weight.
Since about 40% of CVO, or 200 mL/min per kg, 
is directed to the placenta, this will be eliminated
after the umbilical cord is clamped. If systemic
blood flow is in the usual postnatal range of about
300 mL/min per kg, only this amount will flow
through the ductus arteriosus from the pulmonary
artery to the aorta. The flow across the ductus arterio-
sus will therefore drop by about 25% from the 
prenatal level. However, although measurements 
in the human fetus vary considerably, in the fetus
with aortic atresia with no significant aortic coarc-
tation it can be estimated that about 340 mL/min
per kg would flow through the ductus arteriosus
during fetal life, of which about 110 mL/min per kg
would be directed to the umbilical circulation.
Eliminating the placental circulation after birth will
result in a fall of 33% from prenatal levels.

If the ductus arteriosus remains widely patent,
there will be no interference with flow to the sys-
temic circulation after birth. In fact, since flow
across the ductus postnatally is considerably smaller
than that prenatally, some constriction could occur
without producing obstruction to flow. Using the
Poiseuille equation, I have estimated that the dia-
meter of the ductus arteriosus could be reduced by
20–25% after birth without any change in the pres-
sure gradient required to produce a flow that is half
the prenatal level.

If the ductus arteriosus constricts to a greater
degree, the pressure in the systemic circulation will
fall unless pulmonary arterial pressure is increased
sufficiently to maintain the same flow across the
ductus. Usually, at the time of cardiac catheteriza-
tion there is a pressure difference between the pul-
monary artery and the aorta, and aortic pressure is
often lower than normal. These findings suggest
that by the time symptoms develop, the ductus
arteriosus has constricted and systemic blood flow
has dropped.

The increased oxygenation of arterial blood after
birth contributes to the constriction of the ductus
arteriosus. If systemic and pulmonary arterial Po2
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levels are increased by administering high-oxygen
gas mixtures to the infant, greater constriction 
of the ductus arteriosus may be induced, resulting
in a further decline in systemic blood flow. The role
of other mechanisms, such as sympathoadrenal
stimulation and other hormonal influences (see
Chapter 6), in producing constriction of the ductus
arteriosus in aortic atresia has not been explored. It
is conceivable that decreased peripheral perfusion
could aggravate ductus arteriosus constriction by
release of catecholamines or other vasoactive hor-
mones. Dilation of the ductus arteriosus by infu-
sion of prostaglandin (PG)E1 has been effective in
maintaining systemic blood flow (see Chapter 11).

The pattern of flow in the ductus arteriosus after
birth will be determined by the resistances in the
systemic and pulmonary circulations and is phasic
in some infants with hypoplastic left heart syn-
drome [41]. During systole blood will flow from
the pulmonary artery to the aorta but if pulmonary
vascular resistance is low, there may be a small
amount of backflow from the aorta to the pul-
monary artery during diastole. If systemic vascular
resistance represented by the combined resistance
of the systemic circulation and the preductal coarc-
tation is high, the left-to-right ductus flow in dias-
tole will be relatively large. If pulmonary vascular
resistance is high as a result of foramen ovale
restriction, this flow will be a relatively small pro-
portion of the right-to-left flow in systole.

Pulmonary and systemic vascular resistances
Both the pulmonary and systemic circulations are
perfused by blood ejected by the right ventricle; in
the absence of constriction of the ductus arteriosus,
perfusion pressures are the same. The relative pro-
portions of blood distributed to the pulmonary and
systemic circulations are determined by the ratio 
of total pulmonary vascular resistance to total resist-
ance to systemic perfusion. Total pulmonary resist-
ance is related to pulmonary vascular resistance
and the resistance to flow of pulmonary venous
blood across the foramen ovale into the right
atrium. Total systemic resistance is determined by
the resistance imposed by the ductus arteriosus and
the systemic vascular bed (see Figure 11.3). The
roles of the foramen and of the ductus arteriosus
have been discussed above. If total pulmonary
resistance is lower than total systemic vascular

resistance, blood flows preferentially to the lungs
and is diverted away from the systemic circulation,
thus interfering with systemic perfusion. A very
important consideration in infants with aortic atre-
sia is the possibility that flow into the upper body,
heart and brain may be affected to a much greater
extent than flow to the lower body, because a pre-
ductal aortic coarctation imposes a resistance to
upper body flow distal to the ductus arteriosus.
Furthermore, with the decrease in systemic blood
flow resulting from constriction of the ductus arte-
riosus, flow to the upper body will be compromised
to a greater extent than that to the lower body. The
effect of pulmonary and systemic vascular resist-
ance on patterns of flow in the ductus arteriosus is
discussed above.

Systemic blood flow and systemic arterial pressure
The decrease in systemic blood flow associated with
ductus constriction will tend to result in a drop 
in systemic arterial pressure. Upper and lower
extremity blood pressures may be similar. However,
I know of no information regarding pressure in the
aortic arch and ascending aorta distal to the
obstruction to flow imposed by the coarctation.
The status of baroreceptor function is also not
known. It is possible that it may have adapted to a
reduced pressure in the ascending aorta and its
branches during fetal life and may be relatively
insensitive. However, if baroreceptor function is
normal, the marked reduction in aortic and carotid
arterial pressure that would result with ductus arte-
riosus constriction could produce reflex vasocon-
striction in the peripheral circulation, as well as
catecholamine release. Thus baroreceptor response
would tend to raise pressure in the aorta by causing
vasoconstriction. Because the peripheral and gas-
trointestinal circulations would be affected to a
greater extent than the coronary and cerebral circu-
lations, there may be some protective effect on
cerebral and coronary blood flow.

The low blood flow to the peripheral tissues
results in a reduction in total oxygen delivery and a
fall in tissue oxygen availability. Anaerobic glycoly-
sis results and lactic acid production is increased,
resulting in lactic acidemia and a reduction in
blood pH. As a result of the anaerobic glycolysis,
there is greater metabolic turnover of glucose by the
tissues. The increased catecholamine production
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stimulates gluconeogenesis from the liver, but the
infant is prone to develop hypoglycemia when liver
glycogen content has been depleted.

Coronary blood flow
In aortic atresia, coronary blood flow must be pro-
vided by retrograde flow from the ductus arteriosus
through the narrow hypoplastic ascending aorta.
Rare instances of coronary sinusoids in the left ven-
tricle, similar to those seen in the right ventricle in
infants with pulmonary atresia, have been described
(see Chapter 11). If the left ventricle is functional, it
is possible that some coronary flow may be pro-
vided by retrograde flow through these sinusoids.
Usually, however, the magnitude of coronary blood
flow will depend on the severity of the preductal
aortic coarctation and the size of the ascending
aorta and pressure in the aortic arch.

The ascending aorta usually appears to be ade-
quate to transmit coronary blood flow in the fetus.
Normally, associated with the increase in Po2 after
birth, coronary blood flow falls. With aortic atresia,
unless pulmonary blood flow is reduced by fora-
men ovale restriction, arterial Po2 will increase in
blood entering the aortic arch and ascending aorta
so that, unless the coarctation is severe, there may
be adequate oxygen delivery to the myocardium.
However, the level of systemic arterial pressure is
very important in determining blood flow to the
right ventricle. The fall in systemic arterial pressure
resulting from ductus arteriosus constriction could
seriously affect coronary perfusion. Furthermore,
constriction of the ductus arteriosus will result in
an increase in pulmonary arterial pressure; the
increased workload placed on the right ventricle
increases myocardial oxygen consumption and
there is a greater demand for increased coronary
blood flow. At the lower aortic perfusion pressure,
the limits of compensatory coronary vasodilatation
may not permit adequate coronary blood flow 
to provide the increased oxygen and metabolic
requirements. Right ventricular performance may
become impaired and output may be reduced. This
further compromises systemic blood flow, result-
ing in a decrease in aortic pressure. A vicious circle
thus develops, which results in rapidly progressive
right ventricular and peripheral circulatory failure.

A major concern relating to adequacy of coro-
nary blood flow is the pattern of flow in the ductus

arteriosus. As mentioned above, if pulmonary 
vascular resistance is low, flow in the ductus arte-
riosus is in the left-to-right direction during dias-
tole and there is retrograde flow in the descending
aorta as well as the arch. Because the major propor-
tion of coronary blood flow occurs in diastole,
coronary perfusion could be seriously affected. 

Cerebral blood flow
Microcephaly is a relatively common finding in
infants with hypoplastic left heart syndrome and, as
discussed on p. 265, the possibility that brain blood
flow is compromised by the aortic arch obstruc-
tion has been considered. In a recent report it was
observed that the ascending aorta, but not the trans-
verse arch, was small in infants with microcephaly
associated with hypoplastic left heart syndrome
[42]. However, the severity of the coarctation was
not considered as a possible factor contributing to
the development of microcephaly. Cerebral blood
flow after birth is normally reduced because, with
the increase in arterial oxygen saturation, less flow
is required to provide oxygen delivery.

Right ventricular performance
The right ventricle provides both pulmonary and
systemic blood flows in infants with aortic atresia.
In order to provide adequate systemic perfusion,
right ventricular systolic pressure must be main-
tained. The greater the degree of ductus arteriosus
constriction, the greater must be the elevation in
right ventricular pressure. A decrease in pulmonary
vascular resistance would result in an increase 
in pulmonary venous return and a larger volume
load on the right ventricle. This increase in volume
ejected at high pressure places a large workload 
on the ventricle; right ventricular pressure will
increase and clinical evidences of right heart failure,
predominantly presenting as hepatomegaly, will
occur.

If there is interference with pulmonary venous
return to the right atrium because the foramen
ovale is small, left atrial and pulmonary venous
pressures will increase, causing further elevation in
pulmonary arterial pressure and thus placing a
greater workload on the right ventricle. However, 
a rise in pulmonary venous pressure may decrease
pulmonary blood flow and thus lower the right
ventricular load.
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Systemic arterial oxygenation
In mitral and aortic atresia there is complete
admixture of pulmonary and systemic venous
returns in the right atrium; thus, the oxygen satura-
tion and Po2 of pulmonary and systemic arterial
blood are the same. The level of saturation is deter-
mined by the ratio of pulmonary to systemic blood
flow and by the levels of oxygen saturation of mixed
venous and pulmonary venous blood (see Chapter 4).
Obstruction of the foramen ovale is associated with
low pulmonary blood flow and oxygen saturation
of the mixed blood will be reduced. However, in 
the absence of foramen ovale restriction, arterial
blood oxygen saturation is usually high because
pulmonary blood flow is increased and systemic
blood flow is reduced. Constriction of the ductus
arteriosus will further reduce systemic blood 
flow, thereby increasing the pulmonary to systemic
blood flow ratio and thus arterial oxygen saturation
and Po2 will increase. Reduction of systemic blood
flow will result in greater oxygen extraction by the
tissues and oxygen saturation of mixed venous
blood is low. Pulmonary venous oxygen saturation
may be normal or only slightly reduced. However,
if pulmonary edema is present as a result of fora-
men ovale restriction, it will be reduced. The effects
of the flow relationships on oxygen saturation are
illustrated in the following example.

blood to 100% and Po2 will increase to levels above
400 mmHg. Because pulmonary blood flow may be
considerably greater than systemic blood flow, the
final mixed oxygen saturation may be close to
100%. The effects of oxygen on the pulmonary cir-
culation and the ductus arteriosus may further
enhance the effects of oxygen. A fall in pulmonary
vascular resistance and an increase in ductus arte-
riosus constriction may further increase pul-
monary blood flow and decrease systemic blood
flow, thus increasing the pulmonary to systemic
flow ratio. These effects may combine to produce a
marked increase in arterial Po2; I have noted levels
of 250–280 mmHg in infants with aortic atresia
during 100% oxygen administration.

The roles of the ductus arteriosus, pulmonary
vascular resistance, and size of the foramen ovale
are similar to those outlined above.

Mitral atresia with ventricular septal defect
The pattern of circulatory changes after birth dif-
fers considerably from that in infants with aortic
and mitral atresia with intact ventricular septum.
Several features are quite similar. The total pul-
monary venous return must pass through the fora-
men ovale from the left atrium to the right atrium,
and thus there is complete admixture of pulmonary
and systemic venous returns. The blood distributed
to both the pulmonary and systemic circulation has
the same blood oxygen saturation and Po2; these
levels are determined by the pulmonary to systemic
flow ratios, as described above. If foramen ovale
obstruction is present, pulmonary blood flow will
not increase sufficiently after birth and severe
cyanosis will be evident. With an adequate foramen
ovale, and with aortic but not mitral atresia, the cir-
culatory pattern will be similar to that described
above. It is still necessary that systemic blood flow
be provided through the ductus arteriosus. How-
ever, if the aortic outflow is patent, blood can pass
from the right to the left ventricle through the ven-
tricular septal defect and provide either all or part
of the systemic blood flow. A large pulmonary
blood flow is established after birth as pulmonary
vascular resistance falls. The infant may develop
cardiac failure but survival is much more likely
than with aortic atresia. With growth after birth 
the foramen ovale may become restrictive and 
pulmonary edema may develop.

If pulmonary blood flow is twice normal 
(6 L/min per m2), systemic blood flow 50% 
normal (1.5 L/min per m2), pulmonary venous 
oxygen saturation 95%, and systemic mixed
venous saturation 45%, the final mixed satura-
tion would be:

This level of oxygen desaturation may not be
detected in an infant, particularly if there is
peripheral vasoconstriction that results in pallor
of the skin.

(   )  ( .   )

.
  %

6 95 1 5 45

7 5
85

× + ×
=

The effects of oxygen administration on arterial
oxygen saturation and Po2 are of considerable
importance. In the absence of significant pul-
monary edema, administration of 100% oxygen
will raise oxygen saturation in pulmonary venous
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The pattern of flow into the aorta depends on the
degree of development of the isthmus and on the
behavior of the ductus arteriosus. If the isthmus is
well developed, the right ventricle can supply the
total systemic blood flow through the ventricular
septal defect after the ductus arteriosus constricts
(Figure 11.4). If the aortic isthmus is narrow, blood
to the descending aorta may be supplied partly
through the ductus arteriosus from the pulmonary
arteries. If the ductus arteriosus constricts, pressure
in the descending aorta will fall whereas pressures
in the ascending aorta may be well maintained.
Since pulmonary arterial pressure is at systemic
arterial levels, there is a serious risk of the develop-
ment of early pulmonary vascular obstruction. This
will result in a decrease in pulmonary flow, with
increasing cyanosis.

Clinical features

Despite the high heritability of hypoplastic left heart
syndrome, associated congenital cardiac anomalies
are not common. Some infants show mild growth
retardation at birth and about 20% have a decreased
head circumference. A small percentage of patients
have Turner syndrome. Symptoms may appear
within an hour or two after birth but are usually
noted after 24–48 hours; there may be a delay of
several days and rarely of weeks.

Infants who have had severe foramen ovale
restriction in utero may have pulmonary lymphan-
giectasis and edema and are likely to suffer immedi-
ate distress after birth because adequate respiration
cannot be established. The clinical features are vari-
able and depend on the combination of circulatory
disturbances described above.

Aortic and mitral atresia
The clinical features in the early neonatal period are
influenced by the severity of obstruction at the
foramen ovale during fetal life.

Severe foramen ovale restriction
Infants born with severe obstruction of the fora-
men ovale usually have severe early symptoms,
sometimes within a few minutes after birth, but
usually within a few hours. The most prominent
manifestation is respiratory distress and severe
cyanosis, related to inability to establish adequate
alveolar ventilation, and low pulmonary blood
flow. Systemic arterial Po2 is often 30 mmHg or less
and metabolic acidemia soon develops, with pH
falling to below 7.2 and sometimes to 7.0. Pco2 is
increased to 50–55 mmHg or even higher, due 
to disturbed ventilation, as well as low pulmonary
blood flow. No difference in oxygen saturation
between the upper and lower extremities is noted.
Assisted ventilation may be difficult to establish
because of pulmonary edema, and even with high
inspiratory pressures adequate ventilation may not
be possible. The severe hypoxemia and acidemia
induce sympathoadrenal stimulation, which results
in peripheral vasoconstriction and poor skin per-
fusion with a grayish pallor due to associated
cyanosis; the extremities also become cold. The
peripheral pulses may be normal initially, but soon
become weak. The liver may be slightly enlarged to
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Figure 11.4 Mitral atresia with large ventricular septal
defect in a newborn infant: course of the circulation,
oxygen saturations (circled), and pressures. Systemic blood
flow is maintained through the ventricular septal defect.
m, mean pressure.
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2–3 cm below the costal margin. The cardiac
impulse is prominent at the lower left sternal 
border, as in normal infants, and is not hyperactive.
The first heart sound is normal and the second
sound is loud, but single, at the upper left sternal
border. No murmurs may be audible, but a grade
2–3/6 medium-frequency systolic murmur may be
heard at the lower left sternal border due to tricus-
pid insufficiency. Associated with the severe hypox-
emia and metabolic acidemia, hypoglycemia and
hypocalcemia may develop. These infants deterio-
rate rapidly and require urgent treatment (see
below); even though treatment, including dilation
of the foramen ovale, is instituted immediately
after birth, there is a high mortality. The rapid onset
and progression of respiratory distress and cyanosis
within a few hours after birth is unlikely with other
congenital cardiac lesions except total pulmonary
venous return with severe obstruction to pul-
monary venous drainage (see Chapter 11).

Foramen ovale unobstructed
Ductus arteriosus patent
If the size of the foramen ovale is adequate to
accommodate pulmonary venous return and the
ductus arteriosus is patent, the infant may manifest
no symptoms for several days. Mild to moderate
cyanosis is often present in the early neonatal period,
but as pulmonary blood flow increases cyanosis
lessens and may not be appreciated clinically
because arterial oxygen saturation may be as high as
88–92%. Arterial blood Po2 is usually in the range
40–55 mmHg, while Pco2 is either normal or may
be reduced to 35 mmHg; pH is normal or slightly
reduced. Tachypnea and dyspnea are first noted
and feeding becomes difficult. Heart rate is in-
creased to 160–180/min and pulses are palpable 
but often weak and peripheral perfusion may be
reduced. No difference in pulses in the upper and
lower extremities is evident. Systolic blood pressure
is often reduced to 40–50 mmHg and pulse pres-
sure is reduced. Liver enlargement to 3–5 cm below
the costal margin is often noted. The cardiac
impulse is hyperactive and prominent beneath the
lower sternum due to the high right ventricular vol-
ume load. The first heart sound is normal, but the
second sound is single and loud at the upper left
sternal border. No murmurs may be heard, but
often a medium-frequency grade 2–3/6 systolic

murmur is audible over the lower sternum due 
to tricuspid insufficiency resulting from ventricu-
lar enlargement. Occasionally a soft crescendo–
decrescendo systolic murmur is heard over the
upper left sternal border, radiating to the left chest,
related to the high flow through the pulmonary
valve and pulmonary arteries. As right ventricular
failure progresses, its output falls and this seriously
affects systemic blood flow with resulting fall in
arterial pressure with systolic levels below 40 mmHg
and narrow pulse pressure. Pulses are weak and 
pallor, mottling, and cold extremities develop. 
The child succumbs to right heart failure and 
inadequate output.

Ductus arteriosus constricted
Although the ductus arteriosus normally closes
within a few hours after birth, in infants with aortic
atresia it often remains patent for several days and
occasionally for several weeks. The early manifesta-
tions are those of the increased pulmonary blood
flow and right ventricular output described above.
Ductus constriction may develop gradually over
several days, but not infrequently it occurs rapidly
over a few hours, creating the need for urgent treat-
ment. The predominant features are those related
to the reduction in systemic blood flow. The pulses
are very weak, if not impalpable, and peripheral
perfusion is poor, with generalized pallor, mottling
of the skin, and coldness of the extremities. Systolic
arterial pressure is reduced to 30–40 mmHg and
pulse pressure is low. Due to reduced tissue perfu-
sion, with anaerobic metabolism, metabolic acidemia
rapidly develops. Arterial blood oxygen saturation
is only slightly reduced, usually to about 88–92%
and Po2 is about 50–60 mmHg; pH is usually about
7.2 at presentation but may fall to 7.0, and Pco2

is normal or reduced to 30–35 mmHg. The other
physical findings are similar to those described
above. The poor perfusion of the kidneys results in
oliguria, progressing to anuria and elevation of
serum nonprotein nitrogen and creatinine levels.

Hypoglycemia and hypocalcemia are also fre-
quently noted. The infant’s condition sometimes
fluctuates over several hours or even days, due to
variability in the degree of constriction of the duc-
tus arteriosus. The weak pulses and poor perfusion
may spontaneously improve and the infant’s gen-
eral condition, including blood gas status, also
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improves for several hours, after which the condi-
tion deteriorates again.

Moderate restriction of foramen ovale
The foramen ovale may be large enough to accom-
modate the increase in pulmonary blood flow that
occurs immediately after birth, but the size may not
be adequate as pulmonary blood flow progressively
increases as pulmonary vascular resistance falls fur-
ther. The onset of manifestations will depend on
the degree of restriction. The initial clinical mani-
festations are similar to those in infants with no
restriction to flow, but as the obstruction becomes
significant, evidence of pulmonary edema becomes
manifest. Respiratory distress becomes more severe
and cyanosis may become more marked. Rales may
be heard at the lung bases. The increase in left atrial
and pulmonary venous pressures results in some
diminution of pulmonary blood flow, so that the
degree of precordial hyperactivity may become less
prominent. If the ductus arteriosus constricts, in
addition to the evidence of reduced systemic blood
flow, the increase in pulmonary arterial pressure
will tend to increase pulmonary blood flow and
aggravate the pulmonary edema.

Mitral atresia with ventricular septal
defect and open aortic valve
The infant with this combination of lesions may be
moderately cyanotic at birth, but as soon as pul-
monary vascular resistance falls there will be a
decrease in the degree of cyanosis. The symptoms
and signs will be related to the hemodynamic 
disturbances that predominate. If the ductus arte-
riosus constricts early, the pulses in the lower
extremities will become weak and perfusion to the
lower body will be poor, with mottling and pallor,
but pulses in the arms will be well felt. As pul-
monary blood flow increases, the heart will become
hyperactive, with the maximal impulse at the lower
left sternal border. The first heart sound is accentu-
ated at the lower left sternal border and the second
sound is accentuated at the upper left sternal 
border; the second sound may be split but is usually
narrow. A systolic ejection click is present occa-
sionally and a third sound is heard frequently. 
No murmurs may be heard, but a grade 2–3/6 
systolic murmur may be present at the mid-left
sternal border. Cardiac failure occurs early, with

pulmonary rales, hepatomegaly, and respiratory
distress. If the foramen ovale is small, pulmonary
edema may be severe and evidence of right-sided
failure not so prominent; cyanosis will also be more
marked because pulmonary venous return will be
limited.

The ductus arteriosus remains widely patent 
in some infants, and the main clinical features 
are those of cardiac failure. If the failure can be 
controlled, the infant may progress favorably. One
of two possible courses may then develop. With
growth, the foramen ovale may become relatively
small, resulting in a high left atrial pressure with,
first, intermittent and, later, persistent severe pul-
monary edema. Some patients who survive the
period of infancy do well for many years and then
develop increasing cyanosis and cardiac failure
when pulmonary vascular obstruction develops.

Investigations

Electrocardiography
In infants with aortic atresia and a small left 
ventricle, the electrocardiogram shows right axis 
deviation and right ventricular hypertrophy. One
finding that may be helpful is the absence of a Q
wave and absent R waves in the left precordial leads,
suggesting the left ventricle is small or absent. ST-
and T-wave changes, with inversion of T waves in
all the precordial leads, have been observed in some
infants and could be associated with endocardial
fibroelastosis but could be related to inadequate
coronary perfusion in the presence of increased
workload on the right ventricle. If the left ventricle
is hypoplastic, the presence of left axis deviation
should suggest the diagnosis of atrioventricular
septal defect, with malalignment and major com-
mitment to the right ventricle. The P wave is often
tall and peaked in standard leads II and III and right
precordial leads.

Chest radiography
In the early postnatal period the heart is not usually
enlarged. If the foramen ovale is severely obstructed,
the lungs are poorly aerated due to the presence 
of pulmonary lymphangiectasis and pulmonary
edema. With less severe restriction, increased 
hilar vascular markings due to pulmonary venous
engorgement may be evident. When the foramen
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ovale is adequate, heart size enlarges as pulmonary
blood flow increases, and the pulmonary arterial
markings become prominent. Constriction of the
ductus arteriosus does not result in further major
changes, but pulmonary arterial markings may
become more prominent. The heart is often globu-
lar in shape, with absence of the left ventricle, so
that the apex is tilted upward.

Echocardiography
Fetal studies
With advances in technology and diagnostic skills,
the presence of aortic valve obstruction is being
recognized at a younger fetal age than previously
possible. As mentioned above, aortic stenosis was
suspected in an 11-week fetus that showed an
increase in ascending aortic blood flow velocity.
With subsequent observation it was observed that
left ventricular function was disturbed and it became
progressively hypoplastic [19]. Numerous serial
studies have confirmed the development of atresia
in fetuses that showed aortic stenosis on initial
examination. Many infants are born with aortic
stenosis and do not develop hypoplastic ventricles.
It is therefore important to be able to predict
whether a particular fetus with aortic stenosis is
likely to develop hypoplasia of the left ventricle.
Ultrasound examination has also been useful in
assessing the degree of restriction imposed by the
foramen ovale. Because foramen ovale restriction
in utero is associated with a very high mortality after
birth, its recognition in the fetus, with the pos-
sibility of treatment in the fetus or immediately
after birth, has become an important part of fetal
studies. These issues are discussed in the section on
therapy below.

Postnatal studies 
The introduction of ultrasound examination has
largely eliminated the need for cardiac catheteriza-
tion in the infant with aortic or mitral atresia prior
to surgery. A detailed evaluation should include
assessment of:
• aortic and mitral valve morphology;
• sizes of the left and right ventricles;
• right ventricular function and presence and
severity of tricuspid regurgitation;
• bowing of the atrial septum, size of the foramen
ovale, and displacement of the septum primum;

• size of the ascending aorta and aortic arch, pres-
ence of preductal coarctation, and pattern of flow
in the arch and ascending aorta;
• degree of constriction and pattern of flow in the
ductus arteriosus;
• presence of a ventricular septal defect;
• connections of the pulmonary veins;
• presence of associated lesions.
The right ventricle is large and usually contracts
well. Tricuspid regurgitation is very common and
has been observed in about half of all patients, but is
usually mild. However, it is important to note the
presence of marked regurgitation, because this has
surgical implications. The left ventricle may not be
identifiable, but if aortic atresia with a ventricular
septal defect without mitral atresia is present, the
size of the left ventricle should be evaluated to
decide if it might support an adequate systemic
blood flow. A reasonably well developed left ven-
tricular cavity in the presence of mitral or aortic
atresia indicates the presence of a ventricular septal
defect; its location and size should be assessed.

The direction of bowing of the atrial septum
should be examined. With aortic and mitral atre-
sia, it bulges into the right atrium, whereas in
infants with total anomalous pulmonary venous
drainage it may bulge into the left atrium. The size
of the foramen ovale should be assessed from two-
dimensional ultrasound as well as Doppler flow
analysis. The connections of all pulmonary veins
should be determined to ensure they are draining to
the left atrium. The pattern of flow in the pulmonary
veins should be examined carefully. An increase 
in the reverse flow during atrial systole and a reduc-
tion in forward flow is indicative of the presence 
of foramen ovale restriction (see Chapter 11).

With aortic atresia, the diameter of the ascending
aorta is usually less than 5–6 mm and flow is retro-
grade toward the coronary arteries. The aortic arch
and the isthmus are narrow; in 70–80% of infants,
aortic coarctation is present in the isthmus just
above the junction with the ductus arteriosus. The
ductus arteriosus is usually widely patent in early
infancy but constriction may be observed later.
Bidirectional flow is commonly evident on Doppler
flow study; during systole blood flows from the pul-
monary artery into the descending aorta and the
isthmus and arch, but when pulmonary vascular
resistance falls, diastolic flow from the descending
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aorta through the ductus to the pulmonary artery
may be seen. The absence of aortic to pulmonary
artery diastolic flow suggests that pulmonary vas-
cular resistance is high, or that the foramen ovale is
severely obstructed.

Infants with aortic and mitral atresia with severe
obstruction at the foramen ovale are usually very
cyanosed and distressed soon after birth. Urgent
management is necessary. Therefore the most
important information to obtain is confirmation of
the diagnosis and demonstration of foramen ovale
obstruction. Once these are documented, it is inap-
propriate to extend the examination to assess other
features prior to treatment.

Cardiac catheterization and
angiocardiography
General considerations
Prior to the advent of ultrasound techniques, 
cardiac catheterization was performed in the infant
suspected of having hypoplastic left ventricle to
confirm the diagnosis. The specific indications were
to clarify:
• whether both the mitral and aortic valves were
atretic;
• size of the left atrium and foramen ovale and the
degree of obstruction of the foramen ovale;
• presence of a ventricular septal defect;
• size of the ascending aorta and the aortic 
isthmus;
• size and functional capacity of the left ventricle;
• degree of constriction of the ductus arteriosus.
As mentioned above, these issues can now almost
always be resolved by ultrasound examination, 
so there is little indication to perform cardiac
catheterization in these often very sick infants.
Currently, the main indications for the procedure
are (i) to relieve obstruction to pulmonary venous
flow into the right atrium imposed by the atrial 
septum in the critically ill neonate with severe
cyanosis; and (ii) to determine the feasibility of
proceeding with additional surgery after the first
stage of palliation (Norwood procedure) (see sec-
tion on therapy below).

Infants with aortic and mitral atresia are often
extremely ill. Oxygen should be administered if
severe cyanosis is present, with arterial Po2 below 30–
35 mmHg. Hypoglycemia and hypocalcemia should
be corrected and temperature controlled and main-

tained (see Chapter 3). Prostaglandin should be
administered to maintain ductus arteriosus patency.
Although the cardiac catheterization procedure is
now rarely done for diagnosis, the findings are pre-
sented because they form the basis for our under-
standing of the hemodynamic disturbances.

Aortic and mitral atresia
Oxygen saturation data
The oxygen saturations of SVC and IVC blood are
variable and depend on the magnitude of systemic
blood flow. Initially saturation may be near normal
at 60–65%. As systemic blood flow falls there is
increasing oxygen extraction and vena cava satura-
tion falls to as low as 25–30%. Oxygen saturation
increases at the right atrial level; with foramen ovale
obstruction, it may increase to only 50–60%, but 
if there is no obstruction right atrial oxygen 
saturation may be about 85–90% or even higher.
Frequently, there is a further small increase in right
ventricular oxygen saturation due to streaming of
the blood shunted across the atrial septum directly
into the tricuspid valve orifice. Pulmonary and sys-
temic arterial oxygen saturations are identical. The
level of oxygen is determined by the pulmonary to
systemic blood flow ratio (see Chapter 4). Pulmonary
venous and left atrial saturations are normal or
slightly decreased to about 95%. If pulmonary
blood flow is markedly reduced, pulmonary venous
oxygen saturation may be normal with room air,
and with 100% oxygen Po2 above 400 mmHg may
be achieved. In infants who have severe respiratory
distress associated with pulmonary edema, pul-
monary venous and left atrial saturations may be
reduced to 85–90%. Arterial blood gases show
variable levels of Po2 depending on the magnitude
of pulmonary blood flow; it is markedly reduced 
to 30 mmHg or less with severe foramen ovale
obstruction, but may be as high as 65–70 mmHg if
pulmonary blood flow is large. Arterial Pco2 is usu-
ally normal or reduced to about 35 mmHg, but it
may be raised to about 45 mmHg if pulmonary
edema is present. Arterial pH also varies; it may be
normal but with severe hypoxemia it is often 7.20
or less. Ductus arteriosus constriction with reduced
systemic blood flow results in a fall in pH to 7.2–7.0
associated with a Po2 above 50–60 mmHg and an
oxygen saturation of 85–92% in systemic arterial
blood.
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Pressures
Pulmonary venous and left atrial pressures are 
usually elevated; mean pressure is usually greater
than 15 mmHg, and with foramen ovale obstruc-
tion may be as high as 25–30 mmHg. The a and v
waves are prominent and usually equal in magni-
tude. A pressure difference is recorded as the
catheter is withdrawn across the foramen ovale into
the right atrium. Usually right atrial mean pressure
is increased to 10–12 mmHg, but higher levels may
be recorded when severe right ventricular failure is
present. The right atrial pressure pulse shows a
dominant a wave that may reach 15–20 mmHg.

The left ventricular pressure cannot be recorded.
Right ventricular systolic pressure is usually 70–
100 mmHg, and end-diastolic pressures are increased
to levels similar to the right atrial a wave.

Systolic pressure in the pulmonary artery is sim-
ilar to that in the right ventricle. Diastolic pressure is
variable but is usually maintained above 35 mmHg,
despite the relatively low pulmonary vascular resis-
tance. If foramen ovale obstruction is present, 
pulmonary arterial systolic and diastolic pressure
are elevated and may reach 110/70 mmHg or even
higher, depending also on the degree of constric-
tion of the ductus arteriosus. Without prostaglandin
infusion there is usually a pressure difference across
the ductus arteriosus when the catheter is with-
drawn from the descending aorta to the pulmonary
artery. This may be small, with a systolic and mean
pressure difference of only 8–10 mmHg and no
significant diastolic pressure gradient; however,
with ductus arteriosus constriction, a mean pres-
sure difference of as much as 20–25 mmHg may 
be recorded. The gradient has been observed to 
increase during administration of 100% oxygen,
but it is considerably lower during prostaglandin
infusion. Ductus constriction may reduce systemic
pressure markedly, with systolic pressures of 
35 mmHg or less.

I know of no reports of pressure measurement in
the aortic arch but presumably if the coarctation is
severe, pressures in the ascending aorta and the
arch and its branches would be low.

Blood flows
Calculation of flows is difficult in infants with aor-
tic and mitral atresia; there are large potential
errors in calculation of both systemic and pul-

monary blood flows because the measurement 
of arteriovenous differences may be unreliable.
Pulmonary and systemic flows can be calculated
from the usual Fick equations (see Chapter 4). A
reliable mixed venous sample cannot be obtained
because there is a large shunt across the atrial sep-
tum. SVC and IVC oxygen saturations may differ
greatly and mixed venous oxygen saturation must
be estimated between the two values. Although sat-
urations from different pulmonary veins may vary
slightly, left atrial oxygen saturation is a reasonable
representation of mixed pulmonary venous blood.
However, when pulmonary blood flow is high, the
actual level of flow may be difficult to calculate
accurately, because the pulmonary arteriovenous
oxygen difference is very small (see Chapter 4).
This problem is compounded if oxygen is being
administered to the infant. Oxygen saturation in
both pulmonary venous and pulmonary arterial
blood may be 100%. It is then necessary to calculate
dissolved oxygen from Po2 measurements. The 
calculation of flow is therefore subject to con-
siderable error.

Systemic blood flows may be near normal levels,
but when the ductus arteriosus is constricted may
fall to 2.0 L/min per m2 or less. Pulmonary blood
flow may be increased to levels estimated as high as
8–15 L/min per m2, but these values may be high
because of potential errors in the calculation. If the
foramen ovale is obstructed, pulmonary blood flow
is reduced.

Shunts
As in many other congenital heart lesions, there is a
difference between the volumes of blood actually
shunted left to right and right to left and the 
volumes that recirculate in the pulmonary and 
systemic circulations. The concept of anatomical
and physiological shunting may be applied to dif-
ferentiate between these (see Chapter 4).
1 The anatomical left-to-right shunt in infants
with aortic and mitral atresia is the volume of blood
that crosses the foramen ovale from the left atrium
to the right atrium and represents total pulmonary
blood flow. In addition, a small amount of blood
may flow from the aorta through the ductus arte-
riosus into the pulmonary artery during diastole.
2 The anatomical right-to-left shunt is the volume
of blood passing from the pulmonary artery to the
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aorta through the ductus arteriosus and represents
total systemic blood flow.
3 The physiological left-to-right shunt reflects the
volume of pulmonary venous blood that recircu-
lates through the lungs and is calculated from the
equation:

Left-to-right shunt = Ap − Aep

where Ap denotes pulmonary flow and Aep effect-
ive pulmonary flow.
4 The physiological right-to-left shunt represents
the portion of systemic venous blood that returns
to the systemic arteries without passing through the
lungs and is calculated from the equation:

Right-to-left shunt = As − Aep

where As denotes systemic flow.

Angiocardiography
A contrast injection into the left atrium shows the
size of the chamber, whether there is any mitral
valve opening and, if contrast medium enters the
left ventricle, the size of the chamber. It also delin-
eates the foramen ovale and provides an estimate of
its size. An injection into the descending aorta just
beyond the ductus arteriosus demonstrates the
anatomy of the aortic isthmus, the great vessel ori-
gins from the arch, and usually clearly shows the
size of the ascending aorta, because flow occurs 
retrograde to the coronary arteries. The aortic
injection also demonstrates whether a preductal
coarctation is present.

An injection should be made into the right ven-
tricle to demonstrate a ventricular septal defect and
define the size of the defect and of the left ventricle.
The right ventricular injection will also show the
pulmonary arteries, ductus arteriosus, and aorta;
the ascending aorta may not be seen clearly because
the contrast medium is diluted by the large pul-
monary blood flow. For this reason, the pulmonary
veins and left atrium are not visualized clearly, as
the right atrium and ventricle fill rapidly and no
specific chambers can be seen well.

Mitral atresia with ventricular septal defect
In many respects the cardiac catheterization
findings are similar to those of aortic and mitral
atresia. Since there is complete admixture of pul-
monary and systemic venous blood, the oxygen 

saturation data are similar. The atrial pressure data
are also similar. The diagnosis may be established 
if the catheter is passed from the right ventricle
through the ventricular septal defect into the left
ventricle and the ascending aorta. A left atrial
angiogram will show that there is no filling of the
left ventricle, and all the contrast medium enters
the right atrium. A right ventricular angiogram will
demonstrate passage of contrast medium across the
ventricular septal defect, to fill the ascending aorta
as well as the pulmonary artery.

Differential diagnosis

Most infants with aortic or mitral atresia or hypo-
plastic left heart develop symptoms within a few
days after birth. It is most important to make the
diagnosis rapidly in the infant who has severe
obstruction of the foramen ovale, because progres-
sive hypoxemia may result in early demise. Although
many congenital cardiac lesions with marked cyanosis
should be considered, the most important con-
dition that can simulate the findings of severe
cyanosis with respiratory distress is total anoma-
lous pulmonary venous drainage with obstruction
to pulmonary venous return.

Total anomalous pulmonary 
venous return
The clinical features of moderate to severe cyanosis,
respiratory difficulty, weak pulses, and pallor are
similar in both lesions. Clinical examination of the
heart reveals an accentuated second sound, with no
significant murmurs, in both. The electrocardio-
gram usually shows absent left ventricular forces in
both lesions. Chest radiography shows an increase
in pulmonary vascular markings, with variable degrees
of pulmonary edema, and the heart may be variably
enlarged in either lesion.

In general, symptoms and signs tend to be delayed
for several days in infants with total anomalous
pulmonary venous return, and to appear earlier 
in those with aortic atresia and foramen ovale
obstruction, but this is not reliable in the differenti-
ation. Most of the other lesions associated with
severe cyanosis present after a few days, because the
ductus arteriosus provides a reasonable pulmon-
ary blood flow and deterioration occurs when 
the ductus constricts. However, aortopulmonary
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transposition with a very small or closed foramen
ovale may present early. Ultrasound examination
readily makes the differentiation.

Idiopathic respiratory distress
syndrome
During the first day after birth, the possibility of
respiratory distress syndrome should be consid-
ered. The differentiation from aortic atresia is not
usually difficult. Infants with respiratory distress
syndrome with marked cyanosis demonstrate much
greater respiratory difficulty, with sternal retrac-
tion and grunting. Examination of the chest or
heart is not especially contributory. However, the
presence of a markedly enlarged liver would tend to
lead one away from the diagnosis of respiratory dis-
tress syndrome. The chest radiograph may be help-
ful; infants with aortic atresia with obstructed
foramen ovale show increased hilar pulmonary
venous plethora, but those with respiratory distress
syndrome usually have diffuse pulmonary changes.
The electrocardiogram is not of much help, as it
usually shows dominant right forces, but if R waves
are seen in the left precordial leads, the diagnosis of
hypoplastic left ventricle is unlikely. Measurement
of arterial blood gases may be helpful; in respiratory
distress syndrome the Pco2 is usually markedly ele-
vated, often to 50–60 mmHg, whereas with aortic
atresia it is either normal or only slightly increased. 

In infants with mild obstruction of the foramen
ovale, the occurrence within a few days after birth
of the characteristic picture of pallor, mild cyanosis,
often with mottling, respiratory distress and weak
pulses should lead one to suspect the lesion. There
are, however, several disease entities that should be
considered.

Severe aortic stenosis
Infants with severe aortic stenosis but with well-
developed left ventricles may present a clinical pic-
ture similar to that seen in aortic atresia, because
they may have markedly decreased cardiac output
with poor peripheral perfusion. In infants with aor-
tic stenosis a harsh systolic ejection murmur is usu-
ally heard at the mid to lower left sternal border,
but if cardiac output is severely reduced the mur-
mur may be soft. Chest radiography usually shows
marked cardiomegaly in the infant with aortic
stenosis, but this is not a reliable differentiating 

feature. The pulmonary arterial markings are usu-
ally very prominent with aortic atresia, but not with
aortic stenosis. However, some infants with aortic
stenosis have left-to-right shunts through the fora-
men ovale, which results in prominent pulmonary
vasculature. The newborn infant with severe aortic
stenosis often has dominant right-sided forces with
right axis deviation on the electrocardiogram but,
unlike in aortic atresia, R waves (indicating left ven-
tricular forces) are usually present in the left pre-
cordial leads.

The diagnosis can be made readily by ultrasound
study, demonstrating the markedly hypoplastic
ascending aorta with retrograde flow toward the
coronary arteries in aortic atresia. In patients with
hypoplastic left ventricle with aortic and mitral
stenosis, the clinical picture may be very similar to
that in aortic and mitral atresia. The differentiation
is made by ultrasound examination, including
Doppler flow studies. The presence of a small ven-
tricle with flow through both the mitral and aortic
valves differentiates the condition from aortic 
atresia.

Acute myocarditis
Newborn infants with acute viral myocarditis may
present with acute cardiovascular collapse, pallor,
very weak pulses, and respiratory difficulty. The
clinical features may be indistinguishable from
those of aortic and mitral atresia. The heart is 
usually quiet to palpation as compared with aortic
atresia and murmurs are not usually heard. Chest
radiography is not helpful, as it shows a large heart
with pulmonary edema. The electrocardiogram
may show low voltage of the QRS complex in all
leads, but in early infancy right-sided forces may 
be dominant. In the absence of an epidemic or 
evidence of viral infection in the mother or other
infants, the differentiation clinically may be
difficult. Ultrasound study readily provides the cor-
rect diagnosis.

Principles of management

Fetal diagnosis and management
The introduction of ultrasound examination of the
fetus has led to the ability to recognize hypoplastic
left heart syndrome by mid-gestation and often
even earlier. Currently, the main interest in fetal
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diagnosis is related to the hypothesis that hypoplas-
tic left heart frequently develops in fetuses with 
a primary lesion of valvar aortic stenosis during
gestational growth (see Chapter 11).

It is hoped that by relieving the aortic stenosis by
balloon dilation of the valve in utero, the left ventri-
cle would be able to develop a size and function that
would permit it to sustain an adequate systemic
output postnatally. If this concept that the left 
ventricle becomes progressively hypoplastic with
advancing gestation is correct, the earlier the dila-
tion of the valve is performed, the more likely 
optimal ventricular development is achieved. It
would therefore be important to make the diagno-
sis of aortic stenosis as early as possible in utero.
This requires identification of at-risk populations,
recognizing the earliest evidence of the lesion and
skillful interpretation of ultrasound studies.

Hypoplastic left heart syndrome has high herit-
ability, as discussed above. Therefore, if there is a
history in the parents’ families of hypoplastic left
heart syndrome, aortic stenosis, coarctation of the
aorta, or bicuspid aortic valve, the fetus should 
be carefully studied, probably by 11 or 12 weeks of 
gestation for possible presence of aortic stenosis.
Sequential studies should be conducted every 4–
5 weeks. The presence of increased nuchal fold
thickness in the fetus during ultrasound screening
in the first trimester has been found to be associated
with chromosomal anomalies or congenital cardio-
vascular malformations; hypoplastic left heart is
one of the malformations noted in the fetus with
increased nuchal fold thickness.

With current approaches, most fetuses are 
recognized to have aortic obstruction because 
they have left ventricular enlargement and usually
dysfunction and often manifest endocardial fibro-
elastosis. However, several observers have suspected
the presence of stenosis when left ventricular size
and function are normal. In one report [19], aortic
stenosis was suspected in a fetus at about 11 weeks’
gestation, based on the observation of increased
flow velocity in the ascending aorta by Doppler
examination; by about 16 weeks the fetus had 
developed a dysfunctional left ventricle and then pro-
gressed to typical hypoplastic left heart syndrome.
With current techniques, it is probably unlikely
that a stenotic aortic valve could be identified from
imaging of the valve itself. Thus the finding of 

turbulence and increased flow velocity in the
ascending aorta may be the best evidence available
to suspect the diagnosis. It will be necessary to
develop data for normal aortic flow velocity in
fetuses during early gestation and criteria for what
represents an abnormal velocity. 

A major concern in the USA is the fact that cur-
rently most ultrasound technicians performing
studies of cardiac structure in fetuses have not had
adequate training in the identification of cardiovas-
cular abnormalities. There is a relatively high inci-
dence of failure to recognize lesions subsequently
shown to be present. Certainly there is a general
lack of ability to interpret more sophisticated
aspects of Doppler examination of flow patterns in
the heart and great vessels. This concern will have
to be addressed if earlier diagnoses are to be made.

Several centers around the world are now cap-
able of performing balloon dilation of the aortic
valve in the fetus by transabdominal and transuter-
ine insertion of a needle into the fetal left ventricu-
lar apex and then passage of a wire and balloon
dilation catheter across the aortic valve, but the
largest experience has been reported from the
Children’s Hospital in Boston [18]. Many infants
are born with mild, moderate or severe aortic
stenosis with left ventricles that may show hyper-
trophy but which have normal function and no
endocardial fibroelastosis. It is not known what fac-
tors determine whether a fetus with aortic stenosis
will progress to hypoplastic left heart. This is crucial
in making the decision whether to attempt balloon
dilation of the valve in utero. In an attempt to
resolve this question, Makikallio et al. [16] assessed
what circulatory disturbances in utero were asso-
ciated with development of hypoplastic left heart
syndrome and found that hypoplasia developed in
a high proportion of those with retrograde flow in
the transverse aortic arch, left-to-right flow across
the foramen ovale, monophasic mitral inflow, and
significant left ventricular dysfunction. However,
by the time these changes are observed, the major-
ity of fetuses have markedly impaired left venticular
function as well as considerable endocardial fibro-
elastosis. My concern is that if one waits for these
advanced changes to occur, the degree of damage
sustained by the left ventricle may limit its ability 
to provide an adequate systemic blood flow 
after birth. Better criteria need to be developed to
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decide when therapeutic intervention should be 
considered.

Another therapeutic procedure that has been
considered in the fetus is the relief of a restricted
foramen ovale. Restriction of the foramen ovale in
the fetus is associated with the development of pul-
monary lymphangiectasis and severe pulmonary
edema and a high early mortality after birth. The
possibility that relief of the obstruction during fetal
life could prevent the high mortality after birth has
been entertained. However, it is necessary to be able
to detect the presence of foramen ovale restriction
in utero. As discussed above, the pattern of blood
flow in pulmonary veins has been shown to be 
predictive of foramen ovale restriction (p. 262).
With restriction, reverse flow during atrial systole 
is exaggerated and forward flow is progressively
reduced. Using techniques similar to those devel-
oped for balloon dilation of the aortic valve, a 
balloon catheter is passed across the foramen ovale
and it is dilated to relieve the obstruction. This 
procedure has been performed successfully in a
number of fetuses by the group at the Children’s
Hospital, Boston. Its effectiveness is yet to be
assessed.

When the diagnosis of hypoplastic left heart syn-
drome is confirmed in a fetus, there are several
options that should be presented to the parents,
including:
• termination of pregnancy;
• term delivery, but no intervention apart from
supportive care;
• plan to proceed with palliative procedure;
• plan for cardiac transplantation.
It is important to inform the parents about such
issues as limited availability of hearts for transplan-
tation, the several surgical procedures required for
the palliative surgery, and the stress endured by the
parents, patient, and siblings. Also, the potential
complications and long-term outlook should be
discussed. The ensuing discussion is presented on
the assumption that the decision has been made to
proceed with active intervention.

General considerations
Prior to the early 1980s, although sporadic attempts
to palliate infants with aortic atresia were made, it
was generally accepted that no effective treatment
was available. Norwood et al. [43] developed pallia-

tive reconstructive surgery consisting of a two-stage
approach. In the first procedure, with cardiopul-
monary bypass, the main pulmonary artery was
transected and anastomosed to the undersurface of
the aortic arch. The distal stump of the pulmonary
artery was sutured and pulmonary blood flow 
was provided by a subclavian-to-pulmonary artery
anastomosis. The right ventricle thus ejected through
the pulmonary artery into the aorta to provide sys-
temic blood flow and it also maintained pulmonary
blood flow through the shunt. In the second pro-
cedure, performed 2–4 years later, the right atrium
was connected to the pulmonary arteries (Fontan
procedure) to relieve some of the volume load on
the single right ventricle. Although initial results
were not very encouraging, modifications in tech-
nique and experience have considerably improved
the results. Soon after this approach was developed,
successful cardiac transplantation was performed
in newborn infants with aortic atresia.

Currently, survival after surgery under optimal
conditions is comparable. With palliative recon-
struction the survival is 65–80% at 1 year and 60–
70% at 5 years at various institutions. For infants
treated by cardiac transplantation, survival is
75–80% at 1 year and 70–75% at 5 years. Both of
these approaches have advantages and disadvant-
ages. Palliative reconstruction is done with the use
of native tissues and therefore the use of immuno-
suppressive therapy with its attendant risks is not
necessary. The right ventricle provides systemic
blood flow and may not be able to tolerate this load
through adult life, so that right ventricular failure
may develop. This is particularly prone to develop
if tricuspid regurgitation is present. Following the
atriopulmonary connection, there is a high inci-
dence of atrial arrhythmias, which may be disabling
or life-threatening. Although modifications of the
procedure have reduced the incidence of arrhyth-
mias, they are still potentially serious sequelae. The
complications of palliative reconstruction are dis-
cussed in more detail below. The real advantage of
cardiac transplantation is that it provides a heart
with two functioning ventricles. The disadvantages
of cardiac transplantation are that only few hearts
of appropriate size are available for infants and
many with aortic atresia have succumbed while
awaiting transplantation. In addition, immuno-
suppressive therapy is required throughout life and
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this imposes risks such as infection. Also, despite
appropriate immunosuppressive therapy, risks of
rejection as well as early coronary artery disease
must be considered.

The clinical presentation of infants with aortic
and mitral atresia is influenced by the presence of
severe foramen ovale obstruction and this also
determines initial management. 

Aortic and mitral atresia with foramen
ovale obstruction
The infant with severe cyanosis requires urgent
therapy. Concern has been expressed about admin-
istration of oxygen because of the perceived risk 
of causing constriction of the ductus arteriosus.
However, when pulmonary blood flow is very low,
100% oxygen will have only a small effect on total
oxygen uptake in the lung and arterial blood Po2

will increase only slightly. This may provide a small
increase in oxygen delivery to the tissues (see
Chapter 3) but will not have a significant effect 
on the ductus arteriosus (see Chapter 6). There-
fore, if the arterial Po2 is below about 35 mmHg,
oxygen should be administered. Tracheal intuba-
tion should be performed and ventilation assisted,
particularly if pulmonary edema is present. Hypo-
glycemia and hypocalcemia should be treated.
PGE1 should be infused intravenously to dilate the
ductus arteriosus if it is constricted or to maintain
its patency. After having initiated these meas-
ures, the most immediate concern is to relieve the
foramen ovale obstruction. Two approaches are
possible.
1 If palliative surgery is planned and it is possible
to perform the procedure without significant delay,
immediate surgery could be performed. However,
there is an increasing reluctance to subject the
infant to extensive surgery before attempting to sta-
bilize the clinical status first; creating an opening in
the atrial septum is thus recommended.
2 If surgery has to be delayed for some days or if it
is decided to await availability of a heart for trans-
plant, an attempt should be made to create an atrial
septal opening as soon as possible. The difficulty in
creating an atrial septal opening by balloon or blade
septostomy, as well as the possibility of perforating
the septum, followed by serial dilatation of the sep-
tum are discussed below.

Atrial septostomy
Enlargement of the foramen ovale or creation 
of an atrial septal opening is indicated if the fora-
men ovale is restrictive. As mentioned above, 
this procedure may be required urgently in the
immediate newborn period in the infant with
severe cyanosis. The technique of balloon atrial
septostomy first developed by Rashkind has been
very successful in enlarging the foramen ovale 
in several congenital cardiac lesions, particularly
aortopulmonary transposition. Rapid withdrawal
of a balloon dilated in the atrium across the atrial
septum creates a tear in the inferior margin of 
the foramen and enlarges the lumen. However, this
procedure is often not successful in aortic and
mitral atresia for several reasons: the left atrium 
is often small, so the balloon cannot be inflated 
adequately; the atrial septum is thick and fibrous,
making it difficult or impossible to withdraw the
balloon across it; and the septum is tough and 
will not tear. Blade septostomy, as developed by
Park et al. [44], has been used to incise the septum
prior to attempting to dilate the opening with the
balloon, but this has risks because of the small 
size of the left atrium as well as the thickness of 
the septum. The technique that has been most suc-
cessful is the creation of an atrial septal opening 
by passage of a Brockenbrough needle through a
catheter to puncture the septum. More recently,
trans-septal puncture of the thick atrial septum 
has been accomplished by use of radiofrequency
perforation of the septum. The opening is then
enlarged by serial balloon inflation; because an 
adequate opening often cannot be maintained, 
it is becoming common practice to place a trans-
septal stent.

Aortic and mitral atresia with adequate
foramen ovale
In these infants, the clinical manifestations are a
combination of right ventricular failure due to 
the high volume load, poor systemic circula-
tion resulting from ductus arteriosus constriction, 
and possibly some degree of pulmonary edema if
the foramen ovale is mildly restrictive. Attention
should be directed to correction of hypoglycemia
and hypocalcemia and consideration should be
given to the following measures.
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Oxygen administration
It has become an almost routine part of manage-
ment of an infant in severe respiratory distress to
administer high concentrations of oxygen. In the
infant with aortic atresia, administration of oxygen
could have a possible beneficial effect, but it could
also be deleterious. The beneficial effect would be
derived from increasing Po2 in arterial blood, thus
providing a greater amount of oxygen for delivery
to the tissues, thereby tending to relieve local
hypoxia due to decreased blood flow. This potential
beneficial effect is limited, because arterial oxygen
saturation is already high with the infant breathing
room air. A limited increase in arterial oxygen 
content will be achieved by raising Po2 from 50–
60 mmHg to 100–150 mmHg. Dissolved oxygen
would increase by only about 0.4–0.6 mL/dL of
blood. This small increase in arterial oxygen con-
tent will have only a minor effect on availability of
oxygen to the tissues if systemic blood flow is inade-
quate. The rise in arterial Po2 associated with oxy-
gen administration could have an adverse effect by
constricting the ductus arteriosus, thus further
reducing systemic blood flow and oxygen availabil-
ity even though arterial Po2 is increased. In addi-
tion the fall in systemic arterial pressure could
interfere with coronary blood flow to the right 
ventricle. The high inspired oxygen concentration
could also have an adverse effect by reducing pul-
monary vascular resistance, thus permitting a fur-
ther increase in pulmonary blood flow, with
accentuation of right ventricular failure. In addi-
tion, pulmonary arterial pressure may fall and flow
across the ductus arteriosus could be reduced.

Maintaining patency of the ductus arteriosus
Administration of PGE1

If there is evidence of constriction of the ductus
arteriosus, PGE1 is indicated to dilate the ductus
and also to maintain its patency. Arterial pressure
should be carefully monitored at the start of the
PGE1 infusion. If necessary, additional fluids may
be required to prevent significant hypotension.
Although PGE1 usually increases systemic blood
flow and perfusion, it could have deleterious
effects. PGE1 is a peripheral vasodilator and this
effect will be particularly prominent if the systemic
vascular resistance is high. Even though flow across

the ductus may increase, systemic arterial pres-
sure may fall and possibly compromise coronary 
blood flow. It is therefore important to attempt to
limit large decreases in arterial pressure by use of
inotropic agents such as dopamine. Potentially,
PGE1 may have an adverse effect by reducing pul-
monary vascular resistance, thus diverting blood
away from the systemic circulation.

Stenting of the ductus arteriosus
Although PGE1 has been effective in maintaining
ductus patency, the disadvantage is that it is neces-
sary to administer it continuously by intravenous
infusion until either palliation or transplant is per-
formed. Several attempts have therefore been made
to maintain ductus patency by inserting a stent by
peripheral vascular approaches as a palliative pro-
cedure while awaiting transplant [45]. Maintaining
patency of the dictus arteriosus alone is not ade-
quate to promote survival because, with the decline
in pulmonary vascular resistance after birth, blood
would flow preferentially into the pulmonary cir-
culation and thus systemic flow and perfusion is
not well maintained; in addition, the large volume
load from the high pulmonary blood flow may
result in right ventricular failure. For this reason,
bilateral banding of the pulmonary arteries has
been performed surgically to restrict pulmonary
blood flow. It is quite difficult to judge the degree of
constriction of the pulmonary arteries that should
be achieved. If it is too severe, pulmonary flow
would be inadequate and cyanosis will develop. If it
is inadequate, cardiac failure and poor systemic
perfusion will persist. For this reason, attempts
have been made to apply adjustable cuffs on the left
and right pulmonary arteries at the time of surgery.
The degree of constriction can be controlled by in-
flating or deflating the cuffs by subcutaneous injec-
tion or withdrawal of fluid into chambers connected
to the cuffs [46]. Although stents have been success-
fully introduced, the long-term survival has been
variable, from a few months to as long as a year [47].

Treatment of cardiac failure
Diuretics should be given after systemic blood flow
has been improved by PGE1, in order to improve
pulmonary edema. Digitalis has been used but is
not generally recommended because it has not been
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observed to have a significant effect. Attempts have
been made to improve right ventricular function by
infusing catecholamines, particularly dobutamine
and dopamine. They have been administered as
inotropic agents to improve right ventricular func-
tion and thus increase systemic blood flow. It is
important that these agents be used in relatively low 
doses, below about 5 μg/kg per min, because larger
doses of dopamine may also cause an increase in
systemic vascular resistance and thus have a deleteri-
ous effect on systemic blood flow and tissue perfu-
sion. Recently, their effectiveness has been questioned.

Increasing pulmonary vascular resistance
It has been suggested that pulmonary vascular
resistance be increased either by lowering the con-
centration of oxygen in inspired gas, or by increas-
ing arterial Pco2 by hypoventilation or by increasing
the CO2 concentration in inspired gas. The poten-
tial benefits of this approach are to reduce pul-
monary blood flow and improve right ventricular
failure by decreasing the volume load on the right
ventricle. Lowering pulmonary blood flow could
potentially also improve pulmonary edema if the
foramen ovale is somewhat restrictive. In addition,
by diverting blood away from the lungs, the flow
across the ductus arteriosus could increase, and
provide greater systemic blood flow. The suggested
concentration of oxygen in inspired air is 15–17%.
Arterial blood gases should be monitored repeat-
edly to ensure that Po2 is not falling to very low 
levels and that arterial pH is not decreasing. Hypo-
ventilation is accomplished by mechanical ventila-
tion of the intubated infant. Muscle relaxants are
also usually necessary to regulate ventilation to
achieve an arterial Pco2 of about 45–50 mmHg.
These measures would be appropriate only in 
an attempt to stabilize the infant while awaiting
surgery for palliation or cardiac transplant. Little
information is available regarding their effective-
ness, nor how long they can be maintained.

Decreasing systemic vascular resistance
Because blood flow to the systemic and pulmonary
circulations depends on the relative resistances, 
an approach to increasing systemic blood flow 
has been to reduce systemic vascular resistance 
by administering systemic vasodilators. The α-
adrenoceptor blocker phenoxybenzamine has been

used, particularly in the postoperative period after
a Norwood procedure [48].

Palliative surgery (Norwood procedure)
As mentioned above, Norwood originally designed
a two-stage procedure. The first consisted of con-
necting the pulmonary artery to the aorta, with
provision of pulmonary blood flow through a sys-
temic arterial–pulmonary arterial shunt. In the sec-
ond stage, the right atrium was connected to the
pulmonary artery (Fontan procedure). The second
stage was delayed for 2–4 years after the first stage,
because it was not well tolerated if done earlier.
There were several disadvantages associated with
this relatively long delay. If the aortopulmonary
shunt did not adapt with growth, marked cyanosis
developed. If the shunt was too large, the high pul-
monary flow and increased pulmonary arterial
pressure imposed the risk of pulmonary vascular
disease. An additional concern was that the right
ventricle was responsible for providing both pul-
monary and systemic blood flow and the risk of
failure was considerable. In addition, there is the
concern that the excessive load on the ventricle
could result in myocardial fibrosis with permanent
damage. The approach has now been modified and
a three-stage procedure is currently recommended
by many centers. This palliative procedure is not
recommended if marked tricuspid insufficiency is
detected, because when the right ventricle assumes
the role of the systemic ventricle, it is subject to 
a high afterload and this may accentuate the 
insufficiency, with rapid onset of failure. Some 
surgeons have attempted to perform tricuspid
valvuloplasty at the time of the initial palliation,
with variable success. The alternative approach is to
schedule a transplantation procedure.

First stage
The main pulmonary artery is divided and the
proximal portion is anastomosed to a long segment
of the aorta, extending from the ascending aorta
along the undersurface of the arch to the descend-
ing aorta beyond any coarcted segment. Coarcta-
tion, which is frequently present, is also relieved. 
The distal pulmonary artery segment is sutured.
Pulmonary blood flow is provided by a tube graft
placed between the aorta and the distal pulmonary
artery segment. In this stage the atrial septum is
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excised to create as large a septal opening as pos-
sible. A concern following this procedure is that
systemic perfusion during the early postoperative
period is often poor. It was postulated that this
could be the result of a high diastolic flow from 
the aorta through the aortopulmonary shunt into
the low-resistance pulmonary circulation. A modi-
fication was developed by Sano et al. [49] to
attempt to prevent this runoff, by introducing a
conduit from the right ventricle to the pulmonary
arteries. It was thought this would provide better
systemic perfusion, but although systemic arterial
diastolic pressure was higher in the infants who 
had this procedure, there was no consistent benefit
to systemic perfusion or oxygenation [50].

In view of the not infrequent occurrence of cog-
nitive delay in patients with hypoplastic left heart
syndrome who have had a Norwood procedure,
one hypothesis proposed that the introduction of
an aortopulmonary shunt resulted in a decrease in
diastolic pressure with compromise of cerebral
blood flow. It was thought that a right ventricular
to pulmonary arterial conduit may help to avoid
the steal of blood flow to the brain. However,
infants who had the right ventricular to pulmonary
artery conduit procedure have somewhat higher
systemic arterial diastolic pressure, but there was
no difference in cerebral blood flow or oxygenation
[51]. It is perhaps most important to completely
relieve obstruction due to coarctation of the aorta
in order to provide maximal cerebral flow.

Many infants who have had a Norwood proced-
ure have problems with maintaining systemic
blood flow and oxygen delivery in the perioperative
period. The tendency was to infuse catechola-
mines in large amounts in an attempt to increase
cardiac output. Recently, however, the concept 
that systemic perfusion could be improved by
reducing systemic vascular resistance has led to the
administration of the α-adrenoceptor blocker 
phenoxybenzamine during surgery and in the 
early postoperative period. This has considerably
improved systemic oxygen delivery [48].

Second stage: bidirectional cavopulmonary
anastomosis
The SVC is divided and anastomosed to the distal
pulmonary artery segment. This is performed at
about 4–6 months of age, but if the aortopul-

monary shunt is inadequate and the infant has
severe cyanosis, it can be done at 2–3 months. The
aortopulmonary shunt or ventricular–pulmonary
arterial conduit is obliterated. Various modifica-
tions of the procedure have been developed to
attempt to facilitate the accomplishment of the
third stage.

Third stage: total cavopulmonary connection
(modified Fontan procedure)
The IVC is diverted into the pulmonary artery by
creating a tunnel with woven material sutured to
the atrium, using the right atrial wall as one side of
the tube. This is then connected to the pulmonary
artery. A 3–4 mm perforation is made in the lateral
tunnel to allow decompression of the IVC should
pressure increase as a result of relatively high pul-
monary vascular resistance. This procedure is now
performed at about 18–24 months of age. An alter-
native approach is to introduce an external con-
duit, which does not involve the right atrial wall.
More recently, the IVC return has been directed so
that all or part of hepatic venous blood continues to
drain directly into the right atrium. Cavopul-
monary anastomoses are discussed in detail in
Chapter 15.

Survival and long-term prognosis
Survival after the first stage varies in different cen-
ters, but as many as 75–90% of infants may be alive
at 1 month. During the early postoperative period,
the infant will require assisted ventilation and treat-
ment for cardiac failure with diuretics, digitalis and
possibly afterload reducers. The main postopera-
tive concerns are (i) development of severe cyanosis
because the aortopulmonary shunt is thrombosed
or obstructed at the suture site; (ii) manifestations
of aortic coarctation, because the affected segment
was not adequately removed; and (iii) onset of
severe cardiac failure due to tricuspid regurgita-
tion. Ultrasound studies and, if necessary, cardiac
catheterization should be performed to evaluate
these problems. If the shunt is inadequate, it may 
be necessary to introduce an additional shunt, or,
beyond about a month, possible earlier cavopul-
monary anastomosis could be considered. If resid-
ual aortic coarctation is severe, it may be necessary
to relieve it surgically in the early postoperat-
ive period. If tricuspid regurgitation is severe,
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annuloplasty can be attempted, but the results have
not generally been too successful and mortality is
high in these infants.

Prior to proceeding with the second stage, the
infant should be evaluated by ultrasound study and
cardiac catheterization for the purposes of assessing
pulmonary vascular resistance and morphology of
the pulmonary arteries to decide if cavopulmonary
anastomosis is appropriate and whether pulmonary
arteries may require reconstruction because of dis-
tortion. Retrograde arterial catheterization with
manipulation of the catheter through the shunt
provides a measure of pulmonary arterial pressure
and, with an estimate of pulmonary blood flow,
pulmonary vascular resistance can be calculated.
An angiogram in the pulmonary artery or in the
aorta proximal to the shunt will demonstrate dis-
tortion or stenosis of the pulmonary arteries. In
addition, right ventricular performance should be
evaluated. A similar evaluation should be per-
formed prior to the third stage of palliation. The
pulmonary arteries can be catheterized from an
upper extremity vein prior to the third stage. There
is growing interest in using ultrasound or magnetic
resonance imaging in evaluating infants for the sec-
ond or third stage, but at present these techniques
are not proven to provide reliable information on
pulmonary vascular resistance.

The cavopulmonary anastomosis relieves the
right ventricle of the need to provide total pul-
monary blood flow and thus reduces the volume
load on the ventricle. This procedure is usually well
tolerated and is attended by a relatively small risk.
The practice of staging the diversion of all systemic
venous blood into the pulmonary arteries directly
has significantly reduced the incidence of postoper-
ative complications as compared with the original
Fontan procedure. It has also made it possible to
perform the partial diversion by cavopulmonary
anastomosis at a considerably younger age with
greater success.

The long-term outlook in individuals who have
had the staged palliative procedure is yet to be
determined. However, several complications have
been described within a few years. Atrial arrhyth-
mias are common; although the incidence appears
to be less since the traditional Fontan procedure
has been modified, sick sinus syndrome and tachy-
arrhythmias, particularly atrial flutter, are still a

significant problem. Systemic venous hyperten-
sion may result in protein-losing enteropathy 
with ascites and peripheral edema 2–5 years after
surgery. This is a severely disabling condition that is
difficult to treat. If symptoms are severe, it may be
necessary to reduce venous pressure by creating an
opening between the IVC and right atrium, but 
this has the disadvantage of causing cyanosis (see
Chapter 16 for further discussion).

Another serious concern has been the issue of
neurological and intellectual development. Because
the child is subjected to complex therapeutic pro-
cedures for a prolonged period in early childhood,
there is considerable risk of brain damage. The
results in reported studies vary considerably. One
study showed considerable functional disturbances
in neurodevelopmental outcome in school-age
children, with learning disability in one-third and
developmental retardation in 13%. Other studies in
younger children have shown normal intellectual
development. It is possible that neurological distur-
bances were more common in the early experience
but that, with improvement in techniques, the out-
come has improved.

Following the palliative procedure, the right ven-
tricle continues to function as the systemic ventri-
cle. It is not known whether it will be able to
maintain systemic blood flow over a normal life-
span. The frequent association of tricuspid insuffi-
ciency places an additional load on the ventricle.
There is a significant risk that right ventricular fail-
ure will develop, but the time period over which
this will occur is not known.

Heart transplantation
Heart transplantation is considered the primary
therapy in some centers. Limited availability of
donor hearts is a serious problem and 25% or more
infants succumb while awaiting transplant. Pros-
taglandin is administered to maintain patency of
the ductus arteriosus until the procedure is per-
formed. An alternative approach, allowing the
infant to survive until transplant is feasible, is the
so-called hybrid procedure, performed simultan-
eously by a surgeon and an interventional cardio-
logist. A stent is placed transthoracically into 
the ductus arteriosus and banding of the left and
right pulmonary arteries is performed. Following
surgery, circulatory support with inotropic agents
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is often required for several days. Immunosup-
pressive therapy must be administered throughout
the life of the patient, and avoidance of infection is
a major issue, as is the risk of secondary malignan-
cies. Survival is comparable to that of the palliative
procedure, with 1-year survival of about 80% and
5-year survival of 70–75%. The long-term out-
look for these patients is yet to be determined.
Some information on patients who had transplan-
tation for hypoplastic left heart syndrome 20 years
or more ago has indicated the development of
coronary artery disease, with the need for repeat
transplantation.
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the region of the ductus arteriosus may develop
severe cardiac failure in the newborn period. 

Morphological considerations

The ascending aorta arches to the right and the
transverse aorta gives rise to the innominate, left
carotid and left subclavian arteries and is then
directed caudally. In the adult, the diameter of the
aorta beyond the origin of the innominate artery
decreases only slightly and the cross-sectional area
of the upper portion of the descending aorta is
about 0.95 of that between the left subclavian artery
and the site of attachment of the ligamentum arte-
riosus. However, in the newborn infant and term
fetus, the diameter of the descending aorta is re-
ported to be about 1.5 that of the aorta between the
left subclavian artery and the ductus arteriosus [1].
In a study of aortic dimensions by both echocardio-
graphy and measurement in aborted fetuses, the
ratio of the diameter of the aortic isthmus to that of
the ascending aorta was 0.6–0.7 [2]. Based on these
reports, the cross-sectional area of this portion of
the aorta, termed the aortic isthmus, is only about
0.5 that of the descending aorta. This marked nar-
rowing of the isthmus in the normal fetus and
neonate has been explained on the basis of the pat-
terns of blood flow in the fetus. A more recent
echocardiographic study found that the ratio of the
isthmus to ascending aortic diameter in human
fetuses at 16–38 weeks’ gestation was 0.81 [3], so
that the cross-sectional area of the isthmus was
about two-thirds that of the ascending aorta. In five
fetuses in whom coarctation of the aorta was
confirmed postnatally, the isthmus diameter was
below the third percentile for gestational age.

In the normal fetal lamb in late gestation, the
right ventricle ejects about 66% of combined 
ventricular output (CVO); 8–10% of CVO perfuses
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Lesions of the aortic arch or proximal portion of
the descendyng aorta are common and account for
about 5–8% of congenital disorders of the heart
and great vessels. The term coarctation of the aorta
indicates that the aortic lumen is narrowed, whereas
interruption of the aortic arch implies a complete
occlusion or absence of a segment of the aortic
arch. Although these two conditions are discussed
in this chapter, there is increasing evidence that the
mechanisms responsible for these anomalies may
differ.

In some of the earlier descriptions of coarctation
of the aorta, the lesions were classified as the infan-
tile type of coarctation, which it was thought usu-
ally produced severe symptoms in infancy, and the
adult type, which usually produced symptoms in
older children or adults. The infantile type of coarc-
tation, also known as tubular hypoplasia of the aorta,
or preductal coarctation was characterized by dif-
fuse narrowing of the aorta proximal to the ductus
arteriosus. Because the ductus arteriosus is patent
during infancy and blood may flow from the right
ventricle and pulmonary artery to the descending
aorta, the term “coarctation of the aorta with sys-
temic right ventricle” was used to describe this
anomaly. The adult type of coarctation was defined
as a localized narrowing of the aorta at the junction
of the ductus arteriosus or ligamentum arteriosum
with the aorta. In older individuals there is usually a
circumferential narrowing that often produces a
greater degree of obstruction of the lumen than is
suggested by the external appearance.

The classification of coarctation of the aorta into
infantile and adult types is no longer acceptable,
because infants with localized aortic narrowing in

12
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the lungs and 56–58% passes through the ductus
arteriosus to the descending aorta. The left ventri-
cle ejects only 33% of CVO. About 3–5% goes to
the coronary circulation, the remaining 28–30%
passing into the ascending aorta. About 20% of CVO
is distributed to the head, neck and upper extremi-
ties, so that only about 10% crosses the aortic 
isthmus to the descending aorta (see Figure 1.6),
which carries about 66% of CVO. The diameters 
of the vessels reflect the magnitude of the flows
through them. The pulmonary trunk and the des-
cending aorta are very large, the ductus arteriosus
slightly less so, and the ascending aorta is smaller
than the descending aorta, but the isthmus is nar-
row, with a cross-sectional area only about half that
of the descending aorta. The amounts of blood
flowing through the large arteries in the human
fetus have not been measured precisely. Blood flow
into the ascending aorta is considerably larger in
the human compared with the sheep fetus and pul-
monary blood flow is also greater (see Table 1.3).
However, it is recognized that the volume flow-
ing across the aortic isthmus is also quite low, 
and probably only about 8% of CVO. The diffuse
narrowing of arch and isthmus of the aorta has
been referred to as “fetal coarctation” and “tubular
hypoplasia of the aorta.” However, it is important
to appreciate that this portion of the aorta is nor-
mally narrowed in the fetus and neonate.

The influence of blood flow on development is
apparent from examination of the aortic arch and
the ductus arteriosus in several congenital cardiac
anomalies, in which blood flow patterns can be
assumed. In the fetus with a lesion where the right
ventricle ejects little or no blood, the left ventricle
ejects the total CVO into the ascending aorta.
Lesions that produce this type of flow pattern
include pulmonary atresia (see Figure 15.1) and 
tricuspid atresia with normal origin of the aorta and
pulmonary artery (see Figure 16.1). In these lesions,
of the 100% of CVO that enters the ascending
aorta, a small percentage is distributed to the coro-
nary circulation and, in the human fetus, probably
about 30–35% supplies the upper body including
the brain. The remaining 65–70%, which includes
blood to be distributed through the ductus arterio-
sus to the lungs, passes across the aortic isthmus. In
infants with these anomalies, the ascending aorta is
larger than normal, the isthmus at least as wide as

the descending aorta, and the ductus arteriosus
seems to be quite narrow.

Narrowing of the arch of the aorta and of the
aortic isthmus is frequently associated with sev-
eral congenital cardiac anomalies. A feature com-
mon to all these lesions is the likelihood that, in 
the fetus, blood flow into the ascending aorta is
reduced by the abnormal intracardiac morphology.
The ascending aorta may or may not be narrowed.
The diameter of the arch just beyond the origin of
the innominate artery is progressively narrowed to
the isthmus at the junction with the ductus arterio-
sus. This represents a degree of narrowing greater
than that in the normal fetal aorta. The lesions with
which tubular hypoplasia is associated include:
• ventricular septal defect with deviation of the out-
let septum causing narrowing of the left ventricular
outflow tract;
• atrioventricular septal defect with narrowing of
the left ventricular outflow tract;
• tricuspid atresia with aortopulmonary trans-
position with the aorta arising from a small right
ventricle;
• double-outlet right ventricle of the Taussig–Bing
type, with narrowing of the subaortic region;
• aortopulmonary transposition with ventricular
septal defect and septal deviation to the right, caus-
ing narrowing of the subaortic region.
Unfortunately, no reliable information is currently
available regarding the degree of narrowing that 
is hemodynamically significant. In many of these
individuals, although the aorta is narrower than
normal, after correction of the intracardiac defect
there is no evidence of aortic obstruction and the
aorta develops normally. In others, clinical mani-
festations of aortic arch obstruction do develop.
The length as well as the degree of narrowing is
probably important in determining the severity of
obstruction. Coarctation of the aorta or interrup-
tion of the aortic arch may also be associated with
any of the lesions mentioned.

This lesion is characterized morphologically by a
localized intraluminal projection of a shelf from the
lateral, posterior, and sometimes anterior wall of
the aorta in the region of the ductus arteriosus. The
aortic wall may be indented at the site of the shelf
projection, but the luminal narrowing is more
severe than is apparent from the indentation viewed
from the exterior surface. The shelf has been
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observed in the human fetus, but no significant
obstruction of the aorta is evident, because the
lumen of the patent ductus arteriosus allows flow
around the shelf. In the newborn infant, the aortic
isthmus is often also narrow; it appears as if the 
aortic isthmus is attached to the side of the large
artery comprised of the ductus arteriosus continu-
ing into the descending aorta (Figure 12.1). The
shelf thus appears to be located toward the superior
end of the lumen of the ductus arteriosus. This has
been referred to, erroneously I believe, as a preduc-
tal coarctation. When the ductus arteriosus closes,
the shelf is positioned opposite the attachment of
the ligamentum arteriosum; after the isthmus has
enlarged, the constriction moves somewhat more
distally. The location of the shelf is best described as
being opposite the ductus arteriosus and the term
“juxtaductal coarctation” describes this localized
narrowing of the aorta. Normally the aortic wall
largely comprises many layers of elastic lamellae,
whereas the wall of the ductus arteriosus has a well-
developed smooth muscle layer. Ductus tissue
extends a short distance onto the wall of the aorta at
the site of connection. In the newborn infant with
coarctation, the shelf comprises an infolding of the
aortic wall in some, but in others there is swelling
between the elastic fibers. Ductus arteriosus tissue
is usually observed in the shelf and, in addition,
there is extension of ductus tissue into the aortic
wall to involve about half to almost the total cir-
cumference of the aorta. In older individuals, there
is also thickening of the intima, which exaggerates
the obstruction.

With advancing postnatal age, the aortic con-
striction appears to be more circumferential and
the aortic isthmus tends to dilate. Frequently the

aorta beyond the coarctation is dilated due to post-
stenotic dilatation. Collateral circulation between
carotid and subclavian arteries and the descending
aorta develops postnatally. The vertebral, transcer-
vical, scapular, internal mammary, and intercostal
arteries are all enlarged. The collateral circulation is
not developed at the time of birth, because the aorta
is not obstructed in utero. Within a few months
after birth, collateral vessels begin to become evid-
ent and their subsequent enlargement depends on
the severity of the coarctation.

Coarctation of the aorta is frequently associated
with other cardiac lesions. The lesions mentioned
above in which tubular hypoplasia occurs may also
be associated with coarctation; tubular hypoplasia
and coarctation may occur in the same individual.
About 75–80% of infants with aortic atresia have
associated coarctation; the coarctation is at the
junction of the aortic isthmus and the ductus arte-
riosus and creates an obstruction to flow into the
aortic arch and its branches and into the ascending
aorta (see Chapter 11). Many patients with aortic
coarctation have various degrees of mitral valve
involvement, ranging from minor anomalies to
moderate stenosis. Severe narrowing of the mitral
orifice due to a supravalvar stenosing ring, papillary
muscle abnormalities, parachute mitral valve, and
subvalvar aortic stenosis may be associated with
coarctation of the aorta as the Shone complex.
Ventricular septal defects are not infrequently asso-
ciated with coarctation of the aorta. They are most
commonly trabecular or muscular, or perimem-
branous in location. A bicuspid aortic valve is fre-
quently associated with coarctation of the aorta,
but the reported incidence varies widely, from
about 30 to 80%. It is generally thought that about

DA

Felus Newborn

DA

PA PA

Ao Ao

Figure 12.1 Diagram showing the
absence of significant aortic obstruction
in the presence of a posterior shelf while
the ductus arteriosus (DA) is widely
patent. Constriction of the ductus results
in aortic obstruction becoming manifest.
Ao, aorta; PA, pulmonary artery.
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50% of individuals with coarctation have bicuspid
aortic valves. However, of all individuals who have
bicuspid aortic valves, only about 5–8% have aortic
coarctation. There is considerable variation in the
morphology of bicuspid aortic valves (see Chap-
ter 10). In most individuals with bicuspid valve,
aortic stenosis is either insignificant or mild. How-
ever, moderate or severe aortic stenosis may be
associated with coarctation.

Although juxtaductal coarctation is usually distal
to the origin of the left subclavian artery, occasion-
ally the orifice of the subclavian artery is involved 
in the coarctation and is partially obstructed. An
anomalous origin of the right subclavian artery
from the descending aorta below the coarcted 
segment is also occasionally encountered. These
abnormal subclavian arteries are important in clin-
ical diagnosis (see Chapter 12). Juxtaductal coarc-
tation of the aorta is commonly associated with
Turner syndrome, being present in about 15% of
these individuals. Aneurysms of the circle of Willis, 
so-called berry aneurysms, are thought to occur in
about 10% of individuals with coarctation of the
aorta, but their true incidence is not known reli-
ably. They are rarely noted in infants and young
children and appear to occur in adult life and to be
associated with longstanding hypertension. It is
proposed that there is an underlying degenerative
change in the media (see below).

Interruption of the aortic arch
Complete interruption of the lumen of the aorta
occurs at three sites in the arch. Celoria and Patton
[4] have suggested the following classification.
• Type A: interruption between the left subclavian
artery and the ductus arteriosus, i.e., interruption
of the isthmus.
• Type B: interruption between the left subclavian
and left common carotid arteries.
• Type C: interruption between the left common
carotid and the innominate arteries.
The incidence of type C is low, constituting less
than 5% of all patients. The occurrence of types B
and A varies in different series: type B is most com-
mon, with an incidence of about 60–80% of all
individuals with interruption; type A is found in
about 20–35%. 

Almost all individuals with aortic arch interrup-
tion have associated lesions; a patent ductus arte-

riosus is almost always present and most have a
ventricular septal defect. Rarely the interruption
may be observed in an older child or adult in whom
the ductus arteriosus is closed; perfusion of the
lower body has been achieved by development of 
an extensive collateral arterial circulation. In indi-
viduals with type B interruption, 85–90% have an
associated ventricular septal defect and most of
these defects are characterized by maldevelopment
of the outflow region with malalignment of the
infundibular septum that creates narrowing of the 
left ventricular outflow. Other lesions that may be 
associated with arch interruption are those asso-
ciated with tubular hypoplasia, namely Taussig–
Bing anomaly, tricuspid atresia with aortopul-
monary transposition and ventricular septal defect,
and atrioventricular septal defect with subaortic
narrowing. Interruption in this group of lesions is
usually type B. Interrupted arch is also encountered
in patients with truncus arteriosus and with aorto-
pulmonary septal defect. Aortopulmonary septal
defect is usually associated with type A interrup-
tion. Berry syndrome is a rare combination of
interrupted arch, aortopulmonary septal defect,
intact ventricular septum, and origin of the right
pulmonary artery from the ascending aorta.

Embryological considerations

The causes of coarctation and interruption of the
aorta are not known but two mechanisms have
been considered: (i) the lesion is primarily due to 
a disturbance in embryological development; and
(ii) the abnormality is secondary to a disturbance in
blood flow patterns.

Coarctation of the aorta
Two hypotheses have been proposed relating to
possible abnormalities in embryological develop-
ment. The first, proposed by Craigie and later
Skoda, postulates that there is abnormal extension
of the ductus arteriosus into the aortic wall and that
the factors responsible for closure of the ductus
arteriosus after birth constrict the ductus tissue in
the aorta and result in coarctation. This is sup-
ported by the histological demonstration of exten-
sion of ductus arteriosus tissue into about half the
circumference of the aortic wall, and sometimes the
whole circumference. Ductus tissue is also usually
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observed in the shelf projecting into the aortic
lumen. Furthermore, the aortic obstruction is not
usually evident in utero by ultrasound examination,
but develops after birth when the ductus arteriosus
closes. One problem with this hypothesis is that the
posterolateral shelf has been demonstrated to be
present in fetuses in whom the ductus arteriosus is
widely patent, with no evidence of constriction. It is
also difficult to explain why the initial obstruction
in the aorta is opposite the ductus arteriosus. In
those individuals in whom ductus tissue extends
into less than the full circumference of the aorta, it
would be expected that the constriction of ductus
tissue would cause an indentation where the ductus
connects with the aorta, rather than on the opposite
wall. It is also not necessary to invoke contraction
of ductus tissue in the aortic wall to explain the
development of coarctation after birth when the
ductus closes. We showed that this phenomenon
could be related to a simple physical effect of ductus
constriction on the aortic lumen when a shelf is
present. We simulated a posterolateral aortic shelf
opposite the ductus arteriosus by surgically indent-
ing the aorta in late-gestation fetal lambs. In the
fetus and during the immediate postnatal period,
no pressure difference was detected between the
ascending and descending aorta. However, when
the ductus arteriosus was constricted by adminis-
tration of 100% oxygen or by infusing acetyl-
choline, a pressure gradient developed, indicating
the induction of aortic narrowing. The coarctation
was demonstrated by injecting silicone rubber into
the aorta at autopsy; the cast showed that constric-
tion of the ductus had narrowed the aorta at the site
of indentation [5]. The effect of ductus constriction
is shown diagrammatically in Figure 12.1. How-
ever, these studies do not exclude the possibility
that extension of ductus tissue into the aortic wall
may play some role in the production of localized
aortic coarctation.

The second developmental anomaly that has
been proposed as a possible cause of coarctation is
related to migration of the left seventh interseg-
mental artery that forms the left subclavian artery.
Normally, in early embryogenesis, this artery arises
from the descending aorta distal to the junction
with the ductus arteriosus. Over the course of
development the subclavian artery migrates cra-
nially so that its origin is proximal to the ductus

attachment and the portion of aorta between the
subclavian artery and the ductus arteriosus forms
the isthmus. The left subclavian artery is abnormal
in more than half of individuals with juxtaductal
coarctation. As mentioned above, it may be involved
in the coarctation and be partly obstructed, or it
may arise immediately proximal to the ductus. It
has been proposed that this suggests that the disturb-
ances of subclavian artery migration may cause
aortic coarctation. There is no evidence to support
this hypothesis. It is equally possible that some
other factor is responsible for causing the coarcta-
tion as well as the disturbance in migration. Also
presence of coarctation with a shelf projecting from
the wall of the aorta could be the primary lesion and
it could interfere with migration of the artery.

A focal obstruction has been described in the
zebrafish that is thought to resemble aortic coarc-
tation. It is located where the two anterior dorsal
aortae join to form a single midline aorta [6]. The
recessive mutant in which this anomaly occurs has
been called the gridlock (grl) mutant. This lesion
differs from coarctation of the aorta in that it arises
early in embryological development and is thought
to be related to abnormalities in endothelial rear-
rangement to form tubular blood vessels. It is asso-
ciated with development of shunts or collateral
circulation to bypass the obstruction. However,
description of this mutant does raise the possibility
that the abnormal shelf in coarctation is related to
early embryonic disturbance of vessel formation.

The possible role of alteration of blood flow pat-
terns in causing coarctation of the aorta has been
discussed above. The decrease in flow across the
arch could possibly explain the development of
tubular hypoplasia and even aortic arch interrup-
tion, but does not by itself explain the development
of the aortic shelf and juxtaductal coarctation. The
hypothesis has been proposed by Hutchins [7] that
the site at which the aortic isthmus joins the ductus
arteriosus acts as a branch-point. Normally, the
predominant flow pattern is that of blood passing
from the ductus to the descending aorta, so that the
ductus and descending aorta behave as a continu-
ous channel and the isthmus appears to be a branch
entering the side of this channel (Figure 12.1). If
flow through the ductus arteriosus is increased and
that through the isthmus decreased, the point at 
the posterolateral junction of the two arteries will
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become exaggerated and could thus form the shelf
characteristic of coarctation. The development of
the shelf at this branch-point would, Hutchins
hypothesized, be very prone to develop if there
were retrograde flow in the isthmus. This proposal
is strongly supported by the very frequent associ-
ation of juxtaductal coarctation with aortic atresia.
In this condition the total CVO is ejected into the
pulmonary trunk and, apart from that distributed
to the lungs, it all passes through the ductus arterio-
sus. Blood is supplied to the head and neck vessels
by retrograde flow of blood through the isthmus
into the arch. The possibility that altered flow pat-
terns could also affect growth of the ductus arterio-
sus and stimulate extension of ductus tissue into
the aortic wall should be entertained, but there is no
evidence to support or negate this concept.

Bicuspid aortic valve is observed in about 50% of
individuals with coarctation of the aorta. It has
been proposed that bicuspid valve may interfere
with left ventricular output in the fetus, thereby
limiting flow across the aortic isthmus and result-
ing in coarctation. Although this is an appealing
concept, there is no evidence to indicate that a
bicuspid valve is obstructive in the fetus and that left
ventricular output is restricted. The effects of bicu-
spid aortic valves on flow patterns should be studied
further in fetuses by ultrasound examination.

Coarctation of the aorta is rarely encountered in
individuals with severe pulmonary stenosis or atre-
sia. This can be explained by the fact that flow into
the pulmonary artery is reduced or absent during
fetal life. Blood flow through the ductus arteriosus
from the pulmonary artery to the aorta is markedly
reduced or flow from the aorta to pulmonary artery
may occur. Thus the hemodynamic characteristics
that would favor the development of a juxtaductal
aortic shelf, namely high flow through the ductus
and low flow through the isthmus, do not occur
with right ventricular outflow obstruction. Aortic
coarctation is rarely associated with right aortic arch.
When the right arch is a mirror image of the normal
arch in terms of the origin of the great vessels, the
common association of obstructive lesions of the
right ventricular outflow explains the rarity of
coarctation. In individuals who do not have right
ventricular outflow obstruction, the ductus arterio-
sus usually connects with the left innominate artery
rather than below the isthmus region. Flow from

the pulmonary artery would not produce the same
hemodynamic effect as with the normal arrange-
ment and thus coarctation is rare. The mechanism
responsible for coarctation in these individuals is
not known.

Finally, in studies of the hereditability of hypo-
plastic left heart syndrome, a close relationship was
observed between the occurrence of aortic atresia,
bicuspid aortic valve, and aortic coarctation. This
suggested a genetic relationship between these con-
ditions. Mutations of the NOTCH gene have been
implicated as a possible factor common to these
lesions (see Chapter 11).

Aortic arch interruption
This anomaly is thought to be due to abnormal
development of the branchial arterial system. 
A brief description of this system is provided as a
basis for understanding the morphological types of
interruption. In the embryo, this system comprises
the aortic sac, six arterial arches that evolve at dif-
ferent times, and the paired dorsal aortae. Inter-
segmental arteries arise from the dorsal aorta and
are distributed to the somites. During development
various segments of these structures either regress
or form portions of the vascular system. The first
and second arches regress, but may remain as 
portions of arteries in the head and neck, such as
mandibular or hyoid arteries. The third arches form
the common carotid and portions of the internal
carotid arteries. The segments of the dorsal aortae
between the third and fourth arches on both left
and right sides regress. The fifth arches do not
appear to be important contributors to permanent
vascular structures in humans. The sixth arches
contribute to the main pulmonary artery; the right
arch forms the right pulmonary artery and the left
arch persists as the left pulmonary artery and the
ductus arteriosus. On the left side, the fourth arch
persists to form the arch of the aorta. On the right
side, the dorsal aorta regresses beyond the origin 
of the fourth arch. Persistence of the third arch
instead of the fourth arch on the left probably
explains the cervical aortic arch. Regression of 
the left dorsal aorta between the third and forth
aortic arches could explain the presence of right
aortic arch. The first six intersegmental arteries 
do not appear to make significant permanent con-
tributions but may be important in forming the
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vertebral arteries. The right seventh intersegmental
artery forms the distal portion of the right subcla-
vian artery; the proximal portion is derived from
the right fourth arch. On the left, the seventh inter-
segmental artery persists as the left subclavian
artery. The aortic arch may be considered to develop
from the following components. The ascending
aorta and the segment up to the left common
carotid artery is derived from the ventral aortic sac.
The left fourth arch contributes the portion between
the left common carotid artery and the ductus 
arteriosus, and the dorsal aorta provides that part
between the ductus arteriosus and the left seventh
intersegmental or subclavian artery. As mentioned
on p. 293, this intersegmental artery migrates 
cranially so that the final position of the left subcla-
vian artery is between the left common carotid
artery and the ductus arteriosus.

The hypothesis that interruption of the aortic
arch may result from alterations in blood flow pat-
terns during intrauterine development is based on
the fact that many intracardiac anomalies are asso-
ciated with arch interruption (see Chapter 12). The 
feature common to many of these lesions is the
presence of various degrees of obstruction to
outflow into the ascending aorta, which may
restrict blood flow into the aorta and result in
hypoplasia or, if extreme, interruption. In some
anomalies, obstructive lesions may not be demon-
strable, but other possible reasons for reduced flow
across the arch can be surmised. In the fetus with
atrioventricular septal defect, mitral insufficiency
with shunting to the right atrium through the atrial
septal defect may limit ejection from the left ven-
tricle into the aorta and increase pulmonary blood
flow. In fetuses with aortopulmonary defects or
truncus arteriosus communis, blood in the ascend-
ing aorta may flow preferentially through the duc-
tus arteriosus and flow across the arch would be
restricted. These lesions are all associated with aor-
tic arch interruption. The concept that restriction
of flow in the ascending aorta and arch may result
in interruption has received some support from
experimental studies in chick embryos, in which it
was shown that constriction of the conotruncus
frequently resulted in the development of arch
interruption.

However, it is difficult to explain the different
types of interruption on the basis of this single con-

cept. Type A interruption would result from failure
of formation or atresia of the dorsal aorta between
the left carotid artery and the ductus arteriosus. It
would have to develop after the migration of the
intersegmental artery proximal to the ductus arte-
riosus, because of the location in the aortic isthmus
between the left subclavian artery and the ductus
arteriosus. One might conjecture that lack of devel-
opment or atresia of the dorsal aorta segment is 
not the likely explanation for type A interruption,
because the left subclavian artery could not then
have migrated proximal to the ductus. Type A
interruption therefore appears to have its origin
rather late in embryogenesis and is more com-
patible with the flow theory than the other types.
Another possible explanation for type A interrup-
tion is that the aorta is somehow constricted in the
migration of the subclavian artery to its final posi-
tion. This concept is based on the fact that the 
left subclavian artery is frequently involved in the
obstruction and is narrowed at its origin or is
hypoplastic.

Type B interruption, between the left common
carotid and subclavian arteries, must be the result
of failure of formation or regression of the left
fourth arch or the dorsal aorta between the fourth
and sixth arch, or both. Type C interruption, between
the innominate and left common carotid arteries,
could be the result of atresia of the connection
between the aortic sinus and the left third and
fourth arches. It is difficult to explain A and B types
of interruption on the basis of reduced flow into the
ascending aorta. Even if total ascending aortic flow
were reduced, it would be expected that flow to 
the brain through both carotid arteries would be
maintained, so that the arch, at least up to the site
beyond the left common carotid origin, should
develop.

The frequent association of DiGeorge syndrome
with aortic arch interruption has led to the view
that genetic factors may play a role. In DiGeorge
syndrome, immunological disturbances and parathy-
roid deficiency suggest that maldevelopment of the
third and fourth branchial arches is involved.
Cardiac defects such as truncus arteriosus com-
munis are commonly associated with DiGeorge
syndrome; about one-third of these individuals
have aortic arch interruption. Also about two-
thirds of infants with aortic arch interruption have

c12.qxd  12/22/08  11:36  Page 295



296 CHAPTER 12

been noted to have DiGeorge syndrome. Shprintzen
(velocardiofacial) syndrome is also recognized to
be associated with conotruncal abnormalities, as
well as aortic arch anomalies. In recent years, it has
been recognized that DiGeorge and Shprintzen
syndromes are related and both are frequently asso-
ciated with a chromosomal deletion in 22q11.
Studies in patients with aortic arch interruption
have shown a high incidence of 22q11 deletions,
ranging from 50 to 90%. The majority of these indi-
viduals have type B interruption and they frequ-
ently also have conotruncal anomalies or ventricular
septal defect with infundibular septal deviation
causing left ventricular outflow obstruction. The
association of type A interruption with 22q11 dele-
tions is much less frequent; there are fewer reports
but some report no relationship, whereas others
report a low incidence of deletions in type A. The
relationship of type C interruption to 22q11 dele-
tions has not, as yet, been reported. The mech-
anisms by which 22q11 deletions result in the 
cardiac and arch defects are not known. However, it
has been proposed that the deletion affects neural
crest cells. These cells migrate to the heart and 
to the arch and are thought to contribute to the
development of the fourth aortic arch and to the
conotruncus. This could explain the frequent asso-
ciation between conotruncal lesions and inter-
rupted aortic arch, as well as the concept that type A
interruption may be associated with reduced blood
flow whereas type B interruption is related to
abnormal migration of neural crest tissue.

These observations suggest that there are pos-
sible differences in the etiological factors involved
in the development of type A and B interruption.
Type B appears to be related to a primary develop-
mental defect, whereas type A could be explained
by disturbances in flow. However, intracardiac
defects are associated with both types of interrup-
tion. Although it has generally been proposed that
the cardiac defect may alter flow patterns in such 
a way as to contribute to aortic obstruction, the
possibility should be considered that the arch
abnormality could be the primary defect and that
disturbances in flow may result in the intracardiac
anomalies. This concept is supported by experi-
mental observations in chick embryos, where con-
striction of the left sixth aortic arch resulted in
intracardiac abnormalities. As mentioned above, it

is possible that genetic disturbances could account
for both the intracardiac and aortic arch anomalies.

Aortic arch interruption is rarely encountered in
patients with right aortic arch. In all the individuals
in which the association has occurred the interrup-
tion was type B, and DiGeorge syndrome or 22q11
deletion has also been present. Thus it appears that
if interruption of the arch is associated with right
aortic arch, it is genetically determined and not
related to disturbed flow patterns.

Hemodynamic considerations

Fetal circulation
Coarctation of the aorta
Many of the alterations in fetal hemodynamics 
are related to the intracardiac defects associated
with tubular hypoplasia of the aorta. The features
common to all these lesions are reduction in flow
into the ascending aorta, increased flow into 
the pulmonary trunk, and greater proportion of
CVO carried across the ductus arteriosus to the
descending aorta. The presence of the postero-
lateral shelf can be recognized, but this does not
cause obstruction between the ascending and
descending aorta during fetal life (Figure 12.2). In
the fetus with aortic atresia, blood from the ductus
arteriosus is distributed below the shelf to the
descending aorta. The aorta is narrowed where 
the isthmus joins the ductus arteriosus so that 
there may be varying degrees of obstruction to flow
from the ductus arteriosus and descending aorta
into the transverse arch and ascending aorta (see
Chapter 11).

The associated intracardiac lesions may result in
shunting of blood from the left ventricle into the
right ventricle or pulmonary artery and thus the
Po2 of pulmonary arterial blood may be slightly
above normal. It is unlikely, however, that the 
magnitude of shunting will be large enough to pro-
duce an increase in oxygen saturation that would
significantly affect pulmonary vascular tone or
smooth muscle development, although this needs
further study. The small increase in pulmonary
arterial oxygen saturation will provide blood with a
slightly higher oxygen content to the descending
aorta through the ductus arteriosus, so that the
normal difference between ascending and descend-
ing aortic oxygen saturation will be somewhat
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reduced. It is unlikely that this will significantly
affect perfusion or metabolism in the lower body or
placenta. Figure 12.3 depicts the circulation in a
fetus with narrowing of the aortic isthmus, a ven-
tricular septal defect, and obstruction of left ven-
tricular outflow into the aorta.

Recently, observations of the size of the cardiac
ventricles and of the ascending aorta and pul-
monary artery in fetuses with aortic coarctation
have raised questions about possible hemodynamic
effects in the fetus. Although right ventricular dila-
tion is noted in other conditions, it is not uncom-
monly observed in fetuses with coarctation [8,9]. In
addition, the pulmonary trunk diameter is fre-
quently increased in fetuses with coarcatation and a
ratio of pulmonary trunk to ascending aortic dia-
meter greater than 1.6 was considered to be predictive
of the presence of coarctation [10]. It is difficult to
explain the presence of right ventricular and pul-
monary arterial dilation. Possibly it is the result of

an increase in output of the right compared with
the left ventricle. Narrowing of the aortic arch is
often observed in fetuses with coarctation; this may
cause modest obstruction to left ventricular ejec-
tion and thus decreased left ventricular output.
Venous blood returning to the heart may thus be
diverted away from the foramen ovale and a greater
proportion will be directed through the tricuspid
valve, and account for the right ventricular enlarge-
ment. An alternative explanation is that although
the localized coarctation in the aorta does not inter-
fere with blood flow from the ascending to the
descending aorta, it might interfere with blood flow
from the ductus arteriosus into the descending
aorta, effectively causing mild to modest outflow
obstruction to the right ventricle with dilation. I
know of no ultrasound studies in which left and
right ventricular outputs have been determined in
fetuses with coarctation. It would be of great inter-
est to determine ventricular outputs in fetuses with
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Figure 12.2 Localized aortic coarctation in the fetus: course
of the circulation, oxygen saturations (circled), and
pressures are all normal, since the widely patent ductus
arteriosus permits normal flow around the shelf projecting
into the aorta. The relatively small flow of blood across the
aortic isthmus is related to the decreased left ventricular
output. m, mean pressure.

m5575
45

m5575 
45

75 
4

75 
4 55

62

63

65 63

m2

m3

40

70

Figure 12.3 Aortic isthmus narrowing, ventricular septal
defect, and subvalvar left ventricular outflow obstruction
in the fetus: course of the circulation, oxygen saturations
(circled), and pressures. The relatively small flow of blood
across the aortic isthmus is related to the decreased left
ventricular output. m, mean pressure.
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coarctation and also to study blood flow patterns in
the ductus arteriosus and descending aorta to assess
whether there is abnormal flow or turbulence as a
result of partial obstruction. This hypothesis is not
supported by the observations of Charles Kleinman
(personal communication). He states that in fetuses
with right ventricular dilation, if there is turbul-
ent flow in the ductus arteriosus and descending 
thoracic aorta, suggesting some constriction, aortic
coarctation is unusual. Absence of turbulent flow is
the usual finding in those fetuses in whom coarcta-
tion is diagnosed.

Aortic arch interruption
In the rare instances where arch interruption is not
associated with intracardiac lesions, the obstruc-
tion will increase the afterload on the left ventricle
and thus the output of the ventricle will be de-
creased. Flow into the ventricle through the fora-
men ovale and left atrium will also be reduced, but
right ventricular output will be increased modestly.
The decreased volume loading of the left ventricle
could possibly interfere with its development (see
Chapter 11). The Po2 in descending aortic blood,
derived through the ductus arteriosus, will be the
same as that in the pulmonary artery and lower
than in the normal fetus because no blood from 
the ascending aorta reaches the descending aorta. 
The difference in oxygen saturation between the
ascending and descending aortae will be exagger-
ated, but the relatively small decrease in oxygen
content in descending aortic blood probably has
little effect on oxygenation and metabolism of the
lower body.

In the majority of fetuses with interruption, the
presence of intracardiac lesions will have a major
influence on hemodynamics. In those with ventri-
cular septal defect with septal displacement and
subaortic obstruction, left ventricular blood will be
shunted across the defect into the right ventricle
and pulmonary artery, so that it will reach the
descending aorta through the ductus arteriosus.
Therefore the oxygen saturation difference between
ascending and descending aortic blood will prob-
ably be similar to normal. In the fetus with 
tricuspid atresia, ventricular septal defect and aor-
topulmonary transposition, venous return from all
sources mixes in the left atrium. The blood entering
the pulmonary artery from the left ventricle has the

same oxygen saturation as blood entering the aorta,
derived from the right ventricle through the ven-
tricular septal defect. Blood distributed to the lungs
as well as that passing through the ductus arteriosus
to the descending aorta will have an oxygen satura-
tion somewhat higher than normal, whereas ascend-
ing aortic oxygen saturation will be slightly lower
than normal. The higher Po2 of blood entering the
pulmonary circulation could possibly reduce vas-
cular tone and restrict pulmonary vascular smooth
muscle development (see Chapter 5). In fetuses
with truncus arteriosus communis or aortopul-
monary septal defect, mixing of pulmonary arterial
and ascending aortic blood probably occurs, so that
the Po2 of blood distributed to the lungs and upper
and lower body is similar.

Postnatal circulation
Coarctation of the aorta
The circulatory adjustments after birth will be
affected by the presence of other lesions, the com-
monest being ventricular septal defect. A small defect
will not have a major effect, but a larger defect will
have a significant influence on the hemodynamic
changes and clinical manifestations. Coarctation
with associated ventricular septal defect is dis-
cussed on p. 301.

Coarctation with intact ventricular septum
During the neonatal period, while the ductus arte-
riosus is still patent, flow from the ascending to the
descending aorta may not be impeded by the pos-
terior shelf (Figure 12.4). The circulation does not
therefore differ from the normal transitional status.
The decreased pulmonary vascular resistance after
birth will permit pulmonary blood flow to increase.
While the ductus remains patent, a left-to-right
shunt will occur because systemic vascular resis-
tance increases with elimination of the umbilical–
placental circulation.

The ductus arteriosus usually begins to constrict
at its pulmonary arterial end. The narrowing of the
ductus allows pulmonary arterial pressure to fall in
association with the progressive decrease in pul-
monary vascular resistance. The aortic end of the
ductus may not constrict for several hours, days or
even weeks after the pulmonary arterial portion has
constricted. However, when it does constrict, blood
flow from the ascending to the descending aorta
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will be obstructed by the shelf (Figure 12.5).
Questions have been raised about whether the
behavior of the ductus arteriosus is normal in
infants with aortic coarctation. The ductus nor-
mally closes completely within a few days after
birth, but in infants with coarctation it often
remains patent for several weeks, usually with only
a narrow lumen. When the aortic end of the ductus
closes, the location of its lumen varies in relation to
the shelf in the aorta. It is usually adjacent to the
shelf, but may be just below or just above the nar-
rowed eccentric stenotic area in the aorta. A small
or modest left-to-right shunt will occur through
the ductus and it may contribute to the develop-
ment of left ventricular failure by adding a volume
load to the pressure load created by development of
the coarctation. Aortic obstruction may not be
demonstrable for several days or weeks after birth.
The degree to which the shelf projects, the rapidity
of constriction of the aortic end of the ductus, and
the time of occurrence after birth will determine

the circulatory responses. Because there is no func-
tional obstruction of the aorta during fetal life, 
no collateral circulation is developed. If the shelf 
projects well into the aortic lumen and the ductus
constricts rapidly, ascending aortic systolic and
diastolic pressures will increase. A sudden increase
in afterload is presented to the left ventricle; the
neonatal myocardium is very sensitive to rapid
increases in afterload and left ventricular stroke
volume falls. Left ventricular end-diastolic and left
atrial pressures increase and if the rise in pressure is
large, pulmonary edema will result.

The increase in left atrial pressure results in dila-
tion of the chamber and may result in stretching of
the septum with opening of the foramen ovale. An
atrial left-to-right shunt develops and this may be
large as a result of the large pressure gradient
between the left and right atria. The pulmonary
arterial pressure may be normal but is often in-
creased to mean levels of 25–30 mmHg and right
ventricular systolic pressure is often elevated to
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Figure 12.4 Localized juxtaductal coarctation of the aorta
in a newborn infant in whom the aortic end of the ductus
arteriosus is still patent: course of the circulation, oxygen
saturations (circled), and pressures are similar to those
observed normally. m, mean pressure.
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Figure 12.5 Localized juxtaductal coarctation of the aorta
in an infant in whom the ductus arteriosus has constricted:
course of the circulation, oxygen saturations (circled), and
pressures. The constriction of the ductus has resulted in
aortic obstruction. m, mean pressure.
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40–60 mmHg. The pulmonary arterial hyperten-
sion is the result of the elevated left atrial pressure
and the increased pulmonary blood flow. As a
result of the combination of the high volume load
resulting from the atrial left-to-right shunt and the
increased pressure load, right ventricular failure
may develop. A patent ductus arteriosus may also
result in a left-to-right shunt and shunting may
occur through both the ductus and the foramen
ovale.

In the absence of collateral circulation, pressure
in the descending aorta falls and its systolic pressure
may be lower than ascending aortic diastolic pres-
sure. The size of the ductus arteriosus and its rela-
tionship to the shelf influences the supply of blood
to the lower body and the development of cardiac
failure. A large atrial left-to-right shunt will inter-
fere with filling of the left ventricle, thus limit-
ing stroke volume and the pressure that can be
developed in the ascending aorta and the gradient
for flow across the coarctation to the descending
aorta. An additional factor that may aggravate the
fall in descending aortic pressure is patency of the
ductus arteriosus. If pressure in the aorta is higher
than that in the pulmonary artery, blood will shunt
left to right and this will divert blood away from the
descending aorta. The shunt will be particularly
large if the ductus lumen is connected to the aorta
above the coarctation, because aortic pressure at
this site will be greater. A large left-to-right shunt
will develop and cardiac failure will occur as a result
of the combined increased pressure and volume
load on the left ventricle.

If the aortic shelf is not very prominent, or if the
ampulla of the ductus remains open and gradually
occludes, the aortic obstruction will develop more
slowly over several weeks or even months. Depend-
ing on the period over which obstruction develops,
a varying hemodynamic and clinical picture will
occur. The left ventricle will respond to the in-
creased afterload by progressive hypertrophy and,
in the newborn period, possibly hyperplasia. This
may allow the ventricle to compensate for the
increased pressure load. Thus, cardiac failure may
first appear only after 2–3 months, when obstruc-
tion becomes severe, or it may be precipitated by an
infection; increased cardiac output requirement
associated with growth may also be important,
because a fixed stenosis will become relatively more

severe. An additional factor that may contribute to
the development of cardiac failure is the physiolo-
gical fall in hemoglobin concentration (see Chapter
7 for discussion of factors influencing onset of fail-
ure). If the coarctation does not become more
severe with growth or if an adequate collateral cir-
culation develops, blood supply to the descending
aorta and lower body may not be severely compro-
mised. The main concerns are those relating to
ascending aortic hypertension and persistent left
ventricular failure over the ensuing months. If the
collateral circulation is well developed, the ascend-
ing aortic pressure required to maintain flow to the
descending aorta will fall; this will decrease left ven-
tricular afterload and cardiac failure may improve
(Figure 12.6). Prior to the institution of surgical
management of aortic coarctation in early infancy,
many infants with persistent cardiac failure would
succumb during the first year, often as a result of a
complicating infection.

The aortic arch, as mentioned above, is fre-
quently narrow and has been described as hypo-
plastic. The isthmus and the segment between the
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Figure 12.6 Localized juxtaductal coarctation of the aorta
in a child in whom a collateral circulation is well developed:
course of the circulation, oxygen saturations (circled), and
pressures. m, mean pressure.
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left carotid and subclavian arteries are usually the
segments that are narrowed. There has been con-
siderable concern that the narrow arch may con-
tinue to impose obstruction even if the localized
juxtaductal coarctation is eliminated. However,
this is unusual if the coarctation shelf and the aorta
in proximity are effectively removed. An important
issue is what size of arch can be expected to be
obstructive if the coarctation is eliminated. One
suggestion is that if the diameter of the aortic arch is
at least as large as that of the carotid artery, it is not
likely to be obstructive. Another proposal was that
reduction of diameter to below 40% of normal
should be considered obstructive. Unfortunately,
there is no evidence to support these proposals.
Surgeons have, in the past, used subjective impres-
sions to decide whether either extensive resection
or arch repair should be attempted. This is prob-
ably not necessary in most instances because, with
adequate repair of the coarctation, the arch usually
develops normally. The recent approach to surgical
repair has largely eliminated the need to make the
decision (see section on management in Chapter 12).

Effect of prostaglandin E1

Prostaglandin (PG)E1 relaxes ductus arteriosus
smooth muscle. Because constriction of the ductus
arteriosus is important in the development of aortic
obstruction in infants with coarctation, PGE1 has
been used effectively in improving left ventricular
failure. The exact mechanism of action has not yet
been resolved. The effect could be to relax ductus
arteriosus tissue extending into the wall of the
aorta, constriction of which caused the obstruction.
It is possible that opening the lumen of the ductus
could allow blood to flow from the ascending to
descending aorta around the aortic shelf, thus
reducing the obstruction. PGE1 is usually effective
within the first 7–10 days after birth, but there
appears to be lesser relaxant effect on the ductus
after several weeks.

Effect of oxygen
During the early postnatal period, administration
of 100% oxygen could potentially have an adverse
effect by causing constriction of the ductus arteriosus
and thus induce or worsen the aortic obstruction.

If the degree of obstruction is not very severe and
cardiac failure has not occurred within the first 3–6

months after birth, it is unlikely to develop during
childhood. There are rarely symptoms until much
later in life, and cardiac failure does not usually pre-
sent until after 30 years of age, when secondary
myocardial fibrotic changes may have occurred.
The condition may first be recognized when it is
appreciated that a child or adolescent has hyper-
tension. The manifestations of coarctation of the
aorta beyond early childhood are usually related to
infective endocarditis, cerebrovascular accidents,
or rupture of the ascending or descending aorta.
Neurological symptoms may be due to rupture of
an aneurysm of the circle of Willis with subarach-
noid hemorrhage or an intracranial hemorrhage
related to upper body hypertension. They rarely
occur before the age of 8–10 years and are usually
noted in adults. Infective endocarditis may occur at
any age, usually after the age of 2 years, and the area
most commonly involved is the bicuspid aortic
valve or the distal aorta just beyond the obstructed
segment. 

As mentioned above, the degree of hypertension
in the ascending aorta and its branches is related 
to the degree of obstruction and the extent of the
collateral circulation. There has been considerable
controversy regarding the role of the kidneys in the
production of hypertension in coarctation of the
aorta. It was suggested that either an actual decrease
in pressure or a reduction in pulse pressure may
initiate renal production of renin and thus of
angiotensin and this contributes to the hyperten-
sion. Studies of angiotensin concentrations in the
blood of patients with coarctation thus far have
presented conflicting results but no convincing evid-
ence that the kidneys are involved in causing the
hypertension.

The usual complications of systemic arterial
hypertension in adults are also noted in patients
with aortic coarctation. Hypertensive encephalo-
pathy is rare but changes in the eyegrounds occur.
Left ventricular hypertrophy and fibrosis develops
and the aorta may develop early calcification; dis-
secting aneurysm of the aorta has also been noted.

Coarctation with ventricular septal defect
The presence of a small ventricular septal defect
may not have a significant effect in an infant with
coarctation. However, the increase in both systolic
and diastolic pressures in the left ventricle that
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develop with obstruction will induce a larger left-
to-right shunt. This additional volume load on the
left ventricle may contribute to the development of
failure. Also in association with the increase in left
atrial pressure, the higher pulmonary blood flow
may result in modest pulmonary arterial hyperten-
sion. In the infant with coarctation and a large ven-
tricular septal defect the increase in afterload on the
left ventricle that occurs when the obstruction
develops will result in a large left-to-right shunt. If
this occurs acutely due to rapid closure of the duc-
tus arteriosus, the left ventricle may not be able to
compensate and the volume ejected into the aorta
may not be sufficient to provide an adequate 
cardiac output. Thus circulatory failure develops;
although flow to the upper body may be adequate,
blood supply to the lower body will be severely
compromised and tissue hypoxia will result (see
Chapter 3). If the left ventricle does compensate by
increasing stroke volume, output into the aorta
may be adequate but a large left-to-right shunt 
will develop. The hemodynamic consequences are
similar to those observed with large ventricular 
septal defects (see Chapter 7). However, two 
additional factors influence circulation. The in-
creased afterload on the left ventricle will increase
left ventricular pressure and thus increases the 
left-to-right shunt. The high pressure and volume
load is likely to produce early and severe car-
diac failure. If the ventricular septal defect is unre-
strictive, the systolic pressure in the right ventricle
and pulmonary artery will be elevated to that in the
left ventricle. Elevation of pulmonary arterial pres-
sure to very high levels is likely to result in the
development of very early pulmonary vascular 
disease.

Coarctation of the aorta with reversal 
of pressures
Aortic coarctation is classically recognized by the
presence of higher blood pressure in the ascending
aorta and its branches compared with the descend-
ing aorta and its branches. Mention has been made
of the unusual condition where the pressure in one
or both arms may be low, but similar to lower body
pressure. However, in rare instances, pressure in
the descending aorta may be higher than that in the
ascending aorta. Several conditions that may be
associated with coarctation could lead to this finding.

These are discussed below in the section on aortic
arch interruption.

Interruption of the aortic arch
As mentioned above, the vast majority of indi-
viduals with arch interruption have an associated
large systemic-to-pulmonary communication, most
commonly a ventricular septal defect and occasion-
ally a common truncus arteriosus or aortopul-
monary septal defect. This communication is very
important in determining the hemodynamics and
clinical manifestations. When the aortic arch is
interrupted, blood flow to the lower body must 
be provided through a ductus arteriosus or by an
adequate collateral arterial circulation, after birth
as well as in the fetus. In the immediate postnatal
period the removal of the umbilical–placental cir-
culation results in an increase in resistance to flow
to the descending aorta. Pulmonary vascular resist-
ance falls as a result of ventilation of the lungs and
pulmonary blood flow increases. While the ductus
arteriosus is widely patent, flow to the lower body is
determined by the ratio of resistances in the pul-
monary circulation and the lower body systemic
circulation. In the absence of a large systemic-to-
pulmonary communication, should pulmonary
vascular resistance fall markedly, blood ejected into
the pulmonary artery would flow preferentially
into the lungs and flow through the ductus to the
lower body would be severely restricted. During
ventricular systole, the kinetic forces in the pul-
monary artery may direct blood through the ductus
into the descending aorta, but during diastole flow
would occur from the high-resistance systemic cir-
culation into the pulmonary circulation. Blood to
the lower body would be provided from the pul-
monary artery and thus would have a lower Po2

than blood distributed to the upper body from the
aorta. In addition, because the arch is interrupted,
the pressure in the ascending aorta and its branches
will be higher than in the descending aorta and its
branches.

The presence of a large ventricular septal 
communication maintains pulmonary arterial 
systolic pressure at levels in the ascending aorta.
Pulmonary arterial diastolic pressure is determined
by pulmonary vascular resistance; if it is low, dias-
tolic pressure in the pulmonary artery will be lower
than that in the ascending aorta. As mentioned
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above, this may interfere with maintenance of an
adequate flow to the lower body and facilitate
backflow from the descending aorta into the pul-
monary circulation in diastole. The course of the
circulation in the immediate newborn period is
shown in Figure 12.7. An interesting relationship
develops between resistances in the systemic circu-
lation in the upper and lower body and in the lungs.
With obstruction of the aortic arch, the resistance
in the upper body circulation is high; this, with the
subvalvar aortic stenosis that is often present, con-
fronts the left ventricle with a very high afterload.
The presence of a large systemic-to-pulmonary
communication impedes the normal decline of
pulmonary vascular resistance (see Chapter 5).
Despite the maintenance of a relatively high pul-
monary vascular resistance, a left-to-right shunt
develops through the systemic-to-pulmonary com-
munication, because the afterload on the left ven-
tricle is markedly increased. This combination of
increased volume and pressure load on the left ven-

tricle is likely to result in early development of car-
diac failure. 

The left-to-right shunt into the ventricle or pul-
monary artery increases the Po2 in pulmonary arte-
rial blood, so that the blood passing through the
ductus arteriosus has a higher Po2 than does sys-
temic venous blood. If the shunt is large, the Po2

in descending aortic blood may be only slightly
lower than that in the ascending aorta. With
Taussig–Bing anomaly and arch interruption, the
pulmonary artery may receive predominantly left
ventricular blood and thus the Po2 in descending
aortic blood is higher than that in the ascending
aorta. When systemic and pulmonary venous
return is completely or almost completely mixed, as
with tricuspid atresia, ventricular septal defect, aor-
topulmonary transposition and arch interruption,
or with truncus arteriosus communis, the Po2 of
blood in the upper and lower body will be the same.

While the ductus arteriosus remains patent,
descending aortic pressure and blood flow to the
lower body will be maintained and the main con-
cern is the development of left ventricular failure.
After a varying period of hours to several days after
birth, constriction of the ductus arteriosus may
produce rapidly progressive deterioration of the
infant’s condition. The changes that occur and
their effects on circulatory hemodynamics are
shown in Figure 12.8. Constriction of the ductus
arteriosus interferes with blood flow from the pul-
monary artery to the descending aorta. A pressure
gradient develops between the pulmonary artery
and the descending aorta, and descending aortic
pressure falls. The progressive decrease in pul-
monary vascular resistance after birth further inter-
feres with the supply of blood to the descending
aorta, because blood will flow preferentially through
the pulmonary circulation rather than through the
ductus. Thus, the left-to-right shunt through the
ventricular septal defect becomes very large and
results in a progressive increase in pulmonary
venous return with marked elevation of left ven-
tricular end-diastolic and left atrial pressures. Left-
sided and right-sided cardiac failure with increased
respiratory effort and hepatomegaly ensues. Even
though the oxygen saturation of blood supplying
the lower body may not be greatly reduced, the low
blood flow will result in reduced oxygen delivery
and result in severe local hypoxia, with progressive
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Figure 12.7 Aortic arch interruption, ventricular septal
defect, and subvalvar left ventricular outflow obstruction
in the newborn period, with the ductus arteriosus widely
open: course of the circulation, oxygen saturations
(circled), and pressures. Note that the systemic blood flow 
is maintained by flow through the ductus arteriosus. m,
mean pressure.
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lactic acid accumulation and metabolic acidemia
(see Chapter 3). The decreased perfusion pressure
in the descending aorta may interfere with renal
perfusion, resulting in poor urinary output and, if
prolonged, renal tubular damage.

The ductus arteriosus appears to remain patent
for a longer period after birth than normal, as in
infants with aortic atresia (see Chapter 11), but the
factors influencing closure of the ductus in this
condition are not well understood.

Effect of oxygen
Administration of 100% oxygen may have adverse
effects in these infants. As a result of the left-to-
right shunt and increased pulmonary blood flow,
oxygen produces a large increase in Po2 of pul-
monary arterial blood; both the ductus arteriosus
and the pulmonary circulation will be exposed to
the well-oxygenated blood. The higher Po2 may
result in greater constriction of the ductus as well as
dilation of the pulmonary circulation; both these

changes would further reduce blood flow and pres-
sure in the descending aorta.

Effect of PGE1

PGE1 produces relaxation of the ductus arteriosus;
when administered soon after birth, it will maintain
patency of the ductus and thus flow and pressure 
in the descending aorta. However, it also has a
vasodilator effect on the pulmonary circulation.
The resulting decrease in pulmonary vascular 
resistance will permit a greater left-to-right shunt
through the ventricular septal defect or other com-
munication and thus place a larger volume load on
the left ventricle. In addition to increasing the like-
lihood of cardiac failure, the lowered pulmonary
vascular resistance may limit flow through the duc-
tus arteriosus because flow will occur preferentially
into the pulmonary circulation rather than through
the ductus into the systemic circulation. The
responsiveness of the ductus arteriosus to PGE1

appears to be decreased if it is first administered
several weeks after birth. However, in the presence
of aortic arch interruption, the ductus usually does
respond even several weeks after birth.

Interruption of the arch with reversal of
pressures
Although pressure in the ascending aorta and the
upper limb arteries is usually higher than in the
descending aorta and lower extremity arteries, in
certain situations lower body arterial pressure is
higher. This occurs with several of the lesions asso-
ciated with arch interruption or aortic coarctation.
The common features are that the pulmonary
artery is either partly or completely transposed 
and arises from the left ventricle. If the aorta is
transposed and arises from the right ventricle and
outflow into the aorta is restricted, pressure in the
ascending aorta will be lower than that in the ven-
tricles. Systolic pressure in the pulmonary artery is
the same as that in the left ventricle; if the ductus
arteriosus is widely patent, pressure in the descend-
ing aorta will be similar to that in the pulmonary
artery. With tricuspid atresia and aortopulmonary
transposition and a ventricular septal defect, if the
septal defect is restrictive or if the right ventricular
infundibulum is narrow, ascending aortic pressure
will be lower than left ventricular pressure. Left
ventricular pressure will be transmitted to the 
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Figure 12.8 Aortic arch interruption, ventricular septal
defect, and subvalvar left ventricular outflow obstruction
in an infant in whom the ductus arteriosus has constricted:
course of the circulation, oxygen saturations (circled), and
pressures. Note that the decrease in systemic blood flow
causes a fall in aortic pressure. m, mean pressure.
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pulmonary artery and through the ductus arterio-
sus to the descending aorta. The reversal of upper
and lower extremity pressures with arch interrup-
tion or coarctation may also occur with aortopul-
monary transposition and ventricular septal defect
associated with infundibular stenosis of the right
ventricle. Double-outlet right ventricle of the Taussig–
Bing variety is characterized by a large ventricular
septal defect, origin of the aorta from the right ven-
tricle, and a pulmonary artery that overrides the
right and left ventricles. Subaortic stenosis as well 
as aortic coarctation or arch interruption is often
associated. Ventricular pressures exceed aortic pres-
sure and pulmonary arterial and descending aortic
pressures are similar to the high ventricular pres-
sure while the ductus arteriosus is widely patent. In
all these conditions, when the ductus constricts,
pressures in the descending aorta and its branches
fall and reach levels lower than those in the ascend-
ing aorta. In these lesions, because descending aor-
tic blood is derived through the ductus arteriosus
from the transposed pulmonary artery, oxygen 
saturation in the lower extremities is higher than
that in the upper body (see Chapter 3).

Clinical features

Coarctation of the aorta
Coarctation with intact ventricular septum
In the newborn period there may be no evidence of
aortic obstruction, and blood pressure and pulses
in the legs may be equal to those in the arms.
Within a few days to 1–2 weeks, tachypnea with
increased respiratory effort and excessive perspira-
tion are noted. Usually the infant is restless and 
irritable and feeds poorly. Examination reveals
tachycardia to 160–180/min; the pulses in the upper
extremities are readily palpable and the femoral
and dorsalis pedis pulses may be weak but are usu-
ally absent. Blood pressure is usually moderately
elevated in the arms to 100–110 mmHg systolic
and 70–80 mmHg diastolic, but the pressures may
be higher. Lower extremity pressure is often not
measurable because the pulse pressure is small; if
pressure can be measured it is reduced to 50–60
mmHg systolic and 25–40 mmHg diastolic. If the
infant is in severe cardiac failure, the upper limb
pulses are often also weak and the diagnosis may
not be obvious clinically. Occasionally, the pulse in

the left arm may be weak or absent and the blood
pressure low, because the left subclavian artery is
involved in the coarctation. Rarely, the pulse is
weak or absent and the blood pressure low in the
right arm if the right subclavian artery arises from
the descending aorta below the coarctation. If the
right and left subclavian arteries are abnormal, the
diagnosis of coarctation may not be considered,
because it is usually made by recognizing a differ-
ence in pulse volume and pressures in the upper and
lower extremities. If the pulses in all the extremities
are weak, it is important to feel the carotid pulses. If
they are full and prominent, the diagnosis of coarc-
tation of the aorta should be considered.

Some infants deteriorate rapidly within a few
hours, with progressive respiratory distress, tachy-
cardia, pallor, mottling, and weak pulses in the
arms and legs. Pulmonary rales may be heard at 
the lung bases and hepatomegaly may be noted.
The heart is clinically markedly enlarged but is not
very active. The second heart sound is usually mod-
erately increased at the upper left sternal border
and a third sound may be heard at the apex. A sys-
tolic ejection click is often heard at the mid to lower
left sternal border due to the presence of a bicuspid
aortic valve. Murmurs are not usually present, but a
soft decrescendo systolic murmur may be heard at
the apex. If the ductus arteriosus is still patent, a
continuous murmur may be heard at the upper left
sternal border.

Infusion of PGE1 often results in rapid improve-
ment of symptoms within 15–60 min. The lower
extremity pulses become palpable and blood pres-
sure increases, whereas upper limb blood pressure
may fall. Respiratory distress becomes less severe
and over a few days heart size decreases. If diuretic
and digitalis therapy is instituted and PGE1 stopped,
the infant may maintain the improvement. In those
who respond, breathing becomes less labored and
other signs of cardiac failure improve. The cardiac
impulse becomes more evident on palpation, 
the pulses in the upper extremities become much
stronger, and a definite blood pressure difference is
noted between the arms and the legs. In the neo-
natal period, it is unusual for pressure in the upper
body to rise above about 120 mmHg systolic and 
90 mmHg diastolic, but much higher pressures of
up to 200 mmHg systolic and 120 mmHg diastolic
may be noted in older infants. If the obstruction has
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not developed rapidly, the onset of left ventricular
failure may be gradual, with several weeks of mod-
erate respiratory distress and excessive perspiration
before pulmonary edema occurs. The clinical fea-
tures in these infants are similar to those described
for the infant who has responded to treatment of
cardiac failure.

If there has been a good response to treatment,
the infant may progress well with no obvious symp-
toms and develop the clinical features described
below in older children. However, some have 
persistent or repeated episodes of cardiac failure,
particularly associated with infection, and may suc-
cumb. If the infant survives the first year with no
evidence of cardiac failure, it is most unusual for
failure to develop before adult life. Associated with
the development of collateral supply, the blood
pressure in the upper extremities may fall gradually
and the difference between arm and leg pressures
diminishes.

In children, aortic coarctation rarely produces
symptoms unless the complications described
above occur. When the obstruction is marked there
may be a limited ability to increase blood flow to
the legs during exercise and intermittent claudica-
tion of the legs has been known to occur. However,
this is unusual and is not experienced by most
patients. The upper part of the trunk and arms are
frequently well developed, whereas the pelvis and
the lower extremities are slender. The large collat-
eral arteries may be palpated over the lateral and
inferior scapular margins and above the clavicle.
The pulses in the arms are strong but the femoral
and dorsalis pedis pulses are decreased; the quality
of the pulses in the lower limbs depends on the
severity of the lesion and the collateral circulation.
In severe obstruction, femoral pulses may not be
palpable. If obstruction is less severe, or with good
collateral circulation, the pulses may be weak but
delayed compared with the arm pulses. With mild
stenosis, the leg pulses may be readily felt but are
weaker and may be delayed compared with those in
the arms. Blood pressures in the arm and the leg
also vary greatly. Some children have normal blood
pressures in the arm and slightly lowered pressures
in the leg. Usually, arm pressures are moderately
increased to 130–160/90–110 mmHg while leg
pressures are 75–100/65–85 mmHg, but higher
arm pressures may occur, particularly in adults. If

the left subclavian artery is involved in the coarcta-
tion, the left arm pulse may be weak and the pres-
sure low. The heart is usually not enlarged clinically
but there may be a prominent apical impulse. The
first sound is normal; the second sound may be
increased at the upper right sternal border when
hypertension is marked; a third heart sound is often
heard at the apex. A systolic ejection click is fre-
quently heard along the left margin of the sternum,
and it usually indicates the presence of a bicu-
spid aortic valve. Precordial murmurs are not 
heard often, but occasionally a short mid-diastolic 
murmur is present at the apex. A soft continuous
murmur is sometimes present over the left side of
the spine along the scapular margin. This could be 
due to flow through the coarctation, but could be
related to flow through large collateral arteries such
as intercostal or scapular vessels. A harsh systolic
ejection murmur of grade 2–3/6 intensity may be
heard at the upper right sternal border if aortic
stenosis is present in association with the coarcta-
tion. If the ductus arteriosus is patent, a harsh con-
tinuous murmur is usually heard at the upper left
sternal border.

Coarctation with ventricular septal defect
If a small ventricular septal defect is associated 
with aortic coarctation, the clinical features will be 
similar to those described above, but additional
manifestations of ventricular septal defect will be
evident. A loud harsh pansystolic murmur will be
heard at the lower left sternal margin. If the ventric-
ular left-to-right shunt is large, increased precor-
dial hyperactivity will be noted at the apex and
lower sternum, and the second heart sound may be
accentuated at the upper left sternal margin. Also,
evidence of cardiac failure will tend to occur early
and be more marked than with isolated aortic co-
arctation. If the ventricular septal defect is nonre-
strictive, the second sound at the upper left sternal
border is markedly accentuated and, in addition to
the systolic murmur, a low-frequency mid-diastolic
murmur is usually heard at the apex. These infants
usually have marked cardiac failure; prior to the
current practice of closing the ventricular septal defect
when the coarctation is corrected surgically, the failure
often persisted if only the coartation was relieved.

Infants with aortic coarctation and a large atrial
shunt, either through a stretched foramen ovale or
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a fossa ovalis defect, also usually manifest more
severe cardiac failure. The precordial impulse is
hyperactive with prominent right ventricular activ-
ity. The second heart sound at the upper left sternal
border is usually somewhat accentuated and is well
split. When coarctation is associated with lesions
that cause reduced ascending aortic blood flow, 
the clinical manifestations of those lesions will also
be evident. These lesions are described in other
chapters.

Interruption of the aortic arch
Infants with aortic arch interruption usually
develop symptoms soon after birth. Apart from the
evidence of the interruption itself, the clinical man-
ifestations are determined by the associated lesions.
These are described in other chapters, but early
onset of manifestations of cardiac failure almost
always present within a few days after birth. In the
immediate newborn period there may be no symp-
toms but mild cyanosis may be present. The pres-
ence of arch interruption may be suspected early 
by the finding of a difference in oxygen saturation
or Po2 in the upper and lower limb. Usually the 
saturation is lower in the legs, but in infants with
aortopulmonary transposition or Taussig–Bing
anomaly, the saturation may be lower in the arms.
With type A interruption, the saturation in the left
arm will be the same as that in the lower extre-
mities, whereas in type B interruption both arms
will have higher oxygen saturations. However, if
the right subclavian artery has an anomalous origin
from the descending aorta, the saturation will be
the same as in the legs. While the ductus arteriosus
is still widely patent, pulses in the lower extremities
are palpable and no blood pressure difference is
noted between the arms and legs. As mentioned
above, the finding of a lower blood pressure in the
arms than the legs may be confusing and the diag-
nosis of interruption may not be considered. This
may be observed in infants with Taussig–Bing
anomaly, tricuspid atresia with transposition and
ventricular septal defect, and aortopulmonary trans-
position with ventricular septal defect and sub-
aortic stenosis.

Within hours or a few days, associated with con-
striction of the ductus arteriosus, femoral arterial
pulses become weak and blood pressure in the
lower limb is decreased. The subsequent picture is

one of acidemia and oliguria or anuria related to
inadequate blood flow to the descending aorta and
cardiac failure related to the large ventricular septal
defect and increased pulmonary blood flow. Heart
rate increases to 160–180/min and respiratory rate
to 60–80/min. Cardiomegaly occurs, and the pre-
cordial impulse is felt over the apex and left sternal
border and it becomes hyperactive. The second
heart sound is usually accentuated at the upper left
sternal border. Although no murmurs may be pre-
sent postnatally, an increasingly loud pansystolic
murmur develops at the mid or lower left sternal
border. An apical third heart sound and low-
frequency mid-diastolic murmur are heard fre-
quently. Differential cyanosis between the upper
and lower parts of the body may be noted, but 
usually is not striking because of ventricular left-to-
right shunting. In patients with aortopulmonary
transposition, the upper part of the body may be
more cyanotic than the lower; this is not usually
observed clinically, but measurement of oxygen
saturations may demonstrate a higher saturation in
the lower extremities. As right heart failure devel-
ops, hepatomegaly is noted. If these infants are not
treated surgically, they usually die within a few
weeks. In the past, attempts were made to relieve
the aortic obstruction surgically, without correct-
ing the associated lesions. Although many infants
survived the procedure and showed some improve-
ment in cardiac failure with digitalis and diuretic
treatment, they usually had severe persistent car-
diac failure and succumbed if additional proced-
ures were not performed.

In addition to the cardiovascular manifestations,
patients with aortic arch interruption may have the
features associated with 22q11 deletion syndromes.
Most of the individuals with type B interruption
have the deletion, but it is present in far fewer with
type A interruption. In the DiGeorge syndrome,
the thymus and parathyroid glands are absent or
poorly developed. Thus these infants have a dis-
turbance in cell-mediated immunity with normal
serum immunoglobulin concentrations and are sus-
ceptible to opportunistic infections with bacteria,
viruses, and fungi. They are also prone to develop
neonatal tetany and have craniofacial anomalies
such as antimongoloid slant to the eyes, hyper-
telorism, mandibular hypoplasia, low-set ears, and
short philtrum of the upper lip.
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Investigations

Electrocardiography
With aortic coarctation the electrocardiogram
characteristically shows right axis deviation and
right ventricular hypertrophy in infants under 3
months of age, and often prominent right forces are
present up to 6 or even 9 months. Left ventricular
voltages are usually normal after birth but increase
within 3–6 months. When severe failure is present,
T waves are often flattened or inverted in the left
precordial leads and in standard leads I and II. In
children, the electrocardiogram is variable; usually
it shows a normal pattern or a modest increase in
left ventricular forces and right ventricular conduc-
tion delay is commonly noted. In older children
and particularly in adults, ST depression and T-
wave flattening or inversion may be noted in leads
I, V5, and V6.

In patients with aortic arch interruption, the
electrocardiographic pattern largely depends on
the associated lesions. Usually right axis deviation
and right ventricular hypertrophy are noted, but in
infants with tricuspid atresia with transposition
there is left axis deviation and left ventricular dom-
inance. If hypocalcemia is severe, the typical fea-
tures of prolongation of the QT interval with
flattening of T waves may be observed.

Chest radiography
With both aortic coarctation and interrupted 
arch, in the immediate postnatal period the chest
radiograph may be normal. If a left-to-right shunt
develops, pulmonary arterial markings become
prominent. Generalized cardiomegaly becomes
evident as the infant develops cardiac failure; the
pulmonary veins may be prominent and the lung
fields are hazy due to pulmonary edema. Left atrial
enlargement may be evident. Improvement in the
failure is associated with a decrease in heart size and
pulmonary edema.

In older children with coarctation, the heart size
is normal or moderately increased and there is
prominence of the left ventricle. The ascending
aorta is often dilated and displaces the superior
vena cava to the right. This may be associated with a
bicuspid aortic valve with mild aortic stenosis and
poststenotic dilation of the aorta, but does occur
with severe coarctation alone. An indentation may

be seen along the left margin of the aortic shadow
just beyond the arch; this has been termed the “3
sign.” When the esophagus is filled with barium,
two indentations may be seen along its left border
due to the dilated aortic segment just above the site
of coarctation and the poststenotic dilation below
it; this has been termed the “E sign.” It is important
to note if there is a posterior indentation in the 
barium-filled esophagus to suggest an anomalous
origin of the right subclavian artery. Notching of
the lower margin of the posterior ends of the fourth
to eighth or ninth ribs may be noted due to erosion of
the bone by the large intercostal arteries. In adults,
calcification of the ascending aorta and the region
of the coarctation may be seen. The left ventricle
becomes more prominent and generalized car-
diomegaly may occur.

The radiological features with aortic arch inter-
ruption reflect those characteristic of the associated
lesions.

Echocardiography
In the early experience with ultrasound, it was not
uncommon that the diagnosis of aortic coarctation
or interrupted arch was not recognized, because
imaging the aorta, particularly in the region of the
ductus arteriosus connection, is often difficult.
However, with recent improvement in techniques
and in the hands of skilled echocardiographers, the
diagnosis can be made with assurance, so that it is
usually possible to refer the patient for surgery
without additional studies such as catheterization
and angiocardiography. The important informa-
tion that should be obtained by ultrasound includes:
• definition of the presence and site of obstruction;
• presence and severity of aortic arch narrowing;
• site of origin and morphology of the large arteries
arising from the aorta;
• estimation of the severity of obstruction;
• patency of the ductus arteriosus;
• definition of associated intracardiac or great ves-
sel anomalies.

The posterolateral shelf of aortic coarctation
may be readily demonstrated by two-dimensional
ultrasound. It has been observed in the fetus, but it
may be readily overlooked because while the ductus
arteriosus is patent, no obvious obstruction is
apparent. There is also a concern that if the infant is
receiving PGE1 postnatally, aortic coarctation may
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not be recognized because the ductus is widely
patent. The arch of the aorta should be examined to
assess its diameter. As mentioned above, the arch is
frequently considered to be hypoplastic in infants
with coarctation, but there are no reliable indica-
tions for determining what degree of narrowing is
functionally significant. The site of origin of the 
left subclavian artery in relation to the coarctation,
and the presence of obstruction of the artery if it is
involved in the coarcted segment, should be defined.
Also the origin of the right subclavian artery should
be imaged to determine that it arises normally and
not from the descending aorta. 

Doppler flow studies are often helpful in
defining the site of coarctation. Continuous-wave
Doppler flow may demonstrate two flow velocities
within a single envelope. A high velocity, represent-
ing the flow through the coarctation, presents as the
outer envelope, whereas the low velocity, due to
flow in the isthmus proximal to the coarctation, is
contained within the envelope. The duration of the
high-velocity flow does provide some indication of
the severity of coarctation; in severe obstruction, it
extends through most of the cardiac cycle. The
velocity pattern in the descending aorta below the
coarctation is also helpful. With severe obstruction
the velocity profile shows a slow upstroke and slow
descent, resembling a damped pressure tracing. In
most infants with cardiac failure related to coarcta-
tion, the descending aortic flow profile is essentially
flat, with little variation between systole and dias-
tole. With juxtaductal coarctation, it is important
to assess whether the ductus arteriosus is still patent
and whether there is a left-to-right shunt through
it. Also, the atrial septum should be assessed for the
presence of bulging into the right atrium and atrial
left-to-right shunting. It is important to determine
the presence of a ventricular septal defect and its
size and to assess the magnitude of left-to-right
shunt. The aortic valve should be imaged to deter-
mine the presence of a bicuspid aortic valve; valve
motion should be examined and Doppler flow
velocity analyzed for evidence of aortic stenosis.

An experienced operator can currently make the
diagnosis of aortic arch interruption by ultrasound
examination with assurance, so that surgery can be
recommended without further studies in most
patients. However, if there are doubts about arch
morphology or origin of great arteries, catheteriza-

tion with angiocardiography should be used for
their definition. The interruption is recognized by
the failure to image continuity of the arch from one
segment to the next. Thus, in type A interruption,
there is lack of continuity of the aorta between the
left subclavian artery and the ductus arching to 
the descending aorta. Also, three large arteries are 
seen to arise from the aortic arch proximal to the
isthmus. With type B interruption, the left carotid
artery appears to sweep upward as a continuation
of the ascending aorta and the transverse aortic
arch cannot be visualized. The left subclavian artery
is connected to the ductus arteriosus–descending
aorta arch. The ascending aorta is usually consider-
ably smaller than the main pulmonary artery in
these individuals. It is important to appreciate that
the arch formed by the pulmonary artery extending
to the ductus arteriosus and descending aorta may
be readily mistaken for the aortic arch, but no ves-
sels directed to the head arise from this arch. This
error is particularly likely to occur with truncus
arteriosus and interrupted arch. The innominate
and carotid arteries arise from a short segment 
of ascending aorta. The pulmonary artery arising
from the truncus connects through a large ductus
to the descending aorta and gives the appearance of
the aortic arch. Intracardiac morphology should be
examined in detail to define the associated anoma-
lies. The lesions likely to be associated with inter-
rupted aortic arch are described above.

Magnetic resonance imaging and
computed tomography
These techniques are extremely helpful in delineat-
ing the aorta and provide detailed images of the
aortic arch and coarctation and are particularly
useful for defining abnormalities in the aortic wall
following surgery or balloon angioplasty and stent
placement.

Cardiac catheterization and
angiocardiography
General considerations
Prior to the ability to define the morphology 
and altered function by ultrasound techniques, a
detailed cardiac catheterization study was con-
sidered essential in infants in whom aortic arch
interruption or coarctation was suspected, so that
the severity of the lesion could be assessed and 
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associated lesions diagnosed. However, ultrasound
techniques and particularly magnetic resonance
imaging (MRI) now provide detailed assessment of
the site and severity of obstruction or the presence
of interruption in the majority of these patients, so
that surgery can be recommended without the need
for catheterization. Occasionally, the procedure is
indicated in an infant in whom the anatomy cannot
be defined accurately, or if a large ventricular septal
defect is associated and it is felt necessary to assess
pulmonary vascular resistance. Some surgeons
considered catheterization and angiography neces-
sary in older individuals thought to have mild
coarctation in order to determine whether a collat-
eral circulation had developed, because it is con-
sidered to be important during surgery. However,
with the introduction of MRI, this is rarely indi-
cated. Recently, cardiac catheterization has been
indicated in some patients for therapeutic dilata-
tion of the aorta at the site of coarctation by balloon
angioplasty and stent implantation (discussed in
the section on therapy on p. 310).

Infants with severe coarctation or with inter-
rupted arch often present with cardiac failure as
well as inadequate perfusion of the lower body.
Arterial blood gases and pH should be measured
and diuretic therapy should be instituted. Although
it is common practice to administer alkali to treat
acidemia, there is no convincing evidence indicat-
ing that it provides any benefit, and it could pos-
sibly be harmful [11,12]. PGE1 infusion should be
started prior to proceeding with the catheteriza-
tion procedure. This will usually help to relieve
acidemia by improving perfusion of the lower
body. With aortic coarctation it may also improve
cardiac failure by decreasing the afterload on the
left ventricle. Most centers also recommend admin-
istration of inotropic agents such as dobutamine,
dopamine or milrinone, but there is no documen-
tation of beneficial effects of these agents. These
procedures will all help to reduce the risk attend-
ant with the procedure by improving the infant’s
condition.

Oxygen saturation and blood gases
In infants with aortic isthmus narrowing or inter-
ruption, the oxygen saturation data reflect the asso-
ciated lesions. Almost always there is atrial or
ventricular left-to-right shunting or both. When

blood to the descending aorta is supplied either
partially or completely by flow through the ductus
arteriosus from the pulmonary artery, there is a dif-
ference in oxygen saturations in the ascending and
the descending aortae (see Chapter 3). However,
this difference is often not large, because a large
ventricular left-to-right shunt will increase oxygen
saturation in the pulmonary artery so that blood
shunted into the descending aorta may have an
oxygen saturation of 85–88%. In many of the lesions
associated with aortic isthmus narrowing, such as
double-outlet right ventricle, some venous blood
will be directed into the ascending aorta, so that the
oxygen saturation is often reduced to 85–90%, 
a level similar to that in the descending aorta. 
In infants with aortopulmonary transposition or
Taussig–Bing anomaly, pulmonary arterial oxy-
gen saturation is usually higher than aortic oxygen
saturation; therefore, saturation in the descending
aorta may be higher than that in the ascending
aorta. Because oxygen saturations are in the higher
ranges, a small difference may not be considered
significant. In infants with localized juxtaductal
coarctation, an increase in oxygen saturation at the
right atrial level is frequent due to shunting through
the foramen ovale. Usually the shunt is small, but
right atrial saturation may sometimes be increased
markedly to 85–88%. If cardiac output is reduced,
the venous oxygen saturation is lowered; oxygen
saturation in the inferior vena cava is usually con-
siderably lower than that in the superior vena cava
and may be as low as 35–40%. With juxtaductal
coarctation the presence of a left-to-right shunt
through the ductus arteriosus may be appreciated
by an increase in oxygen saturation at the pul-
monary arterial level as compared with the right
ventricle. However, if there is a large increase in
oxygen saturation at the right atrial level, a small
shunt into the pulmonary artery may not produce
enough additional increase in oxygen saturation 
to make it appear significant (see Chapter 3). The pul-
monary venous oxygen saturation and Po2 are usu-
ally normal, but if severe pulmonary edema is pre-
sent, they may be reduced and this will be reflected
in decreases in left atrial and ventricular and sys-
temic arterial levels. In older patients with aortic
coarctation, blood oxygen saturations and gases are
usually normal. Changes as described above reflect-
ing atrial or ductus arteriosus shunts may be noted.
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Blood flows and shunts
In infants with aortic arch interruption the associ-
ated lesions determine blood flows and shunts.
Calculations are often unreliable because there is
bidirectional shunting and because ascending and
descending aortic oxygen saturations may be dif-
ferent. Pulmonary blood flow is usually increased
and systemic flow is normal or reduced.

In infants with localized coarctation, the cardiac
output is reduced if cardiac failure is present. A left-
to-right shunt may occur through the foramen
ovale or the ductus arteriosus or both; it may vary
from a small to a very large shunt with a pulmonary
to systemic flow ratio greater than 3:1. In older
patients, cardiac output is usually normal and
shunts are infrequent.

Pressures
In infants with localized coarctation and an 
intact ventricular septum, right atrial pressure may 
be raised, particularly in the presence of cardiac
failure. Particularly if atrial left-to-right shunt
occurs, right ventricular systolic pressure is usually
increased moderately to 40–60 mmHg. Pulmonary
arterial pressure is also increased, with mean 
levels of about 25–30 mmHg. Left atrial pressure is
increased, often markedly, with mean levels up to
15–20 mmHg; the a and v waves are usually equal
in height. Left ventricular end-diastolic pressure is
raised and may reach 25–30 mmHg. Left ventricu-
lar and ascending aortic systolic pressures vary con-
siderably, depending on the severity of cardiac
failure and the response to therapy. In infants in
severe failure, the pressure may be in the range
80–100 mmHg, but in those no longer in failure,
and particularly in older infants, levels may be
higher. The descending aortic pressure also varies,
but in infants in severe failure it may be reduced to
40–60/25–35 mmHg, with mean levels of 30–40
mmHg. The descending aortic pressure contour
shows a slow upstroke and slow descent, often with
a very narrow pulse pressure. If the infant has
responded well to PGE1 infusion, no pressure dif-
ference may be detected between the ascending and
descending aortae. Left ventricular end-diastolic
and left atrial pressures will decrease and pul-
monary arterial and right ventricular pressures will
also fall. If a large ventricular septal defect is associ-
ated with localized coarctation, systolic pressure in

the right ventricle and pulmonary artery will be the
same as that in the left ventricle and ascending
aorta.

In children, the pressures on the right side of the
heart are usually normal. Left ventricular end-dias-
tolic pressure may be normal but may be increased
to 12–20 mmHg if marked hypertension is present.
The ascending aortic pressure may be increased 
to 160–200 mmHg systolic and 90–130 mmHg
diastolic, with mean levels of 110–150 mmHg.
However, in many children there is only a mild ele-
vation to 120–130 mmHg systolic and 90–100 mmHg
diastolic. Although a marked elevation in ascend-
ing aortic pressure usually indicates that the stenosis
is severe, a mild elevation does not exclude the pres-
ence of severe obstruction, because an extensive
collateral circulation may be present. The descend-
ing aortic pressure is usually in the range 80–
100 mmHg systolic and 60–85 mmHg diastolic, with
a mean of 70–90 mmHg. Pulse pressure is narrow
in the descending aorta in most patients, but in those
with mild coarctation it may be almost normal. The
pressure contour usually shows a rather damped
appearance and there is a slow rise with a late sys-
tolic peak and a low descent; usually no dicrotic
notch is seen.

In infants with aortic arch interruption, pressure
in the descending aorta is lower than that in the
pulmonary artery when the ductus arteriosus is
constricted. However, if PGE1 is being adminis-
tered, no pressure difference may be detected. The
associated lesions influence the intracardiac pres-
sures. In most instances, a large ventricular septal
defect or aortopulmonary communication is asso-
ciated with elevation of right ventricular and pul-
monary arterial diastolic pressures to systemic
levels. Subvalvar aortic obstruction may result 
in lower systolic pressure in the ascending aorta
than in the ventricles. Unusually, pressure in the
descending aorta is higher than that in the ascend-
ing aorta. In patients with aortic coarctation, exer-
cise or other causes of increased cardiac output may
increase the pressure difference across the stenosed
area.

Angiocardiography
When descending aortic flow and pressure are
reduced, there is a serious risk of renal complica-
tions when large amounts of contrast medium are
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injected in infants. Therefore the number of injec-
tions should be limited and one should consider
what sites of injection are most important in pro-
viding necessary information. The information
obtained from ultrasound studies should be used 
as a basis for deciding what additional material is
necessary. The need for other injections should be
based on the information obtained from ultra-
sound studies. If it is considered necessary to define
the size and location of a ventricular septal defect, a
left ventricular injection can be done.

In infants with juxtaductal coarctation, a left
ventricular or ascending aortic injection shows the
aorta to be normal in size, but occasionally small.
There is a localized posterolateral indentation in
the aorta just beyond the arch, which gives the
appearance of a shelf projecting into the lumen.
The narrowed lumen at this site is eccentric on the
medial side of the aorta and is closely related to the
ductus arteriosus, which frequently fills with con-
trast medium from the aorta. The lumen of the
ductus is usually narrow. The left subclavian artery
may arise from the region of the coarctation and
then it is small and fills poorly. The descending
aorta is larger and wider than the isthmus in most
instances, but sometimes a posterior bulge is noted
in the isthmus just above the coarcted segment. The
internal thoracic arteries may be enlarged and tor-
tuous but collateral arteries are not usually well
developed.

In older infants and children with coarctation,
ascending aortic injection frequently shows a
bicuspid aortic valve and the aorta may be some-
what dilated. The coarcted segment varies consid-
erably; usually there is a concentric localized
narrowing of the aorta just beyond the origin of 
the left subclavian artery with a dilated arch and
poststenotic dilation of the descending aorta.
Sometimes there is a longer segment of narrowing
of the isthmus and the left subclavian artery may be
involved in the narrow area and be quite small.
Occasionally, an anomalous right subclavian artery
arises from the descending aorta just below the
coarcted area. In some children, the stenosis is
eccentric, with an appearance similar to that seen in
early infancy and a ductus ampulla may still be pre-
sent. The internal mammary and intercostal arter-
ies and other vessels involved in the collateral
circulation are large and tortuous and are usually

seen clearly. If collateral vessels are not noted, one
should examine the information carefully to assess
the severity of the coarctation. Many consider this
an important consideration at the time of surgery
(see Chapter 12). 

With aortic interruption, contrast injection into
the ascending aorta shows it is usually narrower
than normal and smaller than the main pulmonary
artery. In type C interruption, neither the left
carotid nor the subclavian artery fills from the
ascending aorta. In type B interruption, the innom-
inate and left carotid arteries fill, but the left subcla-
vian artery does not. In type A interruption, all
three great vessels arising from the arch will fill with
contrast, but none crosses the isthmus to the
descending aorta. Contrast injection into the pul-
monary artery shows a large vessel with prompt
filling of the ductus arteriosus and descending
aorta. In type A interruption, the left subclavian
artery is well visualized, unless the orifice is con-
stricted. The descending aorta is usually quite large;
if the right subclavian artery has not been seen to
arise normally from the innominate artery on ultra-
sound examination, it should be noted whether it
has an anomalous origin from the descending aorta.

Contrast injection into other sites will be deter-
mined by need, based on the ability of the ultra-
sound study to define the other lesions present.
Thus left or right ventricular injections may be
deemed necessary. As mentioned above, a difficult
diagnosis to make with assurance by ultrasound
examination is that of truncus arteriosus commu-
nis with interrupted arch. Similar difficulties arise
with angiography; an injection into the truncus
shows filling of the ascending aorta and some of its
branches. The pulmonary arteries, ductus arterio-
sus, and descending aorta are also visualized. The
sweep of the ductus arteriosus to the descending
aorta may easily be interpreted as the aortic arch. If
an arch interruption is present, the arteries arising
distal to the interruption will fill from the descend-
ing aorta by retrograde flow. The exact sequence of
filling of the left carotid and subclavian arteries may
be difficult to define. An injection of contrast ma-
terial at the upper end of the descending aorta 
may help to clarify the filling sequence by show-
ing contrast entering the left subclavian or left
carotid artery or both, with a blind end to the aorta
proximally.
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Differential diagnosis

The diagnosis of aortic arch interruption should be
considered if femoral pulses are weak compared
with arm or carotid pulses. However, difficulties
frequently arise in infants with cardiac failure, in
whom all pulses may be weak. Sometimes, the find-
ing of a low pressure with a damped appearance
arouses suspicion concerning the diagnosis when
an umbilical arterial catheter is passed into the
descending aorta. The finding may be discarded as
merely representing a problem of catheter position,
but if the tip is in the aorta, the possibility that there
is aortic obstruction should be considered. As 
mentioned above, in some infants, although it is
unusual, the pressure may be higher in the lower as
compared with the upper extremities.

The most frequent problem is that the diagnosis
is not considered in a severely ill infant in failure. In
all patients with lesions commonly associated with
aortic coarctation or interruption, such as double-
outlet right ventricle, aortopulmonary transposi-
tion with ventricular septal defect and tricuspid
atresia or narrowing of the right ventricular
outflow, atrioventricular septal defect, or large ven-
tricular septal defect with septal malalignment, the
possibility should be considered. I do not propose
to discuss the differential diagnosis of the associ-
ated lesions in this section, as it is presented in the
chapters relating to these defects.

Localized aortic coarctation may also be diag-
nosed readily in infants by palpation of arm and leg
pulses and measurement of pressures. When severe
cardiac failure is present, the diagnosis of aortic
atresia, severe aortic stenosis, or myocarditis may
be considered because all the pulses are weak. The
clinical examination is not particularly helpful in
differentiation, nor is the chest radiograph; the
electrocardiogram is similar in aortic stenosis and
coarctation of the aorta, but may show low voltage
with severe ST- and T-wave changes with myocar-
ditis. In infants with aortic atresia, right axis devia-
tion and marked right ventricular hypertrophy are
accompanied by paucity of left ventricular forces.
The diagnosis is usually made by ultrasound exam-
ination. As mentioned above, imaging of the isth-
mus region of the aorta and the site of the ductus
arteriosus connection may be challenging in infants
and often requires a skilled echocardiographer to

diagnose or exclude aortic coarctation. The use of
Doppler flow techniques to examine velocities at
the site of coarctation and in the descending aorta
has been helpful.

In older children, there is usually no difficulty in
making the diagnosis by palpating pulses in arms
and legs and measuring blood pressures. A lesion in
which blood pressure in the arms may be higher
than that in the legs and which must be distin-
guished from coarctation at the usual juxtaductal
site is abdominal aortic coarctation. This lesion
may cause a continuous murmur in the abdomen.
If the ultrasound study does not demonstrate the
coarctation in the usual site in a patient with pres-
sure difference between the upper and lower
extremities, the abdominal aorta should be imaged
carefully for the presence of obstruction. Segmental
obstruction of the distal descending thoracic or
abdominal aorta may occur with Takayasu arteritis,
neurofibromatosis, and Williams syndrome. The
term “middle aortic syndrome” has been applied to
this obstructive disease [13]. Not uncommonly,
stenosis of celiac, mesenteric, and renal arteries is
also present. The clinical findings are indistinguish-
able from coarctation. The obstruction is more 
diffuse than in juxtaductal coarctation; it was 
diagnosed by aortography, but could probably be
identified now by ultrasound study. Aortic obstruc-
tion in the abdominal portion of the descending
aorta has been encountered in children with
Williams syndrome.

Principles of management

Aortic arch interruption
The initial management of infants with arch inter-
ruption is concerned with correction of acidemia
and treatment of cardiac failure. In addition,
because DiGeorge syndrome is commonly associ-
ated, serum calcium concentrations should be care-
fully monitored and hypocalcemia treated. PGE1

should be administered by intravenous infusion 
to dilate the ductus arteriosus, thus increasing
descending aortic pressure and blood flow and
reducing the risks of acidemia and the risk of renal
complications. Prior to infusion of PGE1, the
administration of high percentages of oxygen in
inspired air is not recommended, because the high
Po2 that results may cause increased constriction of
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the ductus arteriosus. For treatment of cardiac fail-
ure, diuretic agents should be administered. These
procedures will improve metabolic disturbances,
but the cardiac failure from the associated lesions
frequently does not respond and, as mentioned
above, may become worse as a result of reduction of
pulmonary vascular resistance by PGE1. Surgery is
indicated to establish communication between the
segments of the aorta. In early surgical attempts to
correct aortic interruption, mortality was very
high. Various surgical techniques were attempted.
One technique that was developed for type A inter-
ruption was to sever the left subclavian artery and
anastomose the proximal end to the descending
aorta (Blalock–Park anastomosis). Although it was
often successful, it could not be performed if the
left subclavian artery was small or if the aorta was
interrupted above the left subclavian artery. In type
B interruption, some suggested connecting the left
common carotid artery by an end-to-side anasto-
mosis to the descending aorta. Although there is
concern that the procedure may interfere with
blood supply to the brain, it has been performed
successfully. However, little information is avail-
able regarding long-term neurological effects or
intellectual development. In recent years tech-
niques have been modified to avoid sacrificing
either the left carotid or subclavian artery; instead
surgeons perform an end-to-side anastomosis of
the descending aorta to the inferior surface of the
arch proximal to the interruption. This is now
being performed in many centers with little mortal-
ity and establishment of excellent communication
with no residual obstruction.

After correction of the interruption, a decision
has to be made about the associated lesions. Past expe-
rience was that additional surgical procedures were
associated with a very high mortality. The tendency
has been to limit additional surgery to what was
considered necessary to palliate the infant and to
delay intracardiac repair until the infant was older.
Thus in infants with ventricular septal defects, pul-
monary arterial banding has been performed to
limit the size of the left-to-right shunt and thus
reduce the likelihood of left ventricular failure. It is
often difficult to gauge the degree to which the pul-
monary artery should be constricted, particularly
in the neonatal period, when pulmonary vascular
resistance is still elevated. Frequently, the band is

found to be inadequate after the infant has recov-
ered from the procedure. However, the main con-
cern is that significant left ventricular outflow
obstruction becomes manifest within 1–2 months
after surgery in 40–50% of these individuals. The
likelihood for significant subaortic stenosis can, to
some extent, be predicted by assessing the degree of
posterior deviation of the ventricular septum and
estimating the subaortic diameter prior to surgery.
Relief of the subaortic stenosis can prove to be
difficult (see Chapter 10). It has therefore become
practice to close the ventricular septal defect and
resect subaortic tissue at the same time as the inter-
ruption is corrected. Although the surgical proce-
dure is formidable, in recent years excellent results
have been achieved with relatively low mortality.

With some lesions such as truncus arteriosus and
aortopulmonary transposition, it is also now the
practice to attempt to achieve repair of the other
defects at the time the interruption is corrected.
The repair of truncus arteriosus and interrupted
arch is associated with a high mortality, almost 50%
with the procedure itself and about 66% by 6
months [14]. About 20% of the infants have associ-
ated truncal valve insufficiency and about 10%
have truncal valve stenosis. If the infant has features
suggestive of DiGeorge syndrome, or has a 22q11
deletion, it may be necessary to treat hypocalcemia
related to hypoparathyroidism and, depending on
the severity of immunodeficiency, to treat this dis-
order appropriately.

Juxtaductal coarctation
The infant who presents with decreased flow to the
lower body and with acute cardiac failure should be
treated with appropriate measures. If necessary,
hypoglycemia and hypocalcemia should be cor-
rected; although it was common practice to admin-
ister sodium bicarbonate if there was metabolic
acidemia with reduction of pH to less than 7.2, this
is not considered to be beneficial and could be
harmful [11,12]. Diuretic agents should be admin-
istered for treatment of cardiac failure. Admin-
istration of digoxin was widely recommended, but
in recent years the benefit of digitalis preparations
has been questioned and they are not frequently
used. Inotropic agents such as dopamine, dobu-
tamine and milrinone have been used in treatment
of circulatory failure, but their effectiveness is now

c12.qxd  12/22/08  11:36  Page 314



Aortic arch obstruction 315

also being questioned. Intravenous infusion of
PGE1 should be started promptly to attempt to
dilate the ductus arteriosus. The action of PGE1 on
the ductus varies somewhat depending on post-
natal age; it is usually very effective within the first
week, but becomes less so after 10–14 days.
However, it is advisable to administer PGE1 even as
long as 4–6 weeks after birth, because occasionally
it may have an effect. Nevertheless, if it is evident
that it is not being effective, as evidenced by 
improved perfusion of the lower extremities and
improvement of cardiac failure, the infusion should
be stopped. These measures are instituted to
improve the baby’s metabolic and circulatory 
status prior to surgery.

In past years, the mortality from surgery to cor-
rect aortic coarctation in infants was extraordinar-
ily high. It was therefore common practice to try to
treat the infant actively for cardiac failure and delay
surgery beyond the first year, often to the age of
3–4 years. Although treatment in the neonatal
period was often effective, a number of the infants
succumbed during the first year as a result of persis-
tent cardiac failure, frequently associated with a
respiratory infection. With improvement in sur-
gical and anesthetic techniques, the mortality in
infants has fallen dramatically, but there is a high
incidence of so-called re-coarctation when the pro-
cedure is performed in early infancy.

Controversy exists about the mechanisms for the
restenosis following surgery. The procedure that
was first used was end-to-end anastomosis of the
two ends of the aorta after excising the coarcted
segment. One concern was that if an adequate 
segment of aorta was not removed, some ductus 
tissue may have remained and this constricted and
caused the obstruction. Another explanation was
that anastomosis of the ends of the aorta by means
of a continuous suture technique did not permit
circumferential growth. Therefore the surgery was
modified so that a continuous suture was used in
the posterior portion of the anastomosis and inter-
rupted sutures anteriorly. However, despite more
extensive removal of the aorta and modification of
suture technique, the incidence of postoperative
obstruction was still substantial. The main concern
was that a narrowed isthmus or more extensive
tubular hypoplasia of the arch was an important
contributor to postoperative obstruction. Several

other surgical techniques have been developed.
Patch repair was in vogue for some time; it allowed
for more extensive opening along a greater length
of the aorta that could extend onto a narrowed
arch. It was important to excise the posterior shelf
and heterograft material such as Teflon or Gore-
Tex was used anteriorly. Although this procedure
was readily accomplished, it is now rarely per-
formed because there is a high incidence of sub-
sequent aneurysm formation either opposite the
patch or along its edge. In some centers the inci-
dence of aneurysm has been almost 40% in patients
in whom patch aortoplasty has been used for repair
of aortic coarctation.

The subclavian flap technique was designed to
relieve isthmus narrowing as well as juxtaductal
coarctation. The left subclavian artery was severed
and a longitudinal incision was made on the under-
surface of the proximal segment and extended
through the isthmus and coarctation to the descend-
ing aorta. The subclavian artery was then turned
down and its edges sutured to the edges of the aortic
incision. The vertebral artery was ligated to avoid a
steal syndrome. It was hoped that this technique
would be more successful than end-to-end anasto-
mosis in avoiding re-coarctation. However, it has
not been very successful in doing so and, in addi-
tion, some children have poor development and
weakness of the left arm as a result of ligation of the
subclavian artery. The technique is still used in
some infants, but is not generally favored.

Great interest has been generated in attempting
to relieve coarctation of the aorta by balloon angio-
plasty. The gradient across the obstruction can be
successfully reduced, thus avoiding surgery in
acutely ill infants. However, the initial enthusiasm
for the procedure has not persisted, because a rela-
tively high incidence of aneurysm formation has
been observed several months to 2–3 years after the
procedure. Furthermore, the incidence of recur-
rent coarctation is very high in infants with patent
ductus arteriosus in whom the coarctation was
relieved by balloon angioplasty. The use of balloon
angioplasty as the first procedure in infants is now
not genarally recommended. 

Because the results of surgery in infants have
been suboptimal, some pediatric cardiologists
attempted to avoid surgery until a later age. If car-
diac failure could be controlled by medical therapy,

c12.qxd  12/22/08  11:36  Page 315



316 CHAPTER 12

it was recommended that surgery be delayed to the
age of 3–5 years. The aortic diameter reaches about
50–60% of adult diameter by 3–4 years of age.
Based on acute studies which showed that a signi-
ficant gradient did not develop until aortic dia-
meter was reduced by 50%, it was hypothesized
that even if the aorta did not grow after surgery, its
diameter would be adequate even in adult life.
There are several concerns about this approach.
Even though the infant may respond to medical
measures, past experience has shown that a number
of these infants die during the first year as a result of
worsening of cardiac failure in association with 
a respiratory infection. If the infant manifests
significant upper body hypertension, left ventricu-
lar hypertrophy may be marked and myocardial
fibrosis will possibly develop. 

A recent surgical approach has achieved more
successful results in neonates with coarctation. The
aortic arch and its major branches are mobilized, as
is the cranial portion of the descending aorta. The
aortic isthmus is ligated beyond the left subclavian
artery and the aorta severed beyond the suture. The
segment of aorta including the coarctation and
ductus tissue is excised. A longitudinal incision is
made along the inferior surface of the arch and the
distal end of the descending aorta is connected to
this incision by end-to-side anastomosis. This pro-
cedure has the advantage that it avoids any residual
arch narrowing and also is performed using only
natural tissue. The results of this approach have
been remarkably good; no mortality has been asso-
ciated and re-coarctation is uncommon [15]. If
these results can be achieved generally, it is likely
that the majority of individuals with coarctation
will be repaired in infancy.

Balloon angioplasty and stenting
Initial percutaneous approaches to relieve aortic
coarctation were performed by balloon angio-
plasty. In early studies, there were many complica-
tions, with tears in the aortic wall and the
development of aneurysms, particularly in infants.
Many of the difficulties were probably related to
attempts to achieve complete relief of obstruction
with large balloons. In several centers the proced-
ure was abandoned as the original approach for 
the treatment of native coarctation. However, it
was used in relieving obstruction in patients who

had developed restenosis after a previous surgical
approach. The presence of fibrosis around the aorta
appeared to provide protection against tears and
aneurysm formation. Subsequently, with the use of
intravascular stents, procedures have been more
successful.

In a recent review of stenting performed on 
588 patients above 4 years of age in 17 institutions,
complications including aortic dissection, aortic
aneurysm and restenosis due to stent fracture or
neointimal growth did occur, but they were fewer
than with balloon angioplasty. In this series aortic
dissection was significantly more likely to occur in
patients above the age of 40 years [16,17]. These
procedures were done in older patients and there is
still a reluctance to perform procedures in infants.
Although ballon dilation could be accomplished in
neonates, the incidence of restenosis was very high
(as much as 80%), but relief could be obtained by
subsequent procedures [18]. In older children and
adults, the results achieved with use of stents are
superior to those of angioplasty, but their use in
infants is not recommended because the diameter
will be restricted with growth. A stent consisting of
two stent halves connected by resorbable sutures
has been developed for use in infants. It is suggested
it will be possible to distend the aorta by inserting a
new stent if restriction occurs with growth [19].
The success of this device is yet to be demonstrated.

Recommendations and prognosis
I am of the opinion that surgery, using the end-to
side anastomosis described above, is still the
favored approach for treatment of coarctation of
the aorta in infants. It has very low mortality and
excellent results, with no significant residual pres-
sure gradient from upper to lower extremities. In
older patients, stenting is a reasonable option, but
there is still a modest incidence of complications
and the long-term success and freedom from com-
plications is yet to be assessed.

Coarctation may be first recognized in older chil-
dren or adults because they are found to have
hypertension or weak or absent lower extremity
pulses. In the past, it was recommended that sur-
gery be performed at about 7–8 years of age, because
the aorta has attained almost adult size at this age. 
It was thought that if the anastomosed area did 
not grow after surgery, no significant obstruction
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would develop with increasing age. However, with
improvement in surgical techniques, there appears
to be little reason to delay treatment. Also, with the
increasing use of stents, there seems to be little indi-
cation to delay relief of the obstruction.

Children and adults who have a small pressure
difference between the upper and lower extremities
present a difficult problem. This could be due to the
fact that although coarctation is severe, a well-
developed collateral circulation will reduce upper
body hypertension and provide good flow to the
lower extremities. The severity of the stenosis can
usually be assessed by ultrasound studies. Those
individuals who have mild coarctation are not
likely to have a well-developed collateral circula-
tion. If the aorta is completely occluded during the
surgical reanastomosis, flow to the descending aorta
may be severely limited and it has been thought that
paraplegia may occur in rare instances. It is not yet
known for certain what causes paraplegia following
repair of coarctation. One hypothesis is that it
results if several intercostal arteries are ligated in an
attempt to mobilize the aorta. The intercostal arter-
ies provide anterior spinal arteries to the spinal
cord and it is suggested that if several of these arter-
ies are eliminated, paraplegia may result. However,
some surgeons recommend placing a temporary
shunt in patients with mild coarctation to provide
descending aortic flow while the anastomosis is
performed. However, with the introduction of per-
cutaneous techniques for stent insertion, this is no
longer an issue.

The complications of coarctation surgery are rel-
atively few. Hemorrhage from severed collateral
arteries may occur and hemorrhage from the site of
the anastomosis may require further surgery to
control bleeding. Postoperatively, blood pressure
in the upper body usually falls, but occasionally it
does not and may actually increase temporarily.
Currently, it is recommended that if hypertension
persists or becomes more severe after surgery, it
should be treated with antihypertensive agents in
order to reduce the risk of postoperative bleeding as
well as the likelihood for development of so-called
post-coarctectomy syndrome. This is an acute
intestinal crisis, associated with extensive hemor-
rhagic necrosis of the small bowel. The actual
mechanism of this lesion is not known, but it has
been suggested that it may be associated with a 

sudden release of the obstruction in the aorta and
exposure of the mesenteric arteries to the high arte-
rial pressure of the upper body, resulting in arterio-
lar disruption and hemorrhage into the tissues of
the gut. The condition should be suspected if severe
abdominal pain, distension, and intestinal obstruc-
tion occur soon after surgery. Treatment is directed
to reducing blood pressure with antihypertensive
drugs and decompression of the gastrointestinal
tract. It may be necessary to remove the damaged
bowel. Other complications include chylothorax
due to damage of the left thoracic duct and hoarse-
ness due to recurrent laryngeal nerve palsy.

In order to avoid postoperative hypertension
and its potential complications, recently some have
recommended that antihypertensive therapy should
be initiated either during surgery or immedia-
tely after surgery. The possibility that the renin–
angiotensin system may be involved in the develop-
ment of postoperative hypertension has been pro-
posed. The angiotensin-converting enzyme inhibitor
enalaprilat has been administered; although it re-
duced blood pressure, there is as yet no evidence to
indicate it altered postoperative course [20].

The incidence of postprocedural hypertension is
considerably less frequent after balloon or stent
dilation than after surgery. This difference in re-
sponse may be related to the fact that a group of
patients undergoing surgical repair showed increased
plasma catecholamine levels and plasma renin
activity, whereas those subjected to balloon angio-
plasty showed no change in catecholamines or
renin activity [21].

Surgical repair of aortic coarctation was initially
believed to provide complete relief of systemic arte-
rial hypertension. Residual or recurrent hyperten-
sion was thought to be related to incomplete relief
of obstruction or to recurrent obstruction. It became
apparent that when coarctation is corrected after
the age of 20 years, there is a very high incidence of
hypertension in later life, even with no demonstra-
ble residual obstruction. Hypertension may persist
if the obstruction is relieved in adolescents or adults
[22]. Unfortunately, these studies have not related
the severity of the coarctation and time of repair to
the likelihood of adult hypertension.

From numerous investigations, it is now appar-
ent that although more likely to occur if the repair 
is beyond childhood, hypertension is present in
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about 30% of patients who had relief of obstruction
in infancy or early childhood. If those who had evid-
ence of obstruction by ultrasound examination
were excluded, 20% of these patients had hyperten-
sion [23]. However, repair of coarctation does
reduce the risk of cerebral hemorrhage or cerebral
vascular complications, as well as the risk of aortic
rupture. Several reports have indicated that the
arterial vessels in the upper extremities show re-
duced reactivity to endothelium-dependent vaso-
dilation, whereas lower extremity arteries showed
normal responses [24]. These arterial abnormalities
could account for the persistent hypertension in
patients after relief of coarctation. Whether these
abnormal arterial responses are the result of the
hypertension prior to repair of the obstruction or
due to an inherent associated anomaly of the arte-
rial wall is yet to be determined. 

Although the effects of relief of coarctation on
the risks for infective endocarditis are not known,
in the past it was recommended that antibiotic pro-
phylaxis for infective endocarditis be continued
after surgery. This was considered important
because many of these individuals have bicuspid
aortic valves. However, with the changes in the re-
commendations for use of antibiotic prophylaxis for
congenital cardiovascular malformations, prophy-
laxis for dental or other surgical procedures is no
longer indicated [25].

Questions remain regarding prophylaxis after
insertion of stents. Some recommend that prophy-
laxis be practiced for a period of about 6 months
after stent introduction, by which time it is felt that
endothelium would have covered the stent. There is
no evidence to support this recommendation, nor
is there any evidence to support use of prophylaxis
beyond this time.
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Morphological considerations

There is considerable variation in the manner in
which anomalous pulmonary veins connect to the
systemic venous system. Only the more common
syndromes are discussed in this chapter.

Connection to the superior vena cava
Supracardiac connection of the pulmonary veins
occurs in almost half of all patients. They may con-
nect via the vertical vein or directly to the superior
vena cava (SVC) [1].

Via the left innominate vein
The pulmonary veins may all drain into the SVC
through the left innominate vein. The four pul-
monary veins join behind the left atrium and con-
nect to the vertical vein, which sometimes has been
designated the persistent left SVC. The vertical vein
ascends to join the left innominate vein; it is usually
anterior to the left pulmonary artery and the left
bronchus and is not commonly obstructed. How-
ever, it may be constricted if it passes between the
left bronchus posteriorly and the left pulmonary
artery anteriorly. Occasionally, the vertical vein and
left innominate vein are somewhat narrowed along
the whole length; rarely, there may be an obstruc-
tion at the junction of the vertical and innominate
veins.

Via the right SVC
The pulmonary veins may drain directly into the
right SVC. They join behind the heart and a com-
mon trunk runs to the posterior aspect of the SVC
just above the junction with the right atrium, or it
may connect to the right azygous vein. Sometimes
the right upper pulmonary vein joins the trunk as it
enters the vena cava. The connection of the trunk to

CHAPTER 13
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Anomalous connection of the pulmonary veins to
the systemic venous system instead of to the left
atrium may be partial or complete. When one or
two veins are connected directly to the systemic
veins or the right atrium, the lesion behaves physio-
logically very much like an atrial septal defect, and
it is discussed in Chapter 8.

The early literature on this anomaly was con-
cerned with the anatomical variations of the pul-
monary veins and whether they connected directly
with the right atrium, with the coronary sinus,
through the vertical vein, or with the hepatoportal
venous system. Descriptions of the clinical features
of total anomalous pulmonary venous return were
based largely on whether the connection to the sys-
temic venous system was supradiaphragmatic or
infradiaphragmatic. It was generally assumed that
when the drainage was supradiaphragmatic, the
individual had only mild cyanosis and few if any
symptoms in early life. The triad of cyanosis, a
small heart, and “pale” lungs in early infancy was
widely accepted as being indicative of infra-
diaphragmatic drainage of the pulmonary veins.
Although these anatomical classifications are import-
ant in understanding disturbances in embryolo-
gical development and to the surgical management
of these lesions, they do not necessarily explain 
the clinical features. The physiological effects are
largely determined by the presence or absence of an
actual or effective obstruction to drainage of the
pulmonary veins into the right atrium. The persis-
tence of fetal vascular communications also affects
the hemodynamic and clinical presentation during
the neonatal period.

13
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the vena cava frequently has a small orifice that may
produce considerable obstruction to flow. When
the veins drain into the azygous vein, the small size
of the vessel may produce obstruction. Obstruction
to drainage is present in more than half of these
patients. This type of drainage is encountered par-
ticularly in individuals with right atrial isomerism
or asplenia syndrome. Although almost 90% of
patients with asplenia syndrome have total anoma-
lous pulmonary venous return, the connection
varies and may be infradiaphragmatic or supra-
diaphragmatic. The pulmonary veins may be small
and not infrequently may be stenosed. The abnor-
mal anatomical connection is usually not of great
hemodynamic significance if the pulmonary veins
are not obstructed, because usually large atrial or
ventricular communications are also present, so
that it is relatively immaterial which atrium receives
the pulmonary venous blood. However, it becomes
very important if the pulmonary venous drainage is
obstructed and if surgery is contemplated.

Connection to the heart directly
In about 20% of individuals with total anomalous
pulmonary venous connection, the veins may con-
nect to the coronary sinus or directly to the right
atrium. The four veins may enter a greatly dilated
sac of the coronary sinus behind the right atrium,
and this drains through an enlarged coronary sinus
orifice. Usually this orifice is widely dilated so that
no obstruction exists, but occasionally it is narrow
and somewhat obstructed.

When all the veins connect with the right atrium,
the four veins may drain independently into the
right atrium or the two right or left veins may join
just prior to entering the posterior aspect of the
atrium. It is most unusual for these veins to be
obstructed, but on occasion one or more veins may
be narrowed at their junction with the right atrium.

Connection to the hepatoportal system
In about 25% of patients with total anomalous con-
nection, the drainage is infradiaphragmatic. In the
usual arrangement, the four pulmonary veins join
behind the heart, and from the confluence a single
trunk descends anterior to the esophagus and
through the esophageal hiatus in the diaphragm.
However, in some patients, the upper veins join 
to form a channel and the lower veins enter as 

tributaries to this channel, sometimes at different 
levels. The trunk connects most commonly with
the portal vein near the junction of the splenic and
superior mesenteric veins, less frequently with the
ductus venosus and, rarely, with the left hepatic
vein or inferior vena cava (IVC). The common
trunk may be wide, but its entrance into the portal
or systemic vein may be narrow, and occasionally
the whole trunk is quite narrow. It may be com-
pressed where it passes through the diaphragm.

Mixed types
All the pulmonary veins may drain into the sys-
temic venous system, but in about 10% of patients
they may not all drain into the same site. Many dif-
ferent types of mixed drainage may be encoun-
tered. Thus the left pulmonary veins may drain into
the portal vein, whereas the right veins may enter
the coronary sinus or the SVC. The left pulmonary
veins may enter the left innominate vein through 
a vertical vein, and the right veins may enter the
coronary sinus. Other combinations of mixed
drainage may occur; also, drainage to one site may
be obstructed, while the other veins may not be
obstructed. A rare condition has been described
that behaves effectively like total anomalous pul-
monary venous drainage. All the pulmonary veins
enter the left atrium, mitral atresia is present, and
the foramen ovale is closed. A single vein, the levo-
atriocardinal vein, leaves the left atrium and is con-
nected to the left innominate vein.

Pulmonary venous stenosis
Stenosis of individual pulmonary veins has been
noted in association with total anomalous connec-
tion of the veins. It is difficult to assess the inci-
dence of these lesions, because many have first been
noted after surgery and it is not known whether the
stenosis was present prior to the procedure. The
pulmonary veins may be narrowed along the whole
length, with thickening of the intima and fibrosis of
the wall, or only a short segment may be involved.
The lesions have been noted in neonates who had
not been subjected to surgery, so it is apparent they
can develop in the fetus. It is not known what
causes stenosis of pulmonary veins, but it is pos-
sible that the intimal proliferation is induced by
intrauterine pulmonary venous hypertension, which
could be the result of severe obstruction of 
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pulmonary venous drainage. The stenoses may
involve both the left and right veins but may be 
unilateral and may involve only one vessel. It is pos-
sible that one or more pulmonary veins may be
obstructed postoperatively, by being involved in
the healing process close to the site of the anasto-
mosis to the left atrium. Pulmonary venous steno-
sis following surgery is a poor prognostic sign,
especially if it is bilateral (see Chapter 13).

Embryological considerations

The embryological disturbances leading to the
development of anomalous pulmonary venous
connections are still obscure. Normally, the pul-
monary vascular bed is derived from the splanchnic
plexus, because the lungs develop as an outpouch-
ing from the foregut. In the early embryo there is 
no connection between the primitive pulmonary
vascular bed and the heart. The pulmonary seg-
ment of the splanchnic plexus is drained by the left
and right cardinal and umbilicovitelline systems. A
projection grows from the dorsal side of the atrium
just to the left of the septum primum and this 
common pulmonary venous trunk connects to the
primitive pulmonary venous system. Later, the
common pulmonary venous trunk is absorbed into
the left atrium so that the pulmonary veins are con-
nected directly to the left atrium. The left cardinal
vein becomes the left side of the sinus venosus and
eventually the coronary sinus and left SVC. The
right cardinal vein provides the right side of the
sinus venosus and subsequently the right SVC and
azygous vein. The umbilicovitelline system eventu-
ally gives rise to the portal vein, the ductus venosus,
and a portion of the IVC.

One hypothesis proposes that the common pul-
monary venous trunk becomes atretic before the
other connections of the pulmonary circulation to
the systemic venous system are obliterated. One or
another of these connections enlarges to create the
major drainage pathway for the pulmonary veins to
the systemic veins. Thus, if the connection to the
right common cardinal system becomes dominant,
all the pulmonary veins will drain into the SVC or
azygous veins. If the left common cardinal vein
connection persists, the pulmonary veins will drain
into the left innominate vein or the coronary sinus.
Persistence of the communication with the umbili-

covitelline system will result in drainage into the
portal venous system, the ductus venosus or, rarely,
the hepatic veins.

Although this hypothesis does provide an expla-
nation, it does not consider why one or another
major pathway of drainage may persist.

Hemodynamic considerations

Fetal circulation
Little information is available regarding the
influence of total anomalous pulmonary venous
return on the fetal circulation. The lesion does not
appear to influence fetal development and infants
born with the anomaly are usually normally devel-
oped at birth. The discussion that follows considers
the possible changes in the fetal circulation that
may result from this anomaly.

Alteration of PO2 in arterial blood to upper 
and lower body
In the normal fetus most of the SVC blood, which
has a relatively low oxygen saturation, is directed
through the tricuspid valve into the right ventricle
and pulmonary artery. The Po2 of pulmonary arte-
rial blood in the fetal lamb is about 17 mmHg;
because the fetal lung is metabolically active and
consumes oxygen, the Po2 of pulmonary venous
blood is lower, usually about 14–15 mmHg. Left
atrial blood in the fetus is derived largely from
umbilical venous blood that passes through the
ductus venosus and is then preferentially directed
in the IVC through the foramen ovale (see Chap-
ter 1). Distal IVC blood contributes only a small
amount of flow through the foramen ovale. In the
fetal lamb, foramen ovale flow contributes about
two-thirds of blood entering the left atrium, whereas
pulmonary venous return contributes somewhat
less than one-third. This results in lowering of the
Po2 of left atrial blood, but the Po2 of blood enter-
ing the left ventricle is considerably higher than
that of blood in the right ventricle. This accounts
for the higher Po2 in the ascending aorta, which
derives its blood from the left ventricle, as com-
pared with the descending aorta, which derives
most of its blood from the right ventricle through
the ductus arteriosus (see Chapter 1). 

The effects of infradiaphragmatic drainage of the
portal veins would depend on the vessel to which
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they connect (Figure 13.1). If they drain into the
ductus venosus, the blood would probably stream
preferentially through the foramen ovale to the left
atrium. Thus there would be no difference from 
the normal situation in which pulmonary venous
blood enters the left atrium directly. If the pul-
monary veins drain into the portal veins, most
blood would enter the right lobe of the liver, since
right hepatic venous blood streams preferentially
through the tricuspid valve. The Po2 of blood in the
pulmonary vein is only slightly lower than that in
the pulmonary artery; therefore pulmonary arterial
oxygen saturation and Po2 will not be significantly
different from normal.

If all the pulmonary veins drain into the SVC
stream, which almost exclusively passes through

the tricuspid valve, no pulmonary venous blood
would reach the left atrium. Therefore the normal
small difference in the Po2 between the upper and
lower body could be exaggerated. Thus, blood with
a higher than normal Po2 could be delivered to the
heart muscle and the brain, and blood with a lower
than normal Po2 would reach the lungs and the
lower body organs (Figure 13.2). The higher oxy-
gen level in blood distributed to the heart and brain
probably has no significant effect. The lower Po2 of
blood in the lungs could induce pulmonary vaso-
constriction and possibly increase pulmonary ar-
teriolar smooth muscle development.

Development of the pulmonary circulation
If pulmonary venous return were not obstructed,
pulmonary venous pressure would not be increased.
Pulmonary blood flow in the fetus is low, so
obstruction to pulmonary veins would have to be
severe to produce pulmonary venous hypertension.
Should this occur, however, reactive pulmonary
arteriolar constriction with increased smooth mus-
cle development could possibly result.
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Figure 13.1 Total anomalous drainage of pulmonary veins
to the portal vein in a fetus: course of the circulation,
oxygen saturations (circled), and pressures. m, mean
pressure; DV, ductus venosus; HV, hepatic vein; PT,
pulmonary venous trunk; PV, portal vein; UV, 
umbilical vein.
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Figure 13.2 Total anomalous drainage of pulmonary veins
to the superior vena cava in a fetus: course of the
circulation, oxygen saturations (circled), and pressures. m,
mean pressure.
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The combination of elevated venous pressure
and decreased Po2 of blood perfusing the lung could
affect pulmonary vascular smooth muscle develop-
ment. In a study of infants with total anomalous
pulmonary venous connection with obstruction,
pulmonary vascular smooth muscle was markedly
increased in pulmonary arterioles, and more peri-
pheral vessels also showed increased smooth muscle
development [2]. An association between total
anomalous pulmonary venous drainage and pulmo-
nary lymphangiectasia has been noted; pulmonary
venous hypertension may greatly increase transu-
dation of fluid into the lung parenchyma and lymph
flow will increase. Lymphangiectasia is frequently
associated with neonatal mortality, because the
infant is not able to establish effective ventilation.

Development of the left atrium and left
ventricle
The body of the left atrium and the left ventricle are
frequently small in infants with total anomalous
pulmonary venous return. A lack of pulmonary
venous drainage into the atrium has been incri-
minated as the cause of the underdevelopment.
Although in the sheep fetus pulmonary blood flow
represents only 15–20% of left ventricular output,
in the human fetus it probably provides almost
50% of left ventricular ejection (see Chapter 1). It is
possible that if pulmonary venous return to the left
atrium were abolished, flow through the foramen
ovale would compensate to maintain left ventricu-
lar output. However, there is no need for left ven-
tricular output to be maintained, because right
ventricular output could be adjusted to maintain
adequate aortic flow through the ductus arteriosus.
It is thus possible that no compensatory increase in
umbilical venous or IVC blood occurs across the
foramen ovale and that the abnormal flow dynam-
ics could contribute to the small size of the left atrial
and ventricular chambers.

Ultrasound study of fetuses with total anoma-
lous pulmonary venous connection reveals a very
characteristic finding of a small left atrial cavity,
with inability to identify pulmonary veins entering
the atrium. This contrasts with the fetus with tricus-
pid or pulmonary atresia with intact ventricular
septum, in which the total umbilical and systemic
venous return must pass through the foramen
ovale; these infants have a large foraminal orifice

and well-developed left atrium and ventricle after
birth. The small size of the left atrium could also
result from morphological factors; normally a por-
tion of the left atrium is formed by incorporation of
the pulmonary veins into the wall. If the veins drain
abnormally, this contribution to the left atrial wall
would be lacking. A small left atrium with low com-
pliance could interfere with flow of blood across the
foramen ovale and thus result in inadequate left
ventricular development. Narrowing of the aortic
isthmus and coarctation of the aorta may occur 
in association with total anomalous pulmonary
venous drainage; these lesions could result from
reduced left atrial filling and decreased left ven-
tricular output in the fetus (see Chapter 12). 

Postnatal adaptations and
hemodynamics
When all the pulmonary veins return to the sys-
temic venous system, complete admixture of pul-
monary and systemic venous blood occurs at the
right atrial level. Pulmonary and systemic arterial
oxygen saturations tend to be equal, but saturation
differences may result from preferential streaming
of IVC blood across the foramen ovale; the effects
of this streaming are discussed below. The lack of
pulmonary venous return to the left atrium neces-
sitates the presence of blood flow through an 
adequate atrial, ventricular or aortopulmonary com-
munication to provide systemic blood flow. Because
a large ventricular communication is unusual except
in those instances in which pulmonary venous
drainage anomaly is associated with asplenia or
polysplenia syndrome, systemic blood flow is usu-
ally maintained through the foramen ovale and
sometimes the ductus arteriosus. Flow from the
pulmonary artery through the ductus arteriosus
into the aorta can occur only if pulmonary arterial
hypertension is present, and this would occur only
if pulmonary vascular resistance is maintained at
high levels.

Relationship between pulmonary and systemic
blood flow and pulmonary and systemic
arterial oxygen saturation
Complete admixture of pulmonary and systemic
venous blood at the right atrial level will result 
in equal oxygen saturations in pulmonary and 
systemic arterial blood. The oxygen saturation of
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arterial blood is determined by the ratio of pul-
monary to systemic blood flows (see Chapter 4).
However, in the neonatal period, fetal patterns of
venous blood flow may modify the oxygen satura-
tions in the pulmonary and systemic arteries. IVC
blood is preferentially directed through the fora-
men ovale to the left atrium, whereas SVC blood is
directed through the tricuspid valve. If the pul-
monary veins drain to the ductus venosus or portal
vein, the oxygen saturation of IVC blood will be
higher than that in the SVC. Preferential streaming
of IVC blood across the foramen ovale would thus
result in higher oxygen saturations in left ventricu-
lar and ascending aortic blood than in right ventric-
ular and pulmonary arterial blood. If the ductus
arteriosus is open and pulmonary arterial blood
flows into the descending aorta, oxygen saturation
in the ascending aorta and its branches will be
higher than that in the descending aorta.

However, if the pulmonary veins all connect to the
left innominate vein or SVC, the better-oxygenated
blood would be preferentially distributed through
the tricuspid valve; oxygen saturation in the pul-
monary artery would be higher than that in the
aorta. If the ductus arteriosus is open, flow from 
the pulmonary artery to the descending aorta will
result in a higher oxygen saturation in the descend-
ing compared with the ascending aorta. The differ-
ences in oxygen saturations are unlikely to be
encountered in those infants who also have a large
atrial or ventricular communication, because this
would further enhance mixing.

During the immediate neonatal period, while
pulmonary vascular resistance is still maintained at
relatively high levels, pulmonary blood flow will
increase only modestly. The pulmonary to systemic
blood flow ratio will thus be low, and therefore
arterial oxygen saturation and Po2 would be con-
siderably reduced. The subsequent changes in 
arterial oxygen saturation vary depending on the
hemodynamic developments. If pulmonary venous
drainage is severely obstructed, pulmonary blood
flow will be reduced and if systemic blood flow 
is maintained, the pulmonary to systemic flow 
ratio will decrease further and arterial oxygen 
saturation will fall to very low levels. This may be
exaggerated further by a decrease in pulmonary
venous oxygen saturation resulting from pul-
monary edema.

In infants with mild or no obstruction to pul-
monary venous return, as pulmonary vascular re-
sistance falls, pulmonary blood flow progressively
increases after birth, resulting in very large pul-
monary to systemic flow ratios and thus relatively
high systemic arterial oxygen saturations. Arterial
oxygen saturations are frequently 85–88% in infants
with unobstructed total anomalous pulmonary
venous return and may be as high as 92% in older
children and adults.

Restriction of the foramen ovale may occur 
in infants within the first few weeks after birth (see
Chapter 13). This may interfere with flow through
the foramen ovale, thus restricting systemic blood 
flow. Pulmonary blood flow will be very high if pul-
monary veins are not obstructed. This will result in
a very high pulmonary to systemic blood flow ratio
and high arterial oxygen saturation.

Systemic blood flow
Systemic blood flow must be provided from the
right side of the heart when all the pulmonary
venous blood enters the systemic venous system. In
the absence of a ventricular septal communication,
it is derived via the foramen ovale or the ductus
arteriosus, or both. If flow through the ductus arte-
riosus contributes to systemic flow, the right ventri-
cle is responsible for providing a portion of the flow
and the work of the ventricle is increased. If the
foramen ovale provides all the systemic flow, the
left ventricle maintains flow. As mentioned above,
the left atrium and ventricle are often small and,
possibly as a result of diminished flow into the left
ventricle in utero, left ventricular development
could be affected. It is thus possible that left ven-
tricular function may be impaired. Others factors
could also influence left ventricular output. The
filling pressure of the right ventricle is somewhat
higher than that of the left ventricle and ventricular
septal displacement by the large volume in the right
ventricle could interfere with left ventricular filling.
Restriction of the foramen ovale could also be a fac-
tor in reducing flow into the left atrium and ventri-
cle. Increases in afterload on the left ventricle, as
would occur with systemic vasoconstriction asso-
ciated with hypoxemia, limit left ventricular out-
put; this would be particularly detrimental if left
ventricular function is already somewhat reduced.
Postnatally, left ventricular performance appears to
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be impaired in infants with obstructed pulmonary
venous return, but this may reflect poor filling of
the ventricle. After relief of obstruction and anasto-
mosis of pulmonary veins to the left atrium, left
ventricular function appears to improve, probably
because filling is enhanced.

Pulmonary vascular resistance and 
pulmonary blood flow
The relationships between pulmonary blood flow
and pulmonary vascular resistance are important
in determining clinical manifestations in infants
with obstructed pulmonary venous return. After
birth, the increase in pulmonary blood flow associ-
ated with the fall in pulmonary vascular resistance
results in increased flow in the pulmonary veins; if
the veins are obstructed, pulmonary venous pres-
sure becomes elevated. If plasma oncotic pressure 
is exceeded, increased transudation of fluid into 
the pulmonary alveoli will occur; when the rate of 
fluid accumulation exceeds the ability of lymphatic
drainage to remove it, pulmonary edema results.
This interferes with alveolar ventilation, decreas-
ing the Po2 to which the pulmonary arterioles are
exposed, with resulting pulmonary vasoconstric-
tion. Pulmonary arterial hypertension occurs for
several reasons: the high pulmonary venous pres-
sure results in passive pulmonary arterial hyper-
tension, pulmonary vasoconstriction results from
alveolar hypoxia, and pulmonary venous hyperten-
sion induces pulmonary arteriolar constriction. If
there is no communication between the ventricles
or between the aorta and pulmonary artery, pres-
sure in the pulmonary artery often exceeds that in
the aorta.

It is interesting to speculate on the effects of
changes in pulmonary vascular resistance on pul-
monary blood flow and pulmonary edema. An
increase in pulmonary arterial pressure would tend
to increase flow across the pulmonary vascular bed,
raise pulmonary venous pressure, and aggravate
pulmonary edema. However, pulmonary vasocon-
striction would tend to reduce flow through the
lungs into the pulmonary veins and thus tend to
reduce edema. A balance would be established, but
this could readily be upset by changes in pulmonary
vascular resistance, such as may result with ventila-
tion after birth or in neonates when assisted venti-
lation is altered. Also, the ductus arteriosus could

have a profound influence on the dynamics of the
circulation and on oxygen saturation levels (see
Chapter 13).

Pulmonary vascular responses
When obstruction to pulmonary venous drainage
is severe, the marked increase in pulmonary venous
pressure and the alveolar hypoxia associated with
pulmonary edema maintain a high pulmonary vas-
cular resistance (see Chapter 13). Without treatment,
these infants do not survive to an age where long-
term changes in pulmonary vasculature can be
assessed. In those individuals with no obstruction
to pulmonary venous return, pulmonary vascular
resistance undergoes the normal postnatal changes
and pulmonary arterial pressure may be normal,
but may show modest elevations to 30–40/15–
20 mmHg associated with the marked increase in
pulmonary blood flow. The effect of the high blood
flow with shear effect on the pulmonary endothe-
lium is similar to that observed in patients with
large atrial septal defects (see Chapter 5). The
medial smooth muscle layer undergoes normal
regression after birth, but the endothelial cells 
proliferate and encroach on the lumen. As with
atrial septal defect, these changes are not usually
significant until late adolescence and in many
patients do not develop to the extent of causing
significant pulmonary vascular obstruction even in
adult life. The rare individual develops severe inti-
mal proliferative changes at any time from about 
10 to 30 years. This results in progressive decrease
in pulmonary blood flow, with increasing cyanosis.

The small pulmonary vessels may show some
persistence of the medial smooth muscle layer after
birth with moderate obstruction to pulmonary
venous return because pulmonary arterial pressure
and flow are elevated. The vessels are therefore sub-
ject to the development of intimal proliferative
changes and pulmonary vascular obstruction (see
Chapter 5).

Severe obstruction to pulmonary venous
drainage
The degree of obstruction of the pulmonary venous
trunk connecting the pulmonary veins to the sys-
temic veins is one of the most important deter-
minants of the hemodynamic effects and clinical
manifestations of the anomaly.
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Marked obstruction of pulmonary venous
drainage was thought to occur only in infants with
connection to the umbilicovitelline system. Most
infants with infradiaphragmatic drainage do have
obstruction; this may occur because the vessel
draining the pulmonary venous confluence is nar-
row, or because it is compressed at its passage
through the diaphragm. Narrowing at its junction
with the portal vein or ductus venosus may also
result in obstruction. If the vessel connects with 
the portal vein or the ductus venosus, significant
obstruction may not become evident for several
weeks or months, due to delayed closure of the duc-
tus. The intrahepatic portal circulation may also
impose resistance to return of pulmonary venous
blood to the IVC. Although in the fetus the intra-
hepatic vasculature accommodates about 50% of
umbilical venous return, in addition to portal
venous flow, pulmonary venous flow after birth is
considerably greater and may not be accommo-
dated without a rise in venous pressure.

Almost 90% of infants with right atrial iso-
merism have total anomalous pulmonary venous
drainage and one-third to half of these have severe
obstruction. The pulmonary veins form a con-
fluence behind the heart and may drain below 
the diaphragm into the portal venous system, or
connect to the right SVC or to the azygous vein. 
If obstruction occurs with pulmonary venous
drainage to the vertical vein, it is usually mild to
moderate, but severe obstruction can occur. Severe
obstruction is unusual with drainage through the
coronary sinus.

Occasionally, with mixed types of drainage, the
veins from one lung are obstructed whereas those
from the other lung, draining to a different part of
the systemic circulation, may be unimpeded. I have
encountered one infant with unimpaired drainage
of the right pulmonary veins into the coronary
sinus, but the left veins drained into a vertical vein,
which was obstructed. In another infant, the right
veins entered the coronary sinus and the entrance
of the coronary sinus into the right atrium was
obstructed; the left veins passed infradiaphragmati-
cally and were also obstructed.

Role of the foramen ovale
In the absence of a ventricular communication or a
patent ductus arteriosus, systemic blood flow has to

be provided by right-to-left shunting through an
atrial septal opening, usually a patent foramen
ovale. In the absence of pulmonary venous return
to the left atrium, right atrial pressure exceeds left
atrial pressure and, after birth, flow persists from
the right atrium to the left atrium across the fora-
men ovale. In infants with severe obstruction to
pulmonary venous drainage, the foramen ovale is
usually large enough to provide adequate systemic
blood flow with little elevation of right atrial 
pressure. Furthermore, the ductus arteriosus is
often patent in the first few days and right-to-left 
shunt from the pulmonary artery to the aorta 
may contribute to systemic blood flow. Restriction
of the foramen ovale is more likely to be encoun-
tered in infants with moderate or no pulmonary
venous obstruction several weeks after birth (see
Chapter 13).

Role of the ductus arteriosus
The ductus arteriosus may profoundly influence
the hemodynamic and clinical consequences in
infants with severe obstruction to pulmonary
venous drainage. Severe obstruction induces pul-
monary hypertension by the mechanisms discussed
above. Because pulmonary vascular resistance is
high, blood shunts from the pulmonary artery to
the aorta through the ductus arteriosus; therefore,
while the ductus is widely patent, pressure in the
pulmonary artery cannot be raised above that in 
the systemic circulation. The diversion of blood
through the ductus reduces flow through the pul-
monary circulation. Pulmonary venous flow is
reduced, pulmonary venous pressure is lowered,
and thus less pulmonary edema is likely to develop.
However, the decrease in pulmonary blood flow
will restrict oxygen uptake in the lungs and, with
the lower pulmonary to systemic blood flow ratio,
systemic arterial oxygen saturation will be greatly
decreased. This hypoxemia may result in a fall in
systemic vascular resistance, which would further
facilitate right-to-left shunting through the ductus
and reduce pulmonary blood flow. Severe hypox-
emia may, through sympathoadrenal stimulation,
raise systemic vascular resistance and reduce right-
to-left shunt through the ductus, as well as through
the foramen ovale. Systemic blood flow would be
reduced and tissue oxygen supply would be severely
limited (see Chapter 3).
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If the ductus arteriosus constricts or closes, the
right-to-left shunt would be reduced or eliminated.
Pulmonary arterial pressure could now be elevated
and perfusion of the lungs would be enhanced. This
would increase pulmonary venous flow, raise pul-
monary venous pressure, and aggravate pulmonary
edema. However, because pulmonary blood flow is
increased, the arterial oxygen saturation may improve.

Role of the ductus venosus
When the pulmonary veins drain into the portal
venous system, the ductus venosus may play an
important role in the circulatory dynamics. During
fetal life, a proportion of umbilical blood flow (50%
on average) bypasses the hepatic capillary circulation

through the ductus venosus. After birth, umbilical
blood flow is eliminated and pulmonary blood flow
increases. While the ductus venosus is patent, pul-
monary venous blood returning to the portal vein
can pass through it directly to the IVC, thus bypass-
ing the hepatic circulation (Figure 13.3). If the duc-
tus venosus is widely patent, pulmonary venous
drainage may not be obstructed and pulmonary
venous hypertension and pulmonary edema would
not develop. Closure or inadequate growth of the
ductus venosus would necessitate that pulmonary
venous blood pass through the hepatic microcircu-
lation; this will result in elevation of portal and pul-
monary venous pressures and pulmonary edema
may develop (Figures 13.4 and 13.5).
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Figure 13.3 Total anomalous pulmonary venous drainage
to the portal vein in a newborn infant: course of the
circulation, oxygen saturations (circled), and pressures. The
patency of the ductus venosus permits pulmonary blood
flow to return to the systemic veins with minimal
obstruction to flow. m, mean pressure; DV, ductus venosus;
HV, hepatic vein; PAW, pulmonary artery wedge pressure;
PV, portal vein; UV, umbilical vein.
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Figure 13.4 Total anomalous drainage of pulmonary veins
to the portal vein in a newborn infant: course of the
circulation, oxygen saturations (circled), and pressures. The
ductus venosus is closed, but the ductus arteriosus is still
open (see text for explanation). m, mean pressure; PAW,
pulmonary artery wedge pressure.
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Effect of pulmonary stenosis
Pulmonary stenosis or atresia is frequently one 
of the cardiac lesions associated with right atrial
isomerism (asplenia syndrome) and may influence
the clinical presentation of total anomalous pul-
monary venous drainage, which is also common in
this syndrome. Almost half of these infants also
have obstruction to pulmonary venous drainage.
With pulmonary atresia or severe pulmonary stenosis,
pulmonary blood flow is provided through the
ductus arteriosus or aortopulmonary collateral
arteries. If pulmonary blood flow is derived mainly
from the ductus, constriction of the ductus will
decrease flow and cyanosis will be a prominent fea-
ture. Even if there is an anatomical obstruction to
pulmonary venous drainage, significant pulmonary
edema may not develop. The presence of the pul-

monary venous drainage anomaly may not be recog-
nized, because attention is directed to the severe
hypoxemia. Dilation of the ductus arteriosus by
prostaglandin (PG)E1 infusion may increase pul-
monary blood flow and pulmonary edema may
develop. Similarly, introduction of a systemic-to-
pulmonary arterial shunt may be associated with
the appearance of pulmonary edema postopera-
tively if the obstructed total pulmonary venous
connection is not relieved. With the advent of ultra-
sonography, it is now unusual that total anomalous
pulmonary venous connection is not recognized. It
is therefore very important to consider the diagno-
sis and to define pulmonary venous drainage.

Effect of feeding
If the pulmonary veins all drain to the portal vein
and the ductus venosus is closed, pulmonary venous,
as well as portal venous, blood passes through the
hepatic vascular bed to the hepatic veins and IVC.
Portal and pulmonary venous pressures are ele-
vated because the microcirculation imposes some
resistance to flow. Feeding will result in a consider-
able increase in gastrointestinal and portal blood
flows. Unless hepatic vascular resistance falls, por-
tal and pulmonary venous pressures will rise and
pulmonary edema will be aggravated.

Effect of oxygen administration
Oxygen is administered routinely to infants with
cyanosis. In the infant with total pulmonary venous
anomaly with severe obstruction to drainage, oxy-
gen administration usually increases systemic arte-
rial oxygen saturation. However, there is the risk
that oxygen may aggravate the pulmonary edema.
Alveolar hypoxemia contributes to the pulmonary
vasoconstriction that tends to reduce pulmonary
blood flow. Administration of oxygen could cause
vasodilatation, with an increase in pulmonary blood
flow and pulmonary venous pressure, and aggra-
vate edema. Furthermore, if the Po2 is increased
significantly, the ductus arteriosus could be con-
stricted, raising pulmonary arterial pressure and
pulmonary blood flow and thus aggravating pul-
monary edema.

Effect of PGE1 infusion
PGE1 is often administered to infants with cyanotic
heart disease to dilate the ductus arteriosus. It has
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Figure 13.5 Total anomalous drainage of pulmonary veins
to the portal vein in a newborn infant: course of the
circulation, oxygen saturations (circled), and pressures. The
ductus venosus and ductus arteriosus are both closed (see
text for explanation). m, mean pressure; PAW, pulmonary
artery wedge pressure.
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sometimes been given empirically to infants before
the specific cardiac anomalies have been identified,
in the hope that it will decrease hypoxemia.
Potentially, PGE1 could produce adverse effects in
infants with total anomalous pulmonary venous
connection with obstruction by two mechanisms.
If the ductus arteriosus is constricted, pulmonary
arterial pressure is higher than aortic pressure.
Dilating the ductus arteriosus may result in an
increase in right-to-left shunt and an increase in the
degree of cyanosis. Pulmonary arterial pressure will
fall and thus pulmonary blood flow may decrease,
with a fall in pulmonary venous pressure and
reduction in pulmonary edema. However, PGE1

produces pulmonary vasodilatation and this could
result in an increase of pulmonary blood flow. This
would tend to accentuate the pulmonary edema,
but could improve the cyanosis. The effects on the
ductus arteriosus and the pulmonary circulation
would thus tend to produce opposing responses.
The effect would therefore depend on whether the
response is greater in the ductus arteriosus or in 
the pulmonary vasculature; usually it might be
expected that the ductus response to PGE1 would
predominate and cyanosis may be expected to
worsen. Another important consideration is that
PGE1 could cause peripheral vasodilatation and
reduce systemic arterial pressure; it is therefore very
important that pressure is monitored carefully and
inotropic support be administered if necessary.

Prostaglandin could have a very beneficial effect
in infants with infradiaphragmatic drainage to the
portal vein. Constriction of the ductus venosus will
result in an increase in portal and thus pulmonary
venous pressure and precipitate or aggravate pul-
monary edema. PGE1 relaxes the smooth muscle in
the ductus venosus and relieves constriction. This
will lower pulmonary venous pressure, with improve-
ment of pulmonary edema.

Little or no obstruction to pulmonary 
venous drainage
When all the pulmonary veins connect to the left
vertical vein and drain through the left innominate
vein and SVC, severe obstruction is unusual.
Similarly, connection of the pulmonary veins to the
coronary sinus is not commonly associated with
significant degrees of obstruction. In infants in
whom there is mild or no obstruction to pul-

monary venous return, pulmonary blood flow 
progressively increases after birth, in association
with the fall in pulmonary vascular resistance
(Figures 13.6 and 13.7). Within a few weeks after
birth, pulmonary to systemic blood flow ratios may
exceed 3:1. Systemic arterial oxygen saturations are
usually relatively high, often close to 90%.

The circulatory dynamics in total anomalous
pulmonary venous connection with no obstruction
to drainage are of considerable interest. Normally,
the stroke volumes of the two ventricles are similar;
however, the left ventricle is subjected to a higher
afterload than the right ventricle and it is somewhat
less compliant. To provide similar filling volumes,
left atrial is higher than right atrial pressure.

In total anomalous pulmonary venous drainage,
a very large volume of blood returns to the right
atrium; the proportion destined to systemic blood
flow must pass through the foramen ovale. The rest
passes through the tricuspid valve to the right ven-
tricle and pulmonary circulation. The volume of
blood entering the right ventricle is determined by
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Figure 13.6 Total anomalous drainage of pulmonary veins
to superior vena cava in a newborn infant: course of the
circulation, oxygen saturations (circled), and pressures.
Pulmonary vascular resistance is still moderately increased.
m, mean pressure.
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its end-systolic volume, its compliance, and its
filling pressure. If pulmonary vascular resistance
has fallen normally after birth, the afterload on the
ventricle is reduced, its ejection fraction will be
increased, and its end-systolic volume will be low.
With total pulmonary venous drainage anomaly,
right atrial pressure has to be higher than left atrial
pressure to provide adequate systemic blood flow.
The high right atrial pressure greatly increases
filling of the right ventricle; based on the Frank–
Starling relationship, right ventricular contraction
is enhanced and stroke volume is increased. Thus
the high right atrial pressure drives the output 
of the right ventricle and increases pulmonary
blood flow.

Changes in systemic vascular resistance could
have profound effects on the circulation. A
decrease in systemic vascular resistance will be
associated with an increase in systolic ejection by
the left ventricle, resulting in a smaller end-systolic
volume and greater flow into the ventricle in dias-
tole. If right atrial pressure does not change, the
volume flowing through the foramen ovale would

increase to provide a larger systemic blood flow.
Pulmonary blood flow would not be affected
significantly. However, if right atrial pressure falls,
pulmonary blood flow could fall as a result of the
reduced filling pressure of the right ventricle. An
increase in peripheral vascular resistance would
raise the afterload on the left ventricle, limit the
stroke volume, and increase end-systolic volume
and raise atrial pressure. This will limit flow across
the foramen ovale from the right atrium. If right
atrial pressure increases, there would be greater
filling of the right ventricle and pulmonary blood
flow would increase.

The dynamics in total anomalous pulmonary
drainage differ from those associated with atrial
septal defect. Even with a very large atrial septal
defect, in which the pressures in the two atria tend
to be equal, right atrial does not exceed left atrial
pressure. Thus, unlike in total anomalous pul-
monary venous drainage, in which right atrial pres-
sure is higher, the right ventricle is not driven to
increase its output by the high filling pressure. This
could explain the fact that cardiac failure occurs
infrequently in infants with atrial septal defects, but
is very common in babies with total anomalous
pulmonary venous drainage, because the right 
ventricle is subjected to a considerably higher 
volume load.

Influence of the foramen ovale
As mentioned above, the foramen ovale is fre-
quently smaller than normal in the fetus and
neonate with total anomalous pulmonary venous
return; this is noted in about two-thirds of the
infants with no obstruction to pulmonary venous
drainage. About one-third has a large fossa ovalis
atrial septal defect. The size of the atrial communica-
tion has a crucial role in determining the hemo-
dynamic and clinical presentation. If the foramen
ovale is large, little pressure gradient would be nec-
essary to provide adequate systemic blood flow,
and this could be maintained with a relatively low
right atrial pressure. If the foramen ovale is restricted,
right atrial pressure would have to be raised to
maintain adequate systemic blood flow. As men-
tioned above, elevation of right atrial pressure
drives the right ventricle to increase its output and
huge pulmonary blood flows are generated, with
the likelihood that right ventricular failure will ensue.
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Figure 13.7 Total anomalous drainage of pulmonary veins
to the superior vena cava later in infancy: course of the
circulation, oxygen saturations (circled), and pressures.
Pulmonary vascular resistance has dropped markedly. m,
mean pressure.
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An additional consideration is the effect of the
right atrial pressure on pulmonary vascular pres-
sures. Normally, pulmonary venous blood returns
to the left atrium, but with total pulmonary venous
drainage anomaly it drains to the right atrium,
which has a higher pressure than the left atrium.
Pulmonary venous pressure is thus higher than
normal; foramen ovale restriction would induce
even higher right atrial and pulmonary venous
pressures. Pulmonary capillary as well as pul-
monary arterial pressures will also be increased and
pulmonary edema may develop. The rise in pul-
monary arterial pressure will add a pressure load to
the high volume load on the right ventricle and thus
increase the probability that failure will occur.

The finding of a mild reduction in systemic arte-
rial oxygen saturation in asymptomatic individuals
who manifest the clinical features of a large atrial
septal defect strongly suggests the diagnosis of total
anomalous pulmonary venous connection.

Moderate obstruction to pulmonary 
venous return
Moderate degrees of obstruction of pulmonary
veins are usually encountered when drainage is to
the left vertical vein or to the coronary sinus (see
Chapter 13). The obstruction is not severe enough to
cause pulmonary edema and cyanosis in the neona-
tal period. Postnatally, while pulmonary vascular
resistance is still somewhat elevated, pulmonary
blood flow will be moderately increased but because
the pulmonary to systemic blood flow ratio is only
1.5–2.0:1, moderate cyanosis with arterial oxygen
saturations of 80–85% will be evident. As pul-
monary vascular resistance falls, pulmonary blood
flow will increase to 2.0–2.5:1 and arterial oxygen
saturation will increase to 85–88%. Associated
with the increase in pulmonary blood flow, the
moderate obstruction to pulmonary blood flow
becomes manifest. Pulmonary venous pressures
increase proximal to the obstruction and a mean
pressure gradient of up to 12–15 mmHg between
the pulmonary veins and the right atrium develops.
The high pulmonary venous pressure may induce
pulmonary edema and pulmonary arterial pressure
becomes moderately elevated to systolic levels of
about 35–45 mmHg. The increased pressure and
volume load on the right ventricle may result in
failure.

Clinical features

The clinical manifestations of total anomalous 
pulmonary venous return are largely determined
by the severity of obstruction of the pulmonary
veins. A clinical spectrum ranging from severe early
pulmonary edema in those with severe obstruction
to development of right-sided cardiac failure in 
late adult life in those with no obstruction is
encountered.

Severe obstruction to pulmonary
venous return
The infant is usually normal at birth but shows
moderate to severe cyanosis. Initially, as pul-
monary blood flow increases, there may be some
lessening of cyanosis. Obstruction of pulmonary
venous drainage results in elevation of pulmonary
venous pressure with development of pulmonary
edema, manifested by increased respiratory effort.
This may occur within a few hours after birth, but
sometimes not for several weeks depending on the
severity and site of the obstruction. In the majority
of infants, symptoms are evident within the first
week; occasionally, as with drainage into the portal
vein, delayed closure of the ductus venosus may
postpone the onset of symptoms for several weeks.
While the ductus arteriosus is still open, the infant
presents predominantly with cyanosis, and pul-
monary edema is not severe because pulmonary
arterial pressure does not exceed aortic pressure.

In these infants, the Po2 and oxygen saturation in
the ascending and descending aortae may differ. If
the pulmonary venous drainage is infradiaphrag-
matic, oxygen saturation in the ascending aorta
may be as much as 10–15% higher than that in the
descending aorta, whereas if the veins drain via the
SVC saturation in the descending aorta may be
higher. With drainage of pulmonary veins into the
coronary sinus, there is usually little difference
between ascending and descending aortic oxygen
saturations. The arterial Po2 may be reduced to
below 30 mmHg and oxygen saturation may be
below 60%; Pco2 may be mildly elevated to 40–45
mmHg and pH may be reduced to 7.2–7.3.

Clinical examination reveals increased respira-
tory effort, but no retractions. The pulses in both
upper and lower extremities are often weak and
blood pressure is frequently reduced to 40–50 mmHg
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systolic and pulse pressure is small. The liver 
may be slightly enlarged. The heart is not enlarged
and there is a normal right ventricular impulse 
at the lower right sternal border. The first heart
sound is normal and the second sound is accentu-
ated but narrow. No murmurs may be heard, but 
a soft medium-frequency murmur may be heard 
at the lower sternal level, reflecting tricuspid
insufficiency. The chest radiograph shows mild
increase of hilar vascular markings, suggesting
venous engorgement, but the peripheral lung fields
appear poorly vascularized. The electrocardiogram
shows right axis deviation and right ventricular
hypertrophy. In the majority of infants there is a
pure R wave in the right precordial leads and a
small or absent R with a dominant S wave in the 
left precordial leads. The infant may deteriorate
rapidly, with increasing cyanosis and metabolic
acidemia.

If the hypoxemia and acidemia are not severe,
the clinical status may remain unchanged for sev-
eral days and then, in association with constriction
of the ductus arteriosus, the clinical presentation
changes. The severity of cyanosis may decrease but
respiratory distress becomes more marked, with
increase in rate and depth of ventilation, and chest
retractions become evident. The difference in oxy-
gen saturation and Po2 between the upper and
lower extremities is no longer apparent. The Po2

may increase to 35–45 mmHg, the pH to 7.3–7.35,
and the Pco2 to 45–50 mmHg. Air entry into the
lung may be decreased and crepitant rales may be
heard, indicating clinical pulmonary edema. The
liver becomes enlarged to 4–6 cm below the costal
margin. The radial and femoral pulses are often
only weakly palpable.

The heart is not clinically enlarged, but there is a
prominent right ventricular impulse at the lower
left sternal border. The first heart sound may be
loud at the lower left sternal border, and the second
sound is markedly accentuated but narrow at the
upper left sternal border. A grade 2–3/6 medium-
frequency systolic murmur is commonly present at
the lower left sternal border as a result of tricuspid
insufficiency. No differences in the electrocar-
diogram occur, but the chest radiograph shows
significant changes. The lung fields show marked
hilar vessel enlargement and the lung fields are hazy
and stippled due to extensive pulmonary edema.

The heart size increases modestly, but it does not
show marked enlargement. Without treatment, 
the infant develops progressive pulmonary edema,
with worsening of cyanosis and right heart failure,
and succumbs within a few days.

Unobstructed pulmonary venous return
There may be no major clinical symptoms or signs
to attract attention to the infant with this lesion.
Cyanosis, which may be present at birth, rapidly
decreases during the first week. Mild cyanosis,
increasing on exertion, may be evident later. Some
evidence of right-sided cardiac failure may be pre-
sent in the first few months, but occasionally no
symptoms are noted. These children often do not
grow normally and may be underdeveloped and
undernourished for their age. As they grow older
there is usually some evidence of a decrease in exer-
cise tolerance. However, I have encountered several
adolescent patients who have never had any symp-
toms. An interesting clinical feature that has been
reported is so-called dysphonia, an alteration in the
cry or the voice. It was noted in about one-quarter
of patients with supradiaphragmatic connection
without obstruction and it was suggested it is due to
compression of the left recurrent laryngeal nerve by
the vertical vein [3].

After the first week or two, the patient shows
mild or minimal cyanosis. The pulse rate may be
slightly increased and blood pressure is normal.
There may be slight hepatomegaly. Respirations 
are usually mildly increased in rate and depth.
However, the chest is clear on auscultation. The
heart is clinically enlarged and very active, with the
major impulse at the lower left sternal border due
to increased right ventricular volume overload.

The first heart sound is usually accentuated at the
lower left sternal border, probably due to forceful
tricuspid valve closure. The second sound is nor-
mal in intensity, is widely split, and does not show
much variation with respiratory cycles. A third
heart sound or, more often, a mid-diastolic low-
frequency murmur is heard at the lower left sternal
border due to rapid flow of a large volume across
the tricuspid valve. Occasionally a fourth heart
sound of atrial systolic contraction is also heard. 

A systolic ejection murmur of grade 2–3/6 inten-
sity is usually heard at the upper left sternal border
due to the increased pulmonary blood flow across
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the pulmonary valve. In some individuals with 
a common pulmonary trunk entering the left 
innominate vein by means of a vertical vein, a 
high-frequency grade 2–3/6 continuous murmur,
without late systolic accentuation, may be heard
below the left clavicle. Unlike a venous hum, it is
predominantly subclavicular and is not affected by
change in head position. It probably originates from
turbulence created by the flow from the vertical
vein into the innominate system.

In infancy, the electrocardiogram is similar to
that described in obstructed pulmonary venous
return. In older children there is less rightward
deviation. There is prominence of right ventricular
precordial voltages and frequently evidence of pro-
longation of intraventricular conduction in the
right ventricle. In older individuals, some left ven-
tricular forces may be seen in the left precordial
leads.

The chest radiograph shows a heart that is
enlarged, with prominence of the right ventricle
and the right atrium. The main pulmonary artery
and right ventricular outflow are also large. The
pulmonary vessels are dilated and there is a marked
increase in pulmonary vascular markings extend-
ing to the periphery of the lung fields. When the
pulmonary veins drain through the vertical vein
into the left innominate vein, the superior medi-
astinum is enlarged to the left and right of the spine.
This classic appearance has been termed a “snow-
man” or “figure-of-eight.” It is usually evident
within 6 months after birth, but in early infancy the
pulmonary blood flow may not yet have increased
enough to cause enlargement of the superior medi-
astinal vessels. When the pulmonary veins all enter
the coronary sinus there is a dilated chamber at the
site of confluence, lying behind the right atrium.
This may, in an appropriately exposed film, show a
double density in the lower region of the cardiac
shadow on the right, lower than that seen when the
left atrium is enlarged. This may also be seen as a
posterior bulge on the lower border of the cardiac
shadow in the lateral view.

The subsequent course in these individuals is
similar to that of patients with a large atrial septal
defect (see Chapter 8). They may manifest some
retardation of physical growth and have mild limi-
tation of exercise tolerance. This limitation becomes
more marked in adolescence and they become 

subject to atrial arrhythmias. Although pulmonary
vascular obstructive changes may occur, they are
not as common as the development of cardiac fail-
ure during early adult life. Pulmonary vascular
obstruction is evidenced by an increase in the
degree of cyanosis, increasing loudness of the sec-
ond heart sound, and subsequently by the develop-
ment of right-sided cardiac failure.

Moderate obstruction to pulmonary
venous return
Individuals with moderately obstructed pulmonary
venous drainage often present in infancy with 
pulmonary edema and severe right-sided cardiac
failure. They have cyanosis postnatally, but as pul-
monary blood flow increases only mild to moderate
cyanosis persists. Within 2–3 weeks to 3–4 months
after birth, they develop increased respiratory
effort, sweating, and hepatomegaly.

Peripheral pulse volume may be somewhat
decreased and the heart rate is increased to
140–160/min. Respiratory rate may be increased to
60–80/min. The heart is markedly enlarged and
there is a prominent hyperdynamic impulse at the
lower left sternal border, reflecting right ventricular
volume overload. There is often a palpable systolic
impulse at the upper left sternal border, pro-
duced by systolic expansion of the right ventricular
infundibulum and the pulmonary artery.

The first heart sound is accentuated at the lower
left sternal border due to forceful tricuspid valve
closure. The second sound is well split and does not
vary with respiration, and the second component is
moderately accentuated. A third heart sound and 
a short low-frequency mid-diastolic murmur are
usually present at the lower left sternal border 
due to high flow across the tricuspid valve. A 
grade 2–4/6 systolic ejection murmur is usually
heard at the upper left sternal border. A medium-
frequency systolic murmur may be heard in the
lower xiphoid region due to secondary tricuspid
insufficiency.

The electrocardiogram is similar to that
described for individuals with obstructed pul-
monary veins. The chest radiograph shows a large
heart with markedly increased pulmonary vascula-
ture and a prominent right ventricle. The special
features described above, depending on the loca-
tion of drainage, may also be present.
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If these infants are not treated, they usually
develop progressive failure. Treatment with digi-
talis and other decongestive measures may produce
temporary improvement, but without surgical
intervention many succumb during the first year.
Some, however, may be reasonably well maintained
with digitalis and diuretics and, even though they
grow poorly, survive the first 12–18 months.

Total pulmonary venous drainage
anomaly with foramen ovale restriction
The infants show cyanosis at birth, which improves
as pulmonary blood flow increases. Within a few
weeks to 3–4 months after birth, evidence of
increasing right heart failure develops. The infant
perspires excessively, feeds poorly, and has increased
respiratory effort. The pulse rate is increased to
160–180/min. The clinical features relating to
restriction of the foramen ovale are pallor, poor
peripheral perfusion, and weak pulses. Also, the
liver is markedly enlarged to 4–6 cm below the
costal margin. Peripheral edema, which is not com-
mon in infants with cardiac failure, may occur in
these infants. The findings on physical examina-
tion of the heart are similar to those in infants 
with moderate obstruction to pulmonary venous
drainage. The radiological features are also similar.

Investigations

Echocardiography
It is now possible to make the diagnosis of total
anomalous pulmonary venous drainage accur-
ately in most patients by ultrasound examination
using two-dimensional echocardiography, color
flow Doppler, and contrast echocardiography. The
ultrasound studies should attempt to define:
• site(s) in the systemic venous system to which the
pulmonary veins are connected;
• all the individual pulmonary veins, so that one
can determine whether all veins are draining into a
single confluence, or if drainage is mixed;
• whether the ductus arteriosus is patent;
• if obstruction to drainage is present and the site
of obstruction;
• whether any other cardiac lesions are present.
To define the site of drainage of the pulmonary
veins, it is advised that each vein should be followed
from the hilum to the site of connection.

If the pulmonary veins are all draining below the
diaphragm, the common confluence passes cau-
dally through the esophageal hiatus. Ultrasound
study reveals the venous channel between the aorta
and IVC, slightly anterior and to the right of the
descending aorta and posterior and to the left of the
IVC. Color flow Doppler study is very helpful,
showing fairly continuous flow toward the dia-
phragm. Flow in the aorta is in the same direction,
but is pulsatile; flow in the IVC is toward the heart.
The channel can be followed to the portal vein,
ductus venosus, or hepatic vein. Any obstruction at
the site of passage through the diaphragm, or at the
connection with the portal vein, should be assessed.
The presence of high-velocity flow through the
ductus venosus signifies that it has undergone 
constriction. 

Drainage of veins to the coronary sinus is associ-
ated with enlargement of the sinus. It is very import-
ant to identify each pulmonary vein, because mixed
types of drainage are not unusual when some drain
into the coronary sinus. The possible presence of
obstruction to drainage should be assessed by
examining the ostium through which the pul-
monary veins drain, because it is the usual site of
obstruction. The left-sided vertical vein is charac-
terized by flow in a cranial direction. It should be
followed throughout its course to the left innomi-
nate vein and SVC. It should be examined carefully
for evidence of obstruction where it crosses in front
of the bronchus, as well as along its whole course.
The connection of each of the veins to the
confluence should be confirmed to exclude mixed
types of drainage. When the veins all drain into the
SVC or vertical vein, the possibility of obstruction
at the site of connection should be examined. With
drainage into the azygos vein, the vessel may be
obstructive because of its size.

The duration of the ultrasound study may be
extended in patients with total anomalous pul-
monary venous drainage, because it may be dif-
ficult to identify each pulmonary vein and its site of
connection. It is therefore important to carefully
observe the infant’s clinical condition during the
study. In some infants, it may not be possible to
obtain complete information on the drainage of 
all the veins. The right atrium and ventricle are
enlarged and the ventricular septum is usually
noted to bulge toward the left. The left atrium and
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ventricle are usually noted to be small. The pres-
ence of other cardiac lesions should be defined, par-
ticularly in patients with right atrial isomerism
(asplenia syndrome), in whom atrioventricular
septal defects are usual as is pulmonary stenosis 
or atresia.

Cardiac catheterization and
angiocardiography
General considerations
Prior to the introduction of ultrasound examina-
tion, cardiac catheterization and angiography were
the mainstays of diagnosis; there was significant
risk of the procedures when performed in very sick
babies with severe cyanosis and pulmonary edema.
Two-dimensional echocardiography combined with
color flow Doppler study has made it possible to
make the diagnosis in most patients. There may still
be difficulty in defining the site of drainage of all 
the veins, but in many centers the information
obtained by ultrasound is considered adequate to
proceed with surgery. Catheterization is occasion-
ally performed in centers where there is concern
about the reliability of ultrasound studies in infants.
The following information should be obtained.
• The anatomical arrangement of the pulmonary
veins should be delineated, and the site of their con-
nection to the systemic venous system should be
defined. If some veins enter the coronary sinus, ver-
tical vein or portal vein, it should not be assumed
that all do, because mixed types of connections are
not infrequent.
• The presence of obstruction to venous drainage
should be addressed and the sites of obstruction
determined. It should also be recognized that with
mixed types of connections, only some veins might
be obstructed.
• The adequacy of the foramen ovale to permit sys-
temic blood flow must be considered. Although
there is no reliable method of assessing mild restric-
tion, moderate or severe restriction may be de-
tected from pressure recordings.
• The size of the left atrium and left ventricle
should be assessed.
• The pulmonary vascular resistance should be
assessed, particularly in older individuals in whom
corrective surgery is being considered.
• Other lesions, such as atrioventricular septal
defect and patent ductus arteriosus, should be

excluded. As indicated below, oxygen saturation
measurements may be of little help in diagnosing
these lesions in the presence of total anomalous
pulmonary venous drainage, because oxygen satu-
rations are similar in all blood samples beyond the
right atrial level.

Catheter manipulation
When the pulmonary veins drain through the left
vertical vein into the left innominate vein, it is usu-
ally possible to pass the catheter from the IVC
through the right atrium and the right SVC into the
left innominate vein. With further manipulation, it
is usually possible to enter the vertical vein and one
or more of the pulmonary veins.

Pressure, both phasic and mean, should be
recorded distally in the pulmonary vein and then
on gradual withdrawal of the catheter to the right
atrium. This will demonstrate any localized site of
obstruction in the pulmonary venous trunk or the
presence of a gradual pressure gradient related to
very high flow through a relatively small channel.

If the pulmonary veins enter the coronary sinus,
the catheter can usually be passed readily from the
right atrium into the coronary sinus and then 
frequently into the pulmonary veins. In this situ-
ation the course of the catheter may not differ from
that seen when it is passed from the right atrium
through an atrial septal defect or foramen ovale
into the left atrium and then into a right or left 
pulmonary vein.

When the pulmonary veins enter the right
atrium directly, the catheter may be passed into one
or all of the veins. If the common trunk enters the
right SVC or azygos vein, it may be difficult to
manipulate the catheter into the trunk, especially if
there is obstruction.

When drainage to the portal vein is suspected,
the catheter should be manipulated into a hepatic
vein, because the presence of a high oxygen satura-
tion in hepatic venous blood almost definitively
confirms the diagnosis. The only other condition in
which hepatic venous oxygen saturation is high is
hepatic arteriovenous fistula. It is not possible to
pass a catheter into the pulmonary venous trunk
when it enters the portal vein, except possibly in the
immediate newborn period. If the pulmonary veins
drain into the portal vein, a catheter passed through
the umbilical vein could possibly be manipulated
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into the pulmonary venous trunk from the portal
vein; this would be difficult because the portal vein
connects with the umbilical vein at an acute angle.

Usually, the left atrium and left ventricle can be
readily entered through the foramen ovale. An
angiogram in the left atrium will assess the size of
the atrium and ventricle, as well as the presence of a
left-to-right shunt through an atrial or ventricular
septal defect, or a patent ductus arteriosus.

Oxygen saturation
Complete admixture of pulmonary and systemic
blood occurs at or before the right atrial level; thus
oxygen saturations in the right atrium, the right
and left ventricles, the aorta, and the pulmonary
artery are similar. However, differences in pul-
monary venous drainage may cause some differ-
ence in saturations in the left and right ventricles
(see above). IVC blood tends to stream preferen-
tially through the foramen ovale, whereas blood
from the SVC passes preferentially through the tri-
cuspid valve; this may create differences in oxygen
saturation in systemic and pulmonary arteries.
These differences are more likely to be greater in
infants than in older children because the fetal flow
patterns are more prominent soon after birth.

When the pulmonary venous trunk enters the
vertical vein or the SVC, oxygen saturation is
higher in the SVC than in the IVC and thus satura-
tion in the pulmonary artery may be higher than
that in the systemic arteries. In infants, this differ-
ence may reach levels of 10–15%, but in older chil-
dren it is rarely more than 3–5%. The difference in
saturation also tends to be larger when pulmonary
blood flow is large, as this causes a higher oxygen
saturation in the systemic venous channel into
which the trunk drains.

Drainage of the pulmonary venous trunk into
the infradiaphragmatic veins may be associated
with a higher oxygen saturation in the systemic
arteries than in the pulmonary arteries. The differ-
ence in saturations may be as large as 10–12%, 
particularly in young infants. It is important to
appreciate that this large difference can occur,
because the diagnosis of total anomalous pul-
monary venous return could otherwise not be con-
sidered. When the pulmonary veins enter the
coronary sinus or the right atrium directly, the dif-
ference between pulmonary and systemic arterial

oxygen saturations tends to be small. Since some
coronary sinus drainage may flow preferentially
across the tricuspid valve into the right ventricle,
oxygen saturation may be slightly higher in the pul-
monary artery than in the aorta.

It is not possible to measure mixed venous oxy-
gen saturation when all the pulmonary veins enter
the SVC or IVC streams. If all the pulmonary veins
drain into the coronary sinus or directly into the
right atrium, vena cava samples are the best repre-
sentation of mixed venous blood, although reflux
of right atrial blood into the vena cava may also
introduce errors in measurement. The oxygen satu-
ration levels of venous blood are determined by the
magnitude of systemic blood flow and by the level
of systemic arterial oxygen saturation. Mixed
venous oxygen saturation is decreased if systemic
blood flow is low due to cardiac failure or restric-
tion of the foramen ovale; it may also be low if sys-
temic arterial oxygen saturation is reduced.

Systemic arterial oxygen saturation may range
from low levels of 50–60% in infants with obstruc-
tion to pulmonary venous return up to as much as
90–92% in patients with no obstruction; this is
determined by the ratio of pulmonary to systemic
blood flow (see Chapter 3). As mentioned above, if
a proportion of systemic blood flow is derived from
right-to-left shunting through the ductus arterio-
sus, differences in oxygen saturation in the ascend-
ing aorta and its branches and the descending aorta
may be observed (see Chapter 13).

If the diagnosis of total pulmonary venous
return to the portal vein is being considered, mea-
suring oxygen saturation in hepatic venous blood
may confirm the diagnosis. It is rarely possible to
pass the catheter into the portal vein; oxygen satu-
ration in hepatic venous blood is higher than in any
other site in the circulation where it is measurable.
The importance of this finding was well demon-
strated in an extremely cyanotic 1-day-old infant 
in whom the diagnoses of persistent pulmonary
hypertension of the newborn and total anomalous
pulmonary venous drainage were considered.
Oxygen saturations and pressures were as shown in
Table 13.1. The infant had a very low pulmonary
blood flow and was maintaining systemic flow
largely through the ductus arteriosus, as noted by
angiography. Most of the contrast medium injected
into the main pulmonary artery passed through the
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ductus arteriosus; the pulmonary circulation 
filled poorly and pulmonary veins were not well
visualized. Oxygen saturation in the hepatic vein,
although not very high, was consistently higher
than that in the descending aorta; this observation
allowed the correct diagnosis to be made.

In patients with no obstruction to pulmonary
venous drainage, pulmonary venous blood may
have an oxygen saturation of 95–96% with a Po2

of 88–90 mmHg. It has been suggested that the
slightly decreased oxygenation is related to the very
high pulmonary blood flows; the high velocity of
blood flowing through the pulmonary capillaries
may not allow adequate time for equilibration with
alveolar oxygen.

Pulmonary and systemic blood flows
As mentioned above, the magnitude of systemic
and pulmonary blood flow varies greatly, depend-
ing on the hemodynamic disturbances. Systemic
blood flow is influenced by the size of the atrial sep-
tal opening and the size of the ductus arteriosus.
Pulmonary blood flow is affected by the degree of
pulmonary venous obstruction and the pulmonary
vascular resistance.

It is difficult to make accurate measurements of
both pulmonary and systemic flow in patients with
total anomalous pulmonary venous drainage. The
potential errors in measuring systemic blood flow
by the Fick method result from inability to obtain a
reliable mixed venous sample. Pulmonary blood
flow measurements are unreliable in infants with

infradiaphragmatic drainage because a pulmonary
venous sample cannot be obtained. In the patient
with unobstructed pulmonary venous return, the
arteriovenous oxygen difference is very small, so
that large potential errors may occur in calculation
of pulmonary flow (see Chapter 4).

Shunts
The admixture of pulmonary and systemic venous
blood makes it difficult to consider vascular shunts
in the usual manner as simple left-to-right and
right-to-left shunts. The concept of anatomical and
physiological shunting has been introduced.
1 The anatomical right-to-left shunt in patients
with total anomalous pulmonary venous drainage
is the same as total systemic blood flow; it is usually
represented by flow across the foramen ovale,
unless there also is flow from the pulmonary artery
to the aorta through the ductus arteriosus.
2 The anatomical left-to-right shunt is the volume
of pulmonary venous blood that enters the sys-
temic circulation and is equal to total pulmonary
blood flow.
3 The physiological right-to-left shunt is the vol-
ume of mixed venous blood that enters the systemic
circulation without passing through the lungs. It is
calculated from the equation:

Physiological right-to-left shunt = As − Aep

where As is systemic blood flow and Aep effective
pulmonary flow. Aep is the volume of systemic
venous blood that reaches the lungs to be oxy-
genated (see Chapter 4).
4 The physiological left-to-right shunt represents
that portion of pulmonary venous blood that recir-
culates through the lungs and is calculated from the
equation:

Physiological left-to-right shunt = Ap − Aep

where Ap is total pulmonary blood flow.
These calculations are of interest, but are usually
unreliable because measurements of pulmonary
and systemic blood flows are inaccurate.

It is not possible to detect the presence of left-to-
right shunts through a ventricular septal defect or 
a patent ductus arteriosus by means of oxygen 
saturation data in the presence of total anomalous
pulmonary venous return. Because systemic and
pulmonary venous blood mixes almost completely,

Table 13.1 Oxygen saturations and pressures in an

extremely cyanotic 1-day-old infant.

Oxygen Pressure 

saturation (%) (mmHg)

Superior vena cava 32

Inferior vena cava 

(below hepatic veins) 38

Hepatic vein 65

Right atrium 44 12 (mean)

Right ventricle 42 110/16

Pulmonary artery 42 115/80, mean 90

Descending aorta 46 80/55, mean 63

Left atrium 48 8 (mean)

Left ventricle 48 82/10
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oxygen saturation of the blood shunted into the
right ventricle from the left ventricle or into the
pulmonary artery from the aorta is similar to that of
the blood in the chamber. Thus, no increase occurs,
as is usually noted with left-to-right shunts.

Pressures
Pulmonary venous and pulmonary arterial 
wedge pressures
With severe obstruction to pulmonary venous return,
it is often not possible to measure pulmonary
venous pressure directly. Pulmonary arterial wedge
pressures provide a good estimate of pulmonary
venous pressure; mean wedge pressures may be ele-
vated to as much as 25–30 mmHg.

When the pulmonary veins drain directly into
the right atrium, pulmonary venous mean pressure
is usually only 2–3 mmHg above right atrial mean
pressure. With drainage into the coronary sinus,
usually there is also only a slightly higher mean
pressure of 2–3 mmHg in the pulmonary veins or
the coronary sinus as compared with the right
atrium. Occasionally, however, the orifice of the
coronary sinus is relatively small, and pressure in
the sinus and the pulmonary veins may exceed right
atrial pressure considerably.

The pressure difference between the pulmonary
veins and the right atrium is quite variable with
drainage through the vertical vein. In older chil-
dren who are asymptomatic, the mean pressure 
difference may be only 3–4 mmHg. A pressure gra-
dient of as much as 10–15 mmHg may be recorded
in the vertical vein at the region where it crosses the
left bronchus, particularly if it passes up between
the bronchus and the left pulmonary artery. This
may produce moderate to severe obstruction and
has been termed a “hemodynamic vise.”

The contour of the pulmonary venous pressures
in veins connected directly to the right atrium is 
of considerable interest. A dominant v wave is
recorded when the catheter is advanced well out
into a pulmonary vein. This is the pattern seen 
normally in the pulmonary vein and the left atrium.
As the catheter is withdrawn, the v wave becomes
less prominent and the magnitude of the a wave
increases. Near the right atrium, a dominant a wave
and a small v wave are noted. This finding supports
the view that the dominant v wave normally seen in
the pulmonary vein and left atrium is not related to

left atrioventricular dynamics but to transmis-
sion of pressure waves through the pulmonary 
circulation. It probably represents delayed trans-
mission of the systolic pressure pulse in the pul-
monary artery.

Left and right atrial pressures
Invariably there is a higher pressure in the right
atrium than in the left atrium. The left atrial pres-
sure contour shows a dominant a wave, unlike nor-
mally, when the v wave is dominant. This is due to
absence of pulmonary venous drainage into the left
atrium. The actual levels of pressure and the pres-
sure differences between the right atrium and the
left atrium vary greatly. In older patients with
unobstructed pulmonary venous return and no
restriction of the foramen ovale, the right atrial
mean pressure is normal or slightly elevated and
there is a mean pressure difference of only 1–3
mmHg across the foramen ovale. In infants 
with cardiac failure, the right atrial mean pressure
may be elevated to 10–15 mmHg. If there is
obstruction at the foramen ovale, a large mean
pressure difference of as much as 8–10 mmHg has
been noted between the right and left atrium; how-
ever, only a small mean pressure gradient may 
be observed with moderate restriction of the fora-
men ovale.

Right ventricular and pulmonary arterial pressures
Right ventricular and pulmonary arterial systolic
pressures reflect the degree of pulmonary venous
obstruction or increase in pulmonary vascular
resistance. In infants with severe pulmonary
venous obstruction and high pulmonary vascular
resistance, the pressure in the pulmonary artery fre-
quently exceeds that in the systemic arteries. When
pulmonary venous obstruction is not severe, pul-
monary arterial pressure is usually moderately 
elevated to 40–60 mmHg systolic, 15–30 mmHg
diastolic, and 25–45 mmHg mean pressure. In
patients with no pulmonary venous obstruction,
pulmonary arterial pressures may be only slightly
elevated, with a greater elevation of systolic than
diastolic pressure. A systolic pressure gradient across
the normal pulmonary valve is common in patients
with high pulmonary blood flows. It usually does
not exceed 10–15 mmHg, but with very high flows
may be as high as 30–40 mmHg. Older children
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and adults usually have only slightly increased pul-
monary arterial pressures. If pulmonary vascular
intimal changes develop, pulmonary hypertension
occurs.

Right ventricular end-diastolic pressure is usu-
ally considerably increased up to 12–15 mmHg in
infants with pulmonary venous obstruction and
also in infants with high pulmonary blood flow and
restricted foramen ovale. It is normal or only
slightly elevated in patients with high pulmonary
flow without cardiac failure.

Left ventricular and systemic arterial pressures
Left ventricular and systemic arterial pressures are
usually normal in older infants and children with
total anomalous pulmonary venous return. The
pressures may be decreased, and considerably
lower than pulmonary arterial pressure in infants
with severe pulmonary venous obstruction and a
constricted ductus arteriosus. A restricted foramen
ovale may also be associated with low systemic ven-
tricular and arterial pressures.

Angiocardiography
This is an essential part of the catheterization pro-
cedure, in that it often provides information about
the drainage of veins from each lung. It may be
difficult to demonstrate the pulmonary veins both
when pulmonary flow is increased and when it is
decreased. With high pulmonary flows the contrast
medium is diluted when it is injected into the 
pulmonary artery and thus pulmonary venous
visualization may be poor. When flow is low in
association with obstruction to pulmonary venous
return, contrast medium is slow to return to the
pulmonary veins and visualization may be poor.
Injections into the main pulmonary artery are not
usually helpful. If the ductus arteriosus is open,
much of the contrast medium is directed to the
descending aorta, so little enters the pulmonary cir-
culation. If pulmonary flow is high, the contrast is
diluted so much that the pulmonary veins are not
well seen. Selective injections should be made in the
left and right pulmonary artery and the pulmonary
veins identified on the levophase. A useful tech-
nique is to use a balloon catheter with an end-hole;
the catheter is positioned in the pulmonary artery,
the balloon is inflated and contrast is injected, after
which the balloon is immediately deflated. This

usually provides good visualization of pulmonary
veins.

When the pulmonary veins drain into the verti-
cal vein, the catheter can usually be manipulated
through the SVC, innominate vein and vertical vein
into pulmonary veins. An injection in this site may
demonstrate any site of obstruction along the
course of the vessels. With drainage of pulmonary
veins into the coronary sinus, a density may be seen
posteriorly, behind the lower region of the right
atrium, but the extent of the chamber is usually not
well demonstrated because of dilution of contrast
medium and rapid filling of the right atrium. With
infradiaphragmatic drainage, the common pul-
monary venous trunk can be seen passing down in
front of or to the left of the spine, to the region of
the portal sinus. Usually there is no visualization of
the subsequent course of venous flow, because the
contrast medium is further diluted in the liver.

An injection in the left atrium demonstrates the
size of the left atrium, the mitral valve annulus, and
the left ventricle. Usually this injection is also ade-
quate to exclude the presence of an additional left-
to-right shunt at the ventricular level or through a
patent ductus arteriosus.

Magnetic resonance imaging
The precise anatomy of the drainage of each pul-
monary vein may be difficult to define by ultra-
sound or cardiac catheterization studies. Magnetic
resonance imaging may be extremely useful in
delineating the course and connection site of each
pulmonary vein.

Differential diagnosis

Problems of differential diagnosis may arise in
three different clinical situations.

Newborn infant with pulmonary 
venous obstruction
The diagnosis of total anomalous pulmonary
venous return must be considered in any infant
who develops respiratory distress, rales in the lungs,
or cyanosis in the first few days after birth. It should
also be excluded in infants who have evidence of
peripheral circulatory failure, namely weak pulses,
low blood pressure, and pallor or mottling of the
extremities.
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Lung disease and persistent pulmonary
hypertension of the newborn
Frequently it is difficult to make a differential diag-
nosis between total anomalous pulmonary venous
connection and either lung disease or persistent
pulmonary hypertension of the newborn. Dyspnea
and cyanosis, densities in both lung fields on the
chest radiograph, and a normal cardiac contour
and size are common features. Usually the infant
with lung disease has more severe respiratory dis-
tress, often with chest retraction, but this can occur
with anomalous pulmonary venous drainage if pul-
monary edema is severe. Blood gas and oxygen 
saturation measurements may be helpful. Po2 is
reduced in all three conditions, but Pco2 is usually
considerably higher with lung disease, often above
50 mmHg. With total anomalous pulmonary venous
drainage, Pco2 is usually below 45 mmHg but can
be higher if severe pulmonary edema develops. The
oxygen saturation may be lower in the lower
extremities than in the right arm due to right-to-
left shunting through the ductus arteriosus in per-
sistent pulmonary hypertension and respiratory
distress syndrome, as well as with infradia-
phragmatic total anomalous pulmonary venous
drainage. A higher oxygen saturation in the lower
extremities than in the right arm cannot be associ-
ated with lung disease or persistent pulmonary
hypertension; it could be the result of pulmonary
venous drainage to the vertical vein or SVC. Other
congenital cardiovascular malformations can also
account for this (see Chapter 3).

The chest radiograph may be helpful for dis-
tinguishing total anomalous pulmonary venous
drainage because there is prominence of pul-
monary veins and haziness and stippling predomi-
nantly in the hilar region, whereas in respiratory
distress syndrome the lung densities are more dif-
fuse. However, the differences are not usually con-
clusive enough to make a definitive diagnosis. In
infants with total anomalous pulmonary venous
drainage, the electrocardiogram often shows an
absence of R waves in the left precordial leads, so if
these are present the diagnosis is unlikely.

The differentiation can be made by ultrasound
studies. Total anomalous pulmonary venous
drainage is a condition that is often not considered
by individuals caring for the newborn infant with
respiratory distress and cyanosis. It is recom-

mended that an ultrasound study be performed in
any infant in whom the diagnosis of respiratory dis-
tress syndrome is not definite, and probably in all
infants in whom the diagnosis of persistent pul-
monary hypertension is being considered in order
to exclude the possibility of total anomalous pul-
monary venous drainage.

Hypoplastic left heart syndrome
The clinical features of total anomalous pulmonary
venous return may be identical to those of aortic
atresia. The clinical presentation of dyspnea,
cyanosis, respiratory distress, and weak pulses are
common to both conditions. Usually the infant
with aortic atresia shows less severe cyanosis and
greater interference with systemic blood flow.
Blood gases may be helpful; with aortic atresia the
Po2 is not usually below 40 mmHg; Pco2 is usually
normal or reduced and pH may be very low. With
total anomalous pulmonary venous drainage, Po2

may be below 40 mmHg, Pco2 is often increased up
to about 45 mmHg, and pH is usually only mod-
estly reduced. Unlike with total anomalous pul-
monary venous drainage, in which differences in
oxygen saturation between the right arm and lower
extremities are not unusual, no differences are
noted with aortic atresia. The electrocardiogram
usually shows absence of R waves in the left precor-
dial leads in both conditions. The chest radiograph
usually shows prominence of the pulmonary arter-
ies in infants with hypoplastic left heart syndrome,
but pulmonary edema may also be present, as in
total anomalous pulmonary venous drainage. The
differential diagnosis is readily made by ultrasound
examination.

Other congenital cardiac lesions
In early infancy, while the ductus arteriosus is
patent and there is little pulmonary edema, total
anomalous pulmonary venous drainage may be
confused clinically with lesions with reduced pul-
monary blood flow and with aortopulmonary
transposition. Severe cyanosis is the dominant fea-
ture of all these conditions. The diagnosis is usually
readily established by ultrasound studies 

Older infants with cardiac failure
The diagnosis of total anomalous pulmonary
venous return should be considered in the infant
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who develops cardiac failure within the first few
months after birth, in association with mild
cyanosis. Lesions such as Ebstein anomaly, atrio-
ventricular septal defect, truncus arteriosus, aorto-
pulmonary transposition with ventricular septal
defect, single ventricle and other cardiac lesions
should be considered, but the diagnosis is readily
made by ultrasound examination.

Older children with unobstructed
pulmonary venous return
The main lesion that may create confusion with
total anomalous pulmonary venous return in older
children is atrial septal defect.

Atrial septal defect with or without partial
anomalous pulmonary venous return
The large volume overload on the right side of the
heart that occurs in total anomalous pulmonary
venous drainage produces many of the clinical fea-
tures usually ascribed to atrial septal defect. When
pulmonary blood flow is very large, cyanosis may
be minimal so that it may not be detected clinically.
The presence of a hyperactive right ventricular
impulse, a widely split second sound, and a dias-
tolic flow murmur or prominent third sound at the
lower left sternal border are signs common to both
lesions. The electrocardiogram may not be dissimi-
lar, although absence of R waves in the left precor-
dial leads is more likely with anomalous pulmonary
venous return. The radiological features of car-
diomegaly, predominantly involving the right ven-
tricle and outflow region, an enlarged pulmonary
artery, and markedly increased pulmonary mark-
ings are similar in both lesions. The typical superior
mediastinal shadow of total anomalous pulmonary
venous return to the vertical vein, or the enlarged
coronary sinus when the veins drain to this region,
may be helpful in diagnosis. The differential diag-
nosis is readily made by ultrasound study.

Principles of management

The infant with total anomalous pulmonary
venous drainage with obstruction to venous return
requires urgent surgery. Respiratory support should
be provided with assisted ventilation; this may be
helpful in providing some relief of pulmonary
edema. However, high positive inspiratory pres-

sures should not be used and continuous positive-
pressure ventilation should be avoided, particularly
in very cyanotic infants, because pulmonary blood
flow could be further reduced by these maneuvers.
Oxygen should be administered, especially in the
infant who has very low systemic arterial Po2 and
oxygen saturation levels. As mentioned above, it is
possible that pulmonary edema may be exaggerated
by oxygen in infants with severe pulmonary edema.
However, oxygen should be administered and the
infant should be observed carefully for evidence 
of progression of pulmonary edema. If peripheral
circulation is poor and systemic arterial pressure
reduced, inotropic agents such as dobutamine or
dopamine have been recommended in an attempt
agents such as dobutamine or dopamine have been
recommended to improve cardiac output. Infusion
of dopamine in doses higher than 5 μg/kg per min
should be avoided, because this may induce peri-
pheral vasoconstriction and the increased systemic
vascular resistance may limit flow into the systemic 
circulation. The value of the use of these agents has
recently been questioned.

In infants with pulmonary venous drainage to the
portal vein, PGE1 infusion should be given because
it could dilate the ductus venosus and relieve
obstruction to venous drainage. There is little
reported experience with the use of PGE1; however
PGE1 does relax the ductus venosus in lambs, so it
likely is effective in human infants. As mentioned
above, the actions of PGE1 on the ductus arteriosus
and the pulmonary circulation could have oppos-
ing effects. There is at present no good evidence
contraindicating the use of PGE1 in infants with
obstructed pulmonary venous drainage. However,
it is important that tracheal intubation and assisted
ventilation as well as attention to fluid administra-
tion be provided prior to starting PGE1 infusion. 

As mentioned above, attempts should be made
to identify the course and site of drainage of each
pulmonary vein prior to surgery, but it may be
difficult to visualize all the veins during ultrasound
examination. The examination should not be so
prolonged as to delay surgery, because the surgeon
should be able identify all the pulmonary veins.

Surgery
Although early in the surgical experience, mortality
in infants was very high, it has fallen dramatically in
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recent years. The results of surgery are related to the
presence of associated defects. The presence of a
functional single ventricle was associated with a
high incidence of pulmonary venous obstruction
and a significantly poorer prognosis. In one series
in which about 33% of patients had a single ventri-
cle, survival to 1 month was only 65% compared
with 90% for those with two ventricles [4]. In a
report of patients with single ventricle and total
anomalous pulmonary venous connection, about
30% had pulmonary venous obstruction. Survival
was approximately 50% at 6 months and about
25% at 5 years [5]. Many of the patients with single
ventricle had right atrial isomerism (asplenia syn-
drome). Because survival could have been related
to the intracardiac anomalies, it is difficult to assess
the contribution of the anomalous pulmonary
venous connection to the poor survival.

Results have improved considerably in recent
years, with a 95% or better survival [1]. Infants with
obstructed pulmonary venous drainage have a
poorer prognosis; this is the result of associated
pulmonary venous stenosis, as well as changes 
in the pulmonary microcirculation with elevated
pulmonary vascular resistance. There is now little
mortality in infants with drainage to a vertical vein,
to the coronary sinus, or directly to the right
atrium. The mortality in infants with infradia-
phragmatic drainage is somewhat higher because 
a large percentage have stenosis of the pulmonary
venous trunk or of individual veins. Attempts have
been made to treat these stenoses by various sur-
gical techniques, but the results have been only fair
in most centers. Attempts have also been made to
dilate the veins by balloon angioplasty with, in
some cases, introduction of stents. The results have
generally been disappointing, but recently some
limited success has been reported with aggressive
attempts.

A recent surgical approach has been to mar-
supialize the stenosed pulmonary veins to a space
created between the posterior aspect of the heart
and the pleural surface. Sutures are placed from 
the lateral aspect of the epicardium to the pleura,
thus creating a space that communicates with the
left atrium. This avoids placing sutures in pul-
monary veins and it is thought this will reduce 
the incidence of postoperative pulmonary venous
stenosis.

The outlook following successful surgery is
excellent. Stenosis of the anastomotic site between
the pulmonary veins and the left atrium occurred
in as many as 15–20% of infants following surgery,
but with recent improvements in technique the
incidence of this complication has been reduced
considerably. However, a number of infants develop
progressive obstruction of preexisting pulmonary
venous stenosis.

In infants with lesser degrees of pulmonary
venous obstruction who develop evidence of car-
diac failure and pulmonary edema several weeks or
months after birth, it had been common practice to
delay surgery, if possible, to beyond 12–18 months
because the risks of surgery in early infancy were
high. For this reason, it was recommended that
atrial septostomy by balloon and if necessary blade
technique be used to improve cardiac failure and
thus make it possible to delay surgery. This was suc-
cessful in a relatively high proportion of infants,
probably those with foramen ovale restriction, but
it did not result in improvement in those with mod-
erate obstruction to pulmonary venous drainage.
Also, even in those who did improve, some degree
of cardiac failure persisted and some infants suc-
cumbed to respiratory infection. It is now strongly
recommended that surgery be performed in these
infants without much delay, because the risks of
surgery in infancy are very low.

There is some concern that infants who have 
survived after surgical repair of total anomalous
pulmonary venous connection may demonstrate
neurodevelopmental concerns. Kirshbom et al. [6]
studied 30 patients 6–19 years after surgery, six of
whom had pulmonary venous obstruction; all had
circulatory arrest. Microcephaly was present in 28%
and impairments of attention, fine motor skills,
and visuomotor coordination were noted. Although
these findings are disappointing, it is difficult to assess
whether the neurodevelopmental disturbances were
related to the surgical procedure or to genetic factors
associated with the cardiovascular malformation.
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outflow is obstructed and there is a large commun-
ication between the ventricles. These include aorto-
pulmonary transposition with ventricular septal
defect and pulmonary stenosis, double-outlet right
ventricle with pulmonary stenosis, L-transposition
with ventricular septal defect and pulmonary stenosis,
atrioventricular septal defect with pulmonary stenosis,
and single ventricle with pulmonary stenosis. Some
of these are discussed in the chapters devoted to the
respective lesions.

Anatomical considerations

The heart is usually not greatly enlarged in these
patients but the right ventricular wall is hypertro-
phied with a thickness similar to that of the left 
ventricle. The inflow portion of the right ventricle 
is usually of normal size but the outflow or infun-
dibular region is narrow. Increased trabeculation of
the right ventricle may be present, and sometimes
thick muscle bundles are noted. The left ventricle is
also usually normal in size but in some individuals,
particularly those with severe cyanosis, the cham-
ber may be somewhat smaller than normal. The
ventricular septal defect is almost always large, with
a diameter usually at least as great as that of the aor-
tic valve; it is thus unrestrictive, permitting similar
pressures between the left and right ventricles. The
defect is usually perimembranous, with the upper
margin of the defect formed by the aortic valve
annulus. The infundibular portion of the septum
separates the defect from the pulmonary valve.
Occasionally, a subpulmonary or doubly commit-
ted subarterial defect (see Chapter 7) is associated
with stenosis of the right ventricular outflow tract.
It has been suggested that this association should

CHAPTER 14

Pulmonary stenosis and atresia 
with ventricular septal defect
(tetralogy of Fallot)

345

A congenital cardiac anomaly characterized by
right ventricular outflow obstruction, ventricular
septal defect, right ventricular hypertrophy, and
dextroposition of the aorta was recognized by a
British physician, Thomas Peacock, in 1846. Etienne-
Louis Fallot, a French physician, appreciated that
the condition could be diagnosed in patients and it
is now known as the tetralogy of Fallot. Originally it
was thought that the cyanosis often present in
patients with this complex was due to passage of
blood directly from the right ventricle into the dex-
troposed or overriding aorta. Although aortic over-
riding may have some influence on flow of blood
from the right ventricle into the aorta, the most
important determinant of the degree of cyanosis is
the severity of right ventricular outflow obstruc-
tion. The complex is characterized by anterior and
superior (cephalad) deviation of the infundibular
portion of the ventricular septum, but the hemody-
namic disturbances and clinical manifestations are
determined by the size of the ventricular septal
defect and the severity of outflow obstruction.
Symptoms and signs range from cardiac failure
with no cyanosis to severe cyanosis with hypoxemia
and acidemia. Ventricular septal defect with mild
or moderate pulmonary stenosis is discussed in
Chapter 7. This chapter presents the combination
of ventricular septal defect with right ventricular
outflow tract stenosis severe enough to produce
cyanosis. Hemodynamic and clinical manifesta-
tions similar to those manifested in this complex
can result from conditions in which pulmonary

14
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not be designated tetralogy of Fallot, because the
outlet septum is not present and therefore cannot
show the characteristic deviation or malalignment.
However, the hemodynamic features and clinical
manifestations are similar to those of tetralogy of
Fallot and it is reasonable to include these patients
in the group. In some patients, the septal leaflet of
the tricuspid valve is partly adherent to the margins
of the ventricular septal defect, effectively decreas-
ing the size of the communication and allowing
separation of left and right ventricular pressures.
Sometimes more than one defect is present, invol-
ving both the membranous and muscle portions.
Occasionally, in children with Down syndrome
with complete atrioventricular septal defect and
right ventricular outflow tract stenosis, the outlet
septum may be deviated anterosuperiorly, as in
tetralogy of Fallot.

The ascending aorta is dilated and occupies a
position somewhat more anterior than usual,
partly due to the small size of the right ventricular
infundibulum and pulmonary artery. The aortic
valve is located more cephalad than usual and the
position of the valve varies in its relation to the ven-
tricles and the ventricular septal defect. Normally,
the right sinus of Valsalva is positioned over the
right ventricle, but separated from it by the ventric-
ular septum. When a perimembranous ventricular
septal defect is present, it appears that the aorta is
positioned to some extent over the right ventricle.
In tetralogy of Fallot, the aorta may arise almost
completely from the left ventricle, but 10–15% or as
much as 90% of the aortic orifice may override the
right ventricle. Differentiation between tetralogy of
Fallot and double-outlet right ventricle with pul-
monary stenosis is often difficult. It has therefore
been suggested that if it is estimated the aorta over-
rides the right ventricle by more than 50%, the
diagnosis of double-outlet right ventricle should be
applied. This does not seem to be appropriate,
because the characteristic feature of double-outlet
right ventricle is the absence of the normal contigu-
ity of the mitral and aortic valves. However, the
hemodynamic and clinical features of the two con-
ditions are similar. A right aortic arch is a frequent
finding in tetralogy of Fallot, occurring in about
25% of patients.

The dilation of the aortic root and ascending
aorta has been ascribed to the fact that, prior to cor-

rection, blood flow into the aorta is greater than
normal. However, it is now apparent that even after
repair of the malformations, the dilation may per-
sist and even become progressive into adult life.
The role of increased flow has been reviewed by
Bhat et al. [1] who noted that aortic enlargement
was present in all patients with unrepaired tetra-
logy of Fallot at any age; enlargement increased 
if an aortopulmonary shunt was introduced. The
enlargement persisted into adult life. However, if
the lesions were repaired in infancy, the size of the
aortic root was normal within 7 years. In adults fol-
lowing repair of tetralogy, about 15% had aortic
root diameters greater than 1.5 of normal. Aortic
dilation was associated with longer intervals from
insertion of an aortopulmonary shunt to time of
repair, with the presence of pulmonary atresia and
right aortic arch, and with a deletion of chromo-
some 22q11 [2]. The aortic dilation is of concern in
adults, because it may predispose to dissection and
rupture [3]. Also, aortic root dilation may lead to
aortic insufficiency, requiring aortic valve replace-
ment [4].

Although most reports favor the greater than
normal aortic blood flow as the mechanism
responsible for aortic dilation, the possibility that
an underlying structural defect may be involved
must be considered. The aortic wall shows frag-
mentation of elastic fibers, which interferes with
the elastic properties and makes the wall stiffer [5].
It is difficult to resolve whether the structural changes
are primarily responsible for the dilation associated
with the increased flow, or are the result of the
abnormal flow. The fact that the aortic dilation is
associated with the presence of a right aortic arch
and with chromosome 22q11 deletion strongly sug-
gests that a genetic defect in the aortic wall may
underlie the dilation and that the excessive flow is
contributory. It is important to examine the inci-
dence and mechanisms involved in the dilation
because of the potential for late risks after success-
ful repair of the ventricular septal defect and
outflow tract stenosis.

The coronary arteries are usually normal but
abnormalities have been noted in 5–15% of patients.
A single left or right coronary artery may be pre-
sent. An anomaly that has important surgical im-
plications is the coursing of a large coronary artery
across the right ventricular outflow tract. This may
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be an anomalous left anterior descending artery
arising from the right coronary artery, a right coro-
nary artery originating from the left coronary
artery, or a large branch of the right coronary artery
supplying the conus region. Although these vessels
are usually on the surface of the outflow tract, they
may be positioned deeper in the myocardium and
thus be severed during surgery, when the outflow
tract is incised to relieve obstruction.

The right ventricular outflow obstruction varies
greatly in severity and extent. In the majority of
patients, infundibular or subpulmonary stenosis is
the dominant lesion, but pulmonary valvar steno-
sis, with a bicommissural pulmonary valve, or a
combination of valvar and infundibular stenosis,
may be present. The infundibular obstruction is
partly the result of the malalignment of the outlet
septum, but hypertrophy of muscle bundles in the
outflow tract contributes. The parietal band courses
from the ventricular septum beneath the right pul-
monary valve cusp to the anterior free wall of the
right ventricle. The septal band, or septum trabecu-
lomarginalis, extends from the ventricular septum
near the apex toward the pulmonary valve; one arm
is directed anteriorly and superiorly to the region of
the left pulmonary valve cusp, while an inferior arm
passes toward the septal origin of the parietal band.
The portions of these muscle bands in the region 
of the infundibulum were previously collectively
called the crista supraventricularis. Infundibular
stenosis in the tetralogy of Fallot complex may be
the result of varying degrees of hypertrophy of any
of these muscle bands. Rarely, additional obstruc-
tion may occur proximal to the infundibular region
due to hypertrophy of the moderator band and the
inferior portion of the septal band. The moderator
band originates from the septum near the lower
end of the septal band and extends to the free wall
of the right ventricle, effectively spanning the junc-
tion between the inflow and outflow tracts of the
right ventricle. This type of obstruction has been
referred to as double-chambered right ventricle. 
It is important to recognize its presence during
surgery to relieve the outflow obstruction.

The pulmonary valve annulus is usually nar-
rowed and the valve is often thickened and the
leaflets adherent, producing severe valvar obstruc-
tion; one to three cusps may be present. The main
pulmonary artery also varies greatly in size from

almost normal to a very small diameter. Stenosis of
the pulmonary artery just above the valve may result
from fibrous constriction; stenoses at the origins 
of the left and right pulmonary arteries from the
pulmonary trunk are also commonly encountered.
The main left and right pulmonary arteries are usu-
ally relatively normal in size, and are almost always
confluent. Rarely, the left pulmonary artery may
not have a connection to the main pulmonary
artery and during infancy may receive its blood
supply from a ductus arteriosus. In later life the
ductus arteriosus may close and the distal pul-
monary artery becomes hypoplastic or atretic. The
condition has been described as tetralogy of Fallot
with absent left pulmonary artery. Even more rarely,
the right pulmonary artery may receive its blood
supply from a patent ductus arteriosus, which may
arise from the right subclavian artery. More distal
stenoses of intrapulmonary portions of the pul-
monary arteries may also occur. Although hypo-
plasia of the whole pulmonary arterial vasculature
is more commonly encountered with pulmonary
atresia, occasionally it may be observed in infants
with severe outflow tract stenosis.

The right ventricular outflow may be completely
obstructed, resulting in pulmonary atresia. When
atresia is present, the main pulmonary artery is
invariably small and is not infrequently completely
absent, or may be represented by a fibrous band.
The left and right pulmonary arteries may be con-
nected or confluent at their origins and a left-sided
ductus arteriosus, often of small diameter, provides
pulmonary blood flow. The left and right pulmo-
nary arteries may not be confluent (15–20% of
patients) and each may be supplied by a ductus
arteriosus. Unlike in tetralogy of Fallot with a
patent outflow tract, the left and right pulmonary
arteries are frequently hypoplastic, particularly
when they are not confluent. The main pulmonary
artery and the central portions of its left and right
branches may not develop and only the intrapul-
monary arteries are present. Blood supply to these
vessels varies greatly. Most commonly, arteries aris-
ing from the descending aorta at about the level of
the left main bronchus connect with the intrapul-
monary portions of the pulmonary arteries. There
is controversy regarding the origin of these vessels.
One view is that these are enlarged bronchial arter-
ies; they have the same site of origin from the aorta
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and are often tortuous and thick-walled [6]. Others
maintain that these arteries probably represent the
persistence of the primitive embryological connec-
tions between the intrapulmonary vasculature and
the dorsal aorta. These vessels normally regress
when the pulmonary vasculature develops connec-
tions to the main pulmonary arteries (see Chap-
ter 5). In the neonatal period, these arteries usually
have a smooth wall and a uniform diameter. They
subsequently become tortuous and develop thick
walls and often stenoses [7]. They are now referred
to as major aortopulmonary collateral arteries
(MAPCAs). The condition of tetralogy of Fallot
with pulmonary atresia and pulmonary blood flow
from MAPCAs has sometimes been referred to as
pseudotruncus arteriosus. MAPCAs vary consider-
ably in size and number and in their pattern of dis-
tribution to the pulmonary circulation. A MAPCA
may perfuse one lobe of a lung, or it may be dis-
tributed to more than one lobe of the same lung, or
supply segments of both lungs. If there is no nar-
rowing in the vessel, the systemic arterial pressure is
transmitted to the small pulmonary vessels, creat-
ing a risk for the development of early pulmonary
vascular obstructive disease. Areas of stenosis are
commonly observed in these vessels, either at their
origin from the aorta or along their course. This
reduces the risk of pulmonary vascular complica-
tions, but restricts pulmonary blood flow. Some
segments of the lung may have dual arterial supply.
True pulmonary arteries may be distributed to a
segment that is also supplied by a collateral artery.
The true pulmonary artery is usually small and not
connected to a central pulmonary artery; it receives
its blood flow from anastomoses with neighboring
arteries. The artery is sometimes demonstrated 
by retrograde pulmonary venous angiography (see
Chapter 14).

The ductus arteriosus is frequently abnormal in
children with tetralogy of Fallot. When the right
ventricular outflow tract obstruction is not severe,
the ductus arteriosus may be normal in size and
connects with the descending aorta at an oblique
inferior angle (see Chapter 6). With severe outflow
tract stenosis, the ductus is usually narrow and con-
nects with the descending aorta at an acute inferior
angle. In patients with pulmonary atresia with
absence of the main pulmonary artery, the ductus
may arise from the aorta or the left subclavian

artery and connect with the left pulmonary artery.
It is usually small and often there is a stenosis at the
connection with the pulmonary artery. Less fre-
quently, a similar small ductus may be present on
the right side and stenosis of the right pulmonary
artery just distal to the site of connection with the
ductus arteriosus is common. It has been suggested
that the stenosis of the left and right pulmonary
arteries is related to extension of ductus tissue into
the pulmonary artery; following birth, the same
mechanisms that result in closure of the ductus will
constrict the pulmonary arteries. Not infrequently,
and particularly in the presence of large MAPCAs, a
ductus arteriosus is not detectable.

Absent pulmonary valve syndrome
Congenital absence of the pulmonary valve is
almost always associated with morphological fea-
tures of tetralogy of Fallot. The valve leaflets are
absent, but sometimes a thin rim of valve tissue is
evident at the annulus. The valve annulus is usually
stenotic to varying degrees, but the stenosis is 
not usually severe. Subvalvar stenosis in the right
ventricular outflow tract is frequently present, 
but it too is not usually severe. The malalignment 
ventricular septal defect and overriding aorta char-
acteristic of tetralogy of Fallot are present, asso-
ciated with the cephalad and anterior deviation of
the outflow septum. In a study by Galindo et al. [8],
13 of 14 fetuses with absent pulmonary valve had
tetralogy of Fallot. Marked dilatation of the main
pulmonary artery has been considered a hallmark
of the absent pulmonary valve syndrome; the
dilatation extends to the right or left pulmonary
artery, but occasionally involves both branches.
The aneurysmal dilatation most commonly involves
the main and right pulmonary arteries, less com-
monly the main and left arteries, and least often all
three vessels. However, in the Galindo study, the
pulmonary arteries were dilated and the heart was
enlarged in all fetuses observed beyond 22 weeks’
gestation, but in the five diagnosed before 22 weeks’
gestation, four had a pulmonary trunk of normal
size and three had normal heart size.

The ductus arteriosus has been thought to be
absent in most patients with absent pulmonary
valve syndrome, but a ligamentum arteriosus has
been identified in some infants, indicating that the
ductus had been present in utero. The possibility
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that pulmonary regurgitation in the fetus may be
responsible for closure of the ductus has been con-
sidered. Galindo et al. found the ductus to be open
in 20% of the fetuses, but there was no correlation
between the presence of a patent ductus arteriosus
and the size of the pulmonary arteries. Patency 
of the ductus arteriosus in fetuses with absent 
pulmonary valve may interfere with flow in the 
systemic circulation as a result of pulmonary regur-
gitation, as indicated by the presence of reverse
end-diastolic flow in the umbilical artery in three
fetuses at 10–14 weeks’ gestation [9]. The pul-
monary regurgitation may result in cardiac failure
with hydrops fetalis.

Occasionally, left pulmonary artery hypoplasia
may be associated with the marked dilatation of the
main and left pulmonary arteries. Abnormalities in
the development of intrapulmonary arteries have
been noted in patients with the syndrome; they
have abnormalities in branching pattern as well as
in morphology. The large pulmonary arteries com-
press the large airways; depending on which arter-
ies are enlarged, the main, left and right bronchi
will be involved. Probably as a result of the com-
pression of the airways in utero, there are frequently
abnormalities in bronchial and alveolar develop-
ment. The number of bronchial generations may be
reduced and alveolar development may be impaired.

It has been noted in infants with absent pul-
monary valve syndrome and a left pulmonary
artery arising from the ductus arteriosus that the
distal pulmonary architecture is usually normal.
This suggests that the abnormal structural changes
in the pulmonary arteries are related to hemody-
namic disturbances, particularly pulmonary regur-
gitation, rather than to a genetic abnormality of the
arterial wall.

Embryological considerations

The embryological disturbances that produce the
tetralogy of Fallot complex have not been defined
with certainty. Several possible mechanisms have
been proposed. It has been suggested that disturb-
ances in the rotation and separation of the bulbus
cordis and truncus arteriosus are responsible. The
bulbus is positioned over the right ventricle; during
the process of separation of the bulbus by the bul-
botruncal ridges into the aorta and pulmonary

artery, rotation also occurs and the aorta is posi-
tioned posteriorly over the left ventricle. Tetralogy
of Fallot has been explained as a disturbance in this
rotation, combined with unequal separation of the
bulbotruncus by the ridges. The latter results in
narrowing of the infundibulum and a small pul-
monary artery. The disturbance in rotation results
in various degrees of aortic overriding of the right
ventricle; it will also interfere with positioning of
the infundibular portion of the ventricular septum
over the trabecular septum, so that a malalignment
ventricular septal defect results. Another hypothe-
sis that has been proposed is that there is inade-
quate development of the right ventricular conus.
This would result in a narrow infundibulum, and
poor development of the main and branch pul-
monary arteries could be secondary. Abnormal
development of the conus could interfere with the
normal relationship between the trabecular septum
and the bulbotruncal septum, which would prevent
the union of the two to close the interventricular
foramen. What causes interference with right ven-
tricular conus development is not known.

Recently, the concepts that explain tetralogy of
Fallot as disturbances in rotation and separation of
the bulbus cordis and truncus arteriosus have been
challenged. It has been widely accepted that the
heart is formed from the primary cardiac tube aris-
ing from splanchnic mesoderm; this develops into
the ventricles and anteriorly into the conus and
truncus arteriosus. There is now evidence indicat-
ing that there is a second population of splanchnic
mesodermal cells located anteriorly in the pharyn-
geal mesoderm; these are myocardial precursors
unrelated to the primitive cardiac tube. This region,
the secondary, or anterior, heart field, provides the
cells that form the myocardial wall of the outflow
tract. In the chick embryo, the anterior heart field
contributes to the outflow tract of the right ven-
tricle but relatively little to the right ventricular
wall; however, in the mammalian embryo, the con-
tribution to the right ventricular wall is consider-
able [10,11]. The concept that disturbances in
development of the anterior heart field could have a
role in causing malformations of conal and truncal
development is very appealing. In chick embryos,
ablation of the secondary heart field resulted in
overriding aorta and pulmonary atresia, features
characteristic of tetralogy of Fallot [12]. It is yet to
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be determined what genetic or developmental fac-
tors interfere with myocardial precursors in the
anterior heart field.

Absent pulmonary valve syndrome
The mechanisms involved in the development 
of absent pulmonary valve syndrome are obscure.
The possible relationship between the absent pul-
monary valve, the dilated pulmonary arteries, and
the ductus arteriosus is of considerable interest.
The ductus arteriosus is often absent in these
patients, but it is not known whether this is a com-
ponent of the malformation or the result of the
abnormal hemodynamics. If failure of formation of
the ductus is primary, blood ejected by the right
ventricle into the pulmonary artery cannot pass
into the descending aorta. This, together with the
high fetal pulmonary vascular resistance that inhibits
flow into the lungs, results in severe pulmonary
regurgitation. This increases right ventricular stroke
volume and results in progressive dilatation of the
central pulmonary arteries. The stenosis in the
infundibulum or at the annulus may further con-
tribute to the distension by creating poststenotic
turbulence. The factors determining which vessels
are dilated have not been fully delineated, but the
orientation of the right ventricular outflow tract
could have a role. In those infants in whom the
main and right pulmonary arteries are involved, 
it appears that the infundibulum points toward 
the right; this would direct the turbulent jet into 
the right pulmonary artery and result in disten-
sion. Similarly, when the left pulmonary artery is
dilated, the infundibulum appears to be oriented
toward the left. When both left and right vessels are
involved the infundibulum is oriented directly
cephalad [13].

The possibility that pulmonary regurgitation in
the fetus may be responsible for closure of the duc-
tus has been considered. Patency of the ductus arte-
riosus was observed in three fetuses at 10–14 weeks’
gestation. These fetuses all had reverse end-
diastolic flow in the umbilical artery as a result of
diastolic flow from the aorta to the pulmonary
artery [9]. I propose that in early gestation the duc-
tus is patent and, as reported by Galindo et al. [8],
the pulmonary arteries are not enlarged. During
this period of gestation, because pulmonary vascu-
lar resistance is high and only a small proportion of

the blood ejected by the right ventricle is accommo-
dated in the relatively low volume of the pulmonary
arteries, a substantial amount passes through the
ductus arteriosus into the aorta during systole.
During diastole blood flows from the aorta to the
pulmonary artery as a result of the pulmonary
regurgitation. With advancing gestation, the pul-
monary arteries dilate and accommodate a pro-
gressively larger proportion of blood ejected by the
right ventricle during systole. Also, with lung growth,
the pulmonary vascular bed enlarges and pul-
monary flow increases. Thus the volume of blood
passing through the ductus arteriosus progressively
decreases and this could explain its eventual clo-
sure. An additional factor that may contribute to
reducing flow through the ductus is a decrease in
right ventricular output resulting from failure.
Dilated pulmonary arteries and cardiomegaly were
observed in all fetuses beyond 22 weeks’ gestation.
Right ventricular failure results from the very large
increase in volume load on the right ventricle and
may result in hydrops fetalis. As mentioned above,
the identification of a ligamentum arteriosum in
some patients with absent pulmonary valve syn-
drome is evidence that the ductus arteriosus must
have been present in some fetuses. It is possible 
that closure of the ductus arteriosus in mid to late
gestation could reduce the risk of developing
hydrops fetalis by reducing the degree of pul-
monary regurgitation.

Recently, there has been considerable interest 
in the genetic aspects of tetralogy of Fallot. The
complex occurs in 3–5% of all infants born with
congenital cardiac lesions. Children with tetra-
logy of Fallot are more likely to have noncardiac-
associated congenital cardiac anomalies compared
to those with most other congenital cardiac defects.
Also, although the incidence is not greatly increased,
there is a somewhat greater occurrence of cono-
truncal anomalies in siblings than with other car-
diac anomalies. It has now been shown that there is
a frequent association of 22q11 deletion in children
with tetralogy of Fallot. The congenital anomalies
of the CATCH 22 syndrome, which are associated
with 22q11 deletion, are not all characteristic-
ally observed in children with tetralogy of Fallot.
However, many show at least some of the manifes-
tations of the syndrome. In various series, it has
been estimated that 15–35% of patients with tetralogy
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of Fallot have a microdeletion on 22q11; the 
deletion appears to be at the D22S39 or D22S398
locus. Interestingly, the deletion has been noticed
in about 45% of children with tetralogy of Fallot
with pulmonary atresia and in about 65% of those
with tetralogy of Fallot and absent pulmonary
valve.

Hemodynamic considerations

The important features that determine the hemo-
dynamic consequences in patients with ventricular
septal defect and pulmonary stenosis are the size of
the defect, the severity of the stenosis, and the level
of systemic vascular resistance. In most patients,
and certainly in almost all infants, the ventricular
septal defect is large and produces an equalization
of left and right ventricular pressures. In the ensu-
ing discussion it will be assumed that the ventricu-
lar septal defect is large, and separate comments
will be made in regard to the few instances in which
the defect is small.

Fetal circulation
The presence of the lesions does not appear to
influence the fetal circulation adversely or to 
interfere with the umbilical–placental circulation,
because the infants usually have no intrauterine
difficulties and are well developed at birth. Oxygen
saturations in the superior and inferior vena cava
blood returning to the heart are probably normal. I
have not been able to identify any reports of ultra-
sound studies in which patterns of blood flow were
studied in fetuses with tetralogy of Fallot. The flows
across the foramen ovale and the tricuspid valve are
also probably normal. However, if there is severe
pulmonary stenosis or pulmonary atresia, and
especially if peripheral pulmonary arteries are
small, pulmonary blood flow could be reduced and
venous return to the left atrium would fall. Flow
through the foramen ovale might therefore increase.
Because most of the ductus venosus stream already
flows preferentially through the foramen ovale, any
additional flow would be derived from the superior
or distal inferior vena cava streams. This would
result in increased flow of poorly oxygenated venous
blood into the left atrium across the foramen 
ovale. If pulmonary blood flow is low, the amount
of poorly oxygenated pulmonary venous blood

returning to the left atrium would decrease. With
all these considerations, it is unlikely that oxygen
saturation of left atrial blood does not change
significantly.

The volume and direction of blood flow in the
pulmonary artery will depend on the severity of
right ventricular outflow obstruction. If it is of mild
or moderate degree, the right ventricle will eject a
somewhat reduced amount of blood into the pul-
monary artery but a quantity adequate to supply
total pulmonary blood flow and also to provide
some blood through the ductus arteriosus to the
descending aorta. If the obstruction is severe or
complete, blood supply to the lungs will be derived
from the aorta by flow through the ductus arterio-
sus to the pulmonary artery. Serial observations in
fetuses have shown that the severity of obstruction
may progress with advancing gestational age, even
to the point of atresia [14,15]. If pulmonary arterial
blood flow is derived through the ductus arterio-
isus, Po2 in pulmonary arterial blood would be
slightly higher than normal and this could reduce
pulmonary vascular resistance and possibly reduce
normal development of pulmonary vascular smooth
muscle. Whether blood flows from the pulmonary
trunk to the aorta or in the opposite direction, the
total amount of flow through the ductus arteriosus
would be reduced considerably. Whereas normally
about 50% of combined ventricular output (CVO)
traverses the ductus, in the presence of complete
pulmonary atresia only the proportion of CVO dis-
tributed to the lungs (about 20–25% in the human
fetus) would flow through it. In less severe degrees
of obstruction, flow across the ductus would be
reduced to a variable extent and the ductus diame-
ter would be decreased. If the obstruction is severe,
blood will flow through the ductus arteriosus from
the aorta to the pulmonary artery and the orienta-
tion of the ductus will be changed. Normally there
is an obtuse inferior angle between the ductus arte-
riosus and the aorta, but in newborn infants with
tetralogy of Fallot it is frequently noted to be quite
acute. As mentioned above, in the presence of 
pulmonary atresia with absence of the main pul-
monary artery, a left-sided and occasionally a right-
sided ductus provides flow to the left or right lung.
Because each ductus conducts only a small flow to
the respective lung (about 10% of CVO at most), it
is narrow.
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The right ventricular outflow obstruction would
tend to divert blood away from the pulmonary
trunk and through the ventricular septal defect 
into the ascending aorta (Figure 14.1). The ascend-
ing aorta will therefore carry a larger percentage 
of CVO, depending on the degree of pulmonary
stenosis; in the presence of pulmonary atresia, 
it conducts the total CVO. This explains the 
fact that the ascending aorta and the isthmus are
usually wider than normal in infants with tetra-
logy of Fallot (see Chapter 14). The normal differ-
ence between oxygen saturations of ascending and
descending aortic blood will be reduced or elimin-
ated. In the normal fetus, oxygen saturation in the
ascending aorta is higher than that in the descend-
ing aorta (see Chapter 1). In patients with tetralogy
of Fallot, the shunting of right ventricular blood
into the aorta through the ventricular septal defect
will result in a somewhat lower than normal oxygen
saturation and Po2 in ascending aortic blood.
Whereas normally a large percentage of pulmonary
arterial blood passes through the ductus arteriosus

into the descending aorta, in tetralogy of Fallot 
less right ventricular blood enters the pulmonary
trunk and flow across the ductus arteriosus to the
descending aorta is reduced. Therefore the oxygen
saturation of descending aortic blood will be some-
what higher than normal. If pulmonary stenosis 
is severe, no blood from the pulmonary artery
passes through the ductus and thus oxygen satura-
tions in the ascending and descending aorta are 
the same. The lower than normal oxygen content 
in ascending aortic blood could possibly result in
higher than normal cerebral and coronary blood
flows in the fetus, because of the vasodilatory effect
of hypoxemia. However, whether these changes 
in ascending and descending aortic oxygen satura-
tions produce any adverse effects in the fetus is 
not known.

Left and right ventricular output
In the normal human fetus the right ventricle ejects
about 55% and the left ventricle about 45% of
CVO. The afterload on the right ventricle is rela-
tively low, because it ejects through the large ductus
arteriosus into the relatively low-resistance lower
body circulation including the umbilical–placental
circulation. Left ventricular afterload is higher,
because the narrowed aortic isthmus imposes a rel-
atively high resistance (see Chapter 1). In the fetus
with tetralogy of Fallot, the pulmonary stenosis
increases the resistance to right ventricular output,
so flow into the pulmonary artery is reduced.
However, because the ventricular septal defect is
large and unrestrictive, right ventricular blood can
flow readily into the ascending aorta and ascending
aortic flow is thus greater than normal; with pul-
monary atresia there is no flow from the right 
ventricle into the pulmonary artery and the total
cardiac output is ejected into the aorta. In view of
the presence of the large ventricular septal defect
and a varying degree of overriding of the aorta, the
two ventricles are probably presented with the
same afterload and the outputs of the two ventricles
are probably similar. I have not been able to obtain
any information about the volumes ejected by the
left and right ventricle in fetuses with tetralogy of
Fallot. As mentioned above, with pulmonary steno-
sis, the pulmonary venous return to the left atrium
would be reduced and this could decrease left ven-
tricular output. However, it is not known whether
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Figure 14.1 Ventricular septal defect and right ventricular
outflow obstruction in a fetus: course of the circulation,
oxygen saturations (circled), and pressures. m, mean
pressure.
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flow through the foramen ovale increases to main-
tain left ventricular output.

The electrocardiogram in the immediate neo-
natal period provides some information about 
the loading on the ventricles prenatally. In most
neonates with tetralogy of Fallot, the electrocardio-
gram is similar to that in normal infants. However,
I have encountered several infants with an ultra-
sound diagnosis of tetralogy of Fallot who showed
dominant left ventricular forces, leading to a clin-
ical diagnosis of tricuspid atresia or pulmonary atre-
sia with intact ventricular septum. It is difficult to
explain this finding, but it could possibly be related
to the position of the ventricular septum, the size of
the ventricular septal defect, and the degree of over-
riding of the aorta. It would be of great interest to
examine these features in relation to the ejection of
each ventricle. Another factor that could possibly
affect the volumes ejected is filling of the ventricles.
If the ventricles eject against the same afterload, it
would be expected that the diastolic inflow would
be similar. However, venous return to the left ven-
tricle may be altered; with pulmonary atresia it
would be dependent on the volume of flow through
the ductus arteriosus or the presence of MAPCAs
or both. In neonates with large MAPCAs, flow into
the lungs is occasionally so large as to cause a vol-
ume overload on the left ventricle with failure.
MAPCAs have been observed in the fetus, but
whether flow is large enough to cause a large vol-
ume load on the left ventricle is questionable. The
flow pattern in MAPCAs in the fetus shows a peak
during systole, with little flow in diastole (similar to
that seen in the peripheral pulmonary arteries in
normal fetuses), suggesting that pulmonary vascu-
lar resistance is high (Lisa Hornberger, personal
communication). However, because the pulmon-
ary circulation is being perfused by blood with an
oxygen saturation higher that that normally pre-
sent in pulmonary arterial blood, it is possible that
flow is higher than normal in the fetus.

Absent pulmonary valve syndrome
The ductus arteriosus is frequently either atretic or
not developed in fetuses with tetralogy of Fallot
with absent pulmonary valve. The possible import-
ance of the ductus in inducing the marked dilata-
tion of the pulmonary arteries has been discussed
above. The pulmonary regurgitation results in a

marked volume overload on the right ventricle; in
the fetus, the right ventricular pressure would be
similar to aortic systolic pressure because the ven-
tricular septal defect is usually large. In this circum-
stance, the ventricle would be subjected to a high
volume and pressure load. Cardiac failure is a not
infrequent association with these cardiac anomalies
in the fetus. It is manifested by the development of
ascites, pericardial fluid accumulation and general-
ized edema, or fetal hydrops. The severity of the
infundibular or annular stenosis could possibly
determine whether fetal cardiac failure would
develop. With more severe stenosis, although the
afterload on the right ventricle would be higher, the
degree of pulmonary regurgitation would be less,
and the volume load on the ventricle would be
lower; the likelihood for cardiac failure would thus
probably be reduced. The presence of marked
degrees of pulmonary regurgitation could seriously
affect perfusion of the intrapulmonary vessels. In
the normal fetus, diastolic pressure in the pul-
monary artery is at systemic arterial levels and some
perfusion of the pulmonary circulation may occur.
However, pulmonary valve regurgitation would
greatly lower pulmonary diastolic pressure and
limit perfusion. The abnormal development of the
intrapulmonary vessels in this syndrome could
possibly be related to disturbances in perfusion
during fetal life.

Postnatal circulation
Pulmonary blood flow
After birth, with elimination of the placental circu-
lation, the function of gas exchange is transferred to
the lung and adequate oxygen supply to the body
depends on establishment of ventilation and an
adequate pulmonary blood flow. Normally, pul-
monary blood flow increases eightfold to tenfold as
a result of the decrease in pulmonary vascular resist-
ance associated with ventilation of the lungs with
air. In the infant or child with tetralogy of Fallot,
several factors determine the magnitude of pul-
monary blood flow:
• source of blood flow to the lungs;
• severity and functional behavior of outflow
obstruction from the right ventricle;
• level of right ventricular (and systemic arterial)
pressure;
• ductus arteriosus.
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Source of pulmonary blood flow
In most infants with tetralogy of Fallot with moder-
ate or severe outflow obstruction or pulmonary
atresia, pulmonary flow is derived from the right
ventricle or through the ductus arteriosus. In those
with pulmonary atresia with absence of the main
pulmonary artery and confluence of the pulmonary
arteries, pulmonary blood flow may be derived
through a unilateral or bilateral ductus, but in
many of these infants pulmonary blood flow is pro-
vided by MAPCAs. The size and number of these
collateral arteries determines the course of these
infants. In the presence of pulmonary atresia, there
is admixture of all systemic and pulmonary venous
blood in the ascending aorta, so that the oxygen
content of arterial blood distributed to the systemic
and pulmonary circulations is essentially similar.
The level of oxygen saturation is determined by 
the ratio of pulmonary to systemic blood flow (see
Chapter 4). Immediately after birth, the baby may
be moderately cyanosed, but as pulmonary arterio-
lar resistance falls after birth, pulmonary blood
flow may become large.

If MAPCAs are well developed, the degree of
cyanosis may decrease, although occasionally evid-
ence of cardiac failure develops as a result of the
high volume load placed on the left ventricle.
Because MAPCAs arise from the aorta or its major
branches, the pressure in these vessels is at systemic
levels, unless stenosis occurs either at their origin or
along their course. In the absence of stenosis, the
pulmonary arterioles are subjected to the high pres-
sures and there is thus a serious risk for develop-
ment of pulmonary vascular obstructive changes 
in the segments of lung supplied by the vessels.
Although stenoses in MAPCAs do not appear to be
significant during infancy, they tend to either
develop or progress with advancing age. This would
reduce the risk of morphological changes in the
pulmonary circulation, but pulmonary blood flow
would be reduced and cyanosis becomes more severe.

When pulmonary blood flow is derived predom-
inantly from the ductus arteriosus, as with very
severe outflow tract obstruction or atresia, the
magnitude of flow is determined by the size of the
ductus and its degree of constriction (see discus-
sion in Chapter 15).

Pulmonary blood flow may be derived partly or
completely from flow through the right ventricular

outflow tract, in which case it is determined by the
degree of obstruction. In the absence of MAPCAs
or a patent ductus arteriosus, this is the only source
of flow through the lungs during infancy. However,
with severe outflow stenosis, collateral connections
from bronchial arteries to precapillary pulmonary
arteries develop with advancing age. These may
become quite extensive and provide substantial
pulmonary blood flow. The factors responsible for
an increase in bronchial flow are not fully under-
stood; it has been shown that bronchopulmonary
arterial flow increases when there is an increase in
systemic arterial pressure or a decrease in pul-
monary arterial pressure. Pulmonary arterial pres-
sure is decreased in patients with tetralogy of Fallot
and this may be one of the factors stimulating the
development of bronchial flow, but other mechan-
isms are probably involved. Usually an extensive
bronchial circulation is not developed in infancy 
or early childhood, but large bronchial collateral
blood flows may be established over several years to
permit survival into adult life.

Right ventricular outflow obstruction
Both the site and severity of the right ventricular
outflow tract obstruction are important in affecting
the hemodynamic features of tetralogy of Fallot.
Stenosis of the infundibular region is usually pre-
sent and in addition the pulmonary valve annulus is
often stenosed; the pulmonary valve leaflets may be
thickened and immobile, and stenosis beyond the
valve may be present, often at the origin of the
branch pulmonary arteries. The outflow resistance
from the right ventricle is reflected by the sum of
resistances at all these sites plus the pulmonary vas-
cular resistance. In the majority of children the ven-
tricular septal defect is large enough to permit
equalization of pressures in the left and right ven-
tricles. With equal ejection pressures, the relative
afterloads determine the volume ejected by each
ventricle. Thus if the total outflow resistance of the
right ventricle exceeds systemic vascular resistance,
some right ventricular blood will be diverted
through the ventricular septal defect into the aorta
(right-to-left shunt), causing cyanosis, and the vol-
ume ejected into the pulmonary circulation would
be reduced. The more severe the outflow tract
stenosis, the greater the right-to-left shunt and the
smaller the blood flow to the lung.
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If the degree of outflow tract stenosis is such that
the resistance is less than systemic vascular resist-
ance, blood flows preferentially through the ven-
tricular septal defect from the left ventricle into the
right ventricle and pulmonary artery (left-to-right
shunt). Pulmonary blood flow will exceed systemic
flow, and no cyanosis will be evident (pink tetra-
logy). When the outflow obstruction is mild, the
pulmonary annulus and valve are often normal and
the stenosis is infundibular in location; although
deviation of the outlet septum reduces the infun-
dibular channel, hypertrophy of the parietal and
septal muscle bands may contribute to the narrow-
ing. When the outflow tract stenosis is mild, the 
circulatory dynamics and clinical course may be
similar to those of patients with large ventricular
septal defects (see Chapter 7). During the neonatal
period, the infundibular stenosis and high pul-
monary vascular resistance may combine to limit
left-to-right shunting and may even induce right-
to-left shunting with varying degrees of cyanosis
(Figure 14.2). As pulmonary vascular resistance

falls, the total outflow resistance falls, resulting in
left-to-right shunting through the ventricular sep-
tal defect. The shunt may be large enough to greatly
increase left ventricular volume load and cause 
cardiac failure, which is not usually severe because
the infundibular stenosis limits the size of the left-
to-right shunt. The pulmonary arterial pressure is
usually only mildly or moderately elevated, in con-
trast with the child with a large ventricular septal
defect with no right ventricular outflow tract steno-
sis. The risk for development of morphological
changes in the pulmonary vasculature is therefore
not significant. This risk is further reduced by the
tendency for the infundibular stenosis to progress
with advancing age, further reducing pulmonary
arterial pressure. The increasing severity of the
infundibular narrowing results from progressive
hypertrophy of the muscle. This increases right
ventricular afterload, reducing the left-to-right
shunt and the volume loading of the left ventricle.
Symptoms of failure disappear and the child appears
well. Progression of the infundibular hypertrophy
may result in the appearance of cyanosis, which
occurs first with exertion, and subsequently per-
sists. The time course for the progression in severity
of infundibular hypertrophy varies. It may result in
appearance of cyanosis within 6–8 months after
birth, but this may be delayed for several years.

Progression of the severity of outflow tract
stenosis frequently also occurs as a result of infun-
dibular hypertrophy in patients with cyanosis dur-
ing infancy. This results in a further decrease in 
pulmonary blood flow and a larger ventricular
right-to-left shunt, with increasing cyanosis.

The functional behavior of the hypertrophied
infundibular muscle has been the subject of consid-
erable conjecture. It has been proposed that the
muscle in the infundibulum is capable of contract-
ing sufficiently to produce a marked increase in
outflow tract stenosis and thus severely reduce pul-
monary blood flow. This has been proposed as a
possible mechanism for the occurrence of hypoxic
spells (see Chapter 14). Although it is difficult to
demonstrate that the infundibular region has under-
gone constriction during a spell, there is some 
evidence to suggest that this may occur. In one study,
acute administration of disopyramide (Norpace),
an antiarrhythmic agent that also has a negative 
inotropic effect on the myocardium, resulted in

m28
40 
20

m7290 
65

90 
6

90 
6

75

95

95

a6v4m5 a6v10m8
70

65 98

80

Figure 14.2 Ventricular septal defect with moderate
degree of right ventricular outflow obstruction: course of
the circulation, oxygen saturations (circled), and pressures.
In this case there is a small ventricular left-to-right shunt
and pulmonary arterial pressure is increased slightly. m,
mean pressure.
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widening of the infundibular area and an increase
in systemic arterial oxygen saturation. Stimulation
of myocardial contractility by increased sympa-
thoadrenal activity induced by anxiety, stress or
exercise could cause infundibular constriction.
Pulmonary blood flow would be reduced and right-
to-left shunt increased. It has also been shown that
the number of β-adrenoceptors in infundibular
muscle is greater in children with tetralogy of Fallot
who have suffered hypoxic spells than in those who
have not [16]. The infundibular muscle would thus
be unusually sensitive to sympathetic nerve stimu-
lation or circulating catecholamines. The concept
that infundibular constriction is an important
mechanism in causing hypoxic spells forms the
basis for the administration of β-adrenoceptor
blockers such as propranolol for treatment or pre-
vention of these spells (see Chapter 14).

Right ventricular pressure
Since the ventricular septal defect is large in most
patients with tetralogy of Fallot, right and left ven-
tricular pressures are equal. Right ventricular pres-
sure assumes the same contour as left ventricular
pressure, with a rapid upstroke, a squared-off top,
and a rapid descent; this contrasts with the triangu-
lar contour of the right ventricular pressure pulse 
in the patient with pulmonary stenosis and an
intact ventricular septum. Right ventricular pres-
sure closely follows changes in left ventricular pres-
sure so that, even with ectopic beats, pressures are
identical; there is also little postectopic potentia-
tion of systolic pressure in either ventricle. A
decrease in systemic vascular resistance results in 
a fall in aortic and left ventricular pressures, with a
similar change in the right ventricle.

Administration of anesthetic agents or sedative
drugs to patients with tetralogy of Fallot frequently
results in peripheral vasodilatation. Systemic 
vascular resistance and left and right ventricular
pressures fall; reduction in cardiac output may con-
tribute further to this fall. The drop in right ventri-
cular pressure reduces the pressure gradient and
blood flow across the outflow tract, and pulmonary
blood flow falls. This interferes with total oxygen
uptake in the lungs, resulting in exaggeration of
hypoxemia (see below). In addition, the fall in 
systemic vascular resistance permits a larger right-
to-left shunt.

The volume of systemic venous blood returning
to the heart affects the level of right ventricular
pressure. Posture is an important determinant of
venous return. Quiet standing, or passive tilt with
the head up, results in pooling of blood in the lower
extremities and abdomen. Associated with the
decrease in venous return, right ventricular pres-
sure and pulmonary blood flow fall. It has also been
suggested that a reduction in venous return may
result in a reduction in right ventricular volume
and thereby increase the infundibular narrowing,
further contributing to the fall in pulmonary blood
flow; however, this has not been documented. A
decrease in venous return may also be an important
factor in the increased hypoxemia associated with
anesthesia and sedation. The infant or child is 
usually placed on a flat surface and is immobile.
Venous dilatation results in pooling of blood and
venous return is reduced. The influence of posture
on venous return is also important in infants with
hypoxic spells and in the response to exercise in
children with tetralogy of Fallot.

Elevation of right ventricular pressure may result
from the increase in aortic and left ventricular pres-
sure associated with a rise in systemic vascular
resistance. Since the right ventricular obstruction 
is relatively fixed, pulmonary blood flow will be
increased by the rise in perfusion pressure. In addi-
tion, the increase in systemic vascular resistance
will result in a decrease in right-to-left shunt. These
responses form the basis for the use of peripheral
vasoconstrictor agents such as phenylephrine in the
treatment of infants with acute hypoxic spells [17].
An increase in systemic venous return to the right
ventricle will also increase right ventricular pres-
sure and thus enhance pulmonary blood flow; this
could explain the beneficial effect of posture in rais-
ing arterial oxygen content in infants with hypoxic
spells or in children after exercise (see Chapter 14).
An increase in right ventricular pressure and vol-
ume could have additional beneficial effects by dis-
tending the infundibular area, thus reducing the
outflow tract obstruction.

Although the right and left ventricular pressures
are usually equal in patients with tetralogy of Fallot,
occasionally the ventricular septal defect is rela-
tively small, and the pressures may separate. This is
not usually encountered in infancy and is probably
due to acquired partial closure of the defect.
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Although the causes of partial closure of the defect
are not usually apparent, one mechanism that may
be responsible is adherence of the septal leaflet of
the tricuspid valve to the margins of the defect.
When the defect size is limiting, systolic pressure in
the right ventricle may exceed that in the left ventri-
cle and aorta, and the peak of the pressure tracing
may assume the triangular shape characteristic of
pulmonary stenosis with an intact septum.

Ductus arteriosus
This channel is important in providing pulmonary
blood flow after birth when right ventricular
outflow obstruction is severe and few or no MAPCAs
are present. Because it conducts only a small pul-
monary blood flow during fetal life, it is usually
considerably smaller than normal. With the fall in
pulmonary vascular resistance associated with ven-
tilation, flow through the ductus increases, but it is
rarely possible to establish normal postnatal levels
of pulmonary flow. However, systemic arterial oxy-
gen saturation increases and occasionally reaches
85–92% (Figure 14.3). The maintenance of oxygen
saturation above the fetal level is dependent on
continued patency of the ductus arteriosus. The
behavior of the ductus in response to oxygen and
other constrictor agents in infants with tetralogy 
of Fallot is not known. Since the ductus is often
smaller than normal, the musculature may not be
developed normally and its responses could be dif-
ferent. If it does respond normally to oxygen, the
higher Po2 achieved by the increased pulmonary
blood flow after birth will tend to constrict the duc-
tus. An intriguing relationship may then exist
between systemic arterial Po2, the degree of con-
striction of the ductus, and pulmonary blood flow.
The increased pulmonary blood flow will result in
an increased systemic arterial Po2, which will in
turn tend to constrict the ductus. This will inter-
fere with maintenance of pulmonary blood flow,
resulting in decreased arterial Po2 and subsequent
dilatation of the ductus. A variable and unstable
condition could develop in which intermittent
cyanosis could occur.

The level of systemic arterial pressure could be
important in influencing pulmonary blood flow by
its effect on blood flow through the ductus arterio-
sus. Thus a fall in arterial pressure could have an
adverse effect by reducing pulmonary blood flow

derived through the ductus, as well as across the
right ventricular outflow tract. In infants with
tetralogy of Fallot, closure of the ductus is often
delayed for several days or even weeks. This could
be related to abnormalities in either morphological
development or functional behavior.

Constriction or closure of the ductus arteriosus
will result in a fall in systemic arterial oxygen satu-
ration and Po2 (Figure 14.4). The degree and rate of
fall are determined by the degree of right ventricu-
lar outflow stenosis and the time period over which
the ductus arteriosus closes. If pulmonary stenosis
is severe and the occlusion is rapid, systemic arter-
ial saturation will fall rapidly to as low as 35–40%,
Po2 will drop to 20–30 mmHg, and hypoxia and
acidemia may develop. If there has been adequate
opportunity for development of a collateral circula-
tion to the lungs, pulmonary blood flow may be
maintained when the ductus closes.

In patients with pulmonary atresia, the ductus
arteriosus may not be important in providing post-
natal pulmonary blood flow, because MAPCAs are
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Figure 14.3 Ventricular septal defect with severe
obstruction to right ventricular outflow in a newborn
infant: course of the circulation, oxygen saturations
(circled), and pressures. In this case the ductus arteriosus
was still patent. m, mean pressure.
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frequently present. The ductus may provide some
benefit in the early neonatal period, because the fall
in pulmonary vascular resistance in the segments of
lung supplied by MAPCAs may be delayed by expos-
ure to the high systemic arterial pressure. Closure
of the ductus will curtail perfusion of the pul-
monary arteries: they will not grow and possibly
will become more hypoplastic. When the left and
right pulmonary arteries are not confluent and one
or both are supplied by a ductus arteriosus, closure
of the ductus results in hypoplasia and sometimes
atresia of the pulmonary artery.

Oxygen supply to the body
In patients with ventricular septal defect with mild
or moderate right ventricular outflow obstruction,
pulmonary blood flow is usually normal and oxy-
gen supply to the body is adequate. However, with
severe right ventricular outflow obstruction, the
main manifestation is hypoxemia and the concern
is the adequacy of oxygen supply to the tissues. The
roles of pulmonary blood flow, hemoglobin con-
centration, and the P50 of hemoglobin in tissue oxy-

gen supply are discussed in detail in Chapter 3.
These factors are reviewed briefly, specifically in
relation to tetralogy of Fallot.

Pulmonary blood flow
The amount of oxygen that can be delivered to the
tissues is limited by the total amount of oxygen that
can be taken up in the lungs, and this is related to
pulmonary blood flow. In infancy and early child-
hood, flow through the pulmonary valve is usually
necessary to maintain pulmonary capillary flow.
The magnitude of flow is determined by right ven-
tricular pressure and the degree of obstruction.
Since systolic pressure in the right ventricle follows
that in the left ventricle and aorta, a decrease in 
systemic arterial pressure, as may occur with
peripheral vasodilatation due to anesthetic agents,
sedative drugs or exercise, will result in a decrease
in pulmonary blood flow. An increase in right and
left ventricular pressures and enhancement of pul-
monary flow may be induced by peripheral vaso-
constrictor drugs. Monitoring blood pressure can
readily assess the potential harmful effects of any
pharmacological agent, procedure or maneuver in
patients with tetralogy of Fallot. A fall in systemic
arterial pressure will produce a corresponding fall
in right ventricular pressure and place the indi-
vidual in jeopardy by reducing pulmonary flow.
Pulmonary blood flow may also be increased by
facilitating venous return, such as by elevating 
the legs.

Blood oxygen capacity
The amount of oxygen that can be carried by blood
is mainly dependent on the hemoglobin concentra-
tion, or oxygen capacity. The higher the oxygen
capacity of blood perfusing the lungs, the larger the
amount of oxygen that can be taken up per unit of
blood flow. Oxygen content of blood at any level of
Po2 increases linearly with the rise in oxygen capa-
city. Thus, blood with a higher oxygen capacity will
be capable of providing more oxygen to the tissues
for the same flow rate and arterial oxygen satura-
tion. Even though systemic arterial Po2 and oxygen
saturation may be quite low, adequate oxygen 
may be supplied to the tissues. In the newborn
infant hemoglobin concentration is relatively high
(15–18 g/dL), as is hematocrit (50–55%). Norm-
ally, hemoglobin concentration falls to about 
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Figure 14.4 Ventricular septal defect with severe
obstruction to right ventricular outflow in an infant: course
of the circulation, oxygen saturations (circled), and
pressures. In this case the ductus arteriosus had closed. m,
mean pressure.

c14.qxd  12/22/08  11:37  Page 358



Pulmonary stenosis and atresia with ventricular septal defect (tetralogy of Fallot) 359

10–12 g/dL by 3–4 months after birth. Persistent
hypoxemia after birth results in increased blood
erythropoietin concentrations, which stimulates
bone marrow production of erythroid cells. In
order to maintain or increase hemoglobin levels,
iron is required; however, iron stores are limited in
infants, and food intake in early infancy provides
little iron. Therefore, there is a high incidence of
relative anemia in infants with tetralogy of Fallot
with moderate to severe hypoxemia [18]. The ane-
mia is considered to be relative, because although
the hemoglobin level may be in the range normal
for the age of the infant, it is reduced under the cir-
cumstances of hypoxic stimulation. The stimula-
tion for red cell formation continues and very high
red cell counts of 7–8 × 106/mm3 may be achieved,
but the cells are microcytic and hypochromic and
mean corpuscular hemoglobin concentration and
mean corpuscular volume are markedly reduced.
Administration of iron to these infants results in a
rapid increase in hemoglobin concentration to levels
well above normal. Since arterial oxygen satura-
tion usually does not change, the total amounts of
both oxygenated and reduced hemoglobin increase.
The patient may therefore appear more cyanotic
but total oxygen delivery will increase and symp-
toms of hypoxia may improve.

The administration of iron to hypoxemic
patients results in an increase in mean corpuscular
hemoglobin concentration and mean corpuscular
volume, and a rise in hematocrit. The hematocrit
has a marked effect on blood viscosity. The rela-
tionship is curvilinear: when hematocrit is raised
from 30 to 50%, viscosity increases only slightly;
above this level there is a marked increase in viscos-
ity, and at hematocrit above 60–65% viscosity rises
steeply. The increased viscosity produces an effec-
tive increase in resistance to blood flow through the
tissues (see Chapter 4). At very high hematocrit,
blood flow may be reduced so that the beneficial
effect of the increased oxygen capacity is abolished.

2,3-Diphosphoglycerate
The release of oxygen from hemoglobin is facili-
tated by the presence of 2,3-diphosphoglycerate
(2,3-DPG) in the red cell (see Chapter 3). In infants
with tetralogy of Fallot with systemic arterial
hypoxemia, 2,3-DPG levels in the red cells increase
and thus aid in oxygen delivery to the tissues.

Hypoxemia and hypoxia in tetralogy of Fallot
In infants with severe pulmonary stenosis or pul-
monary atresia, constriction or closure of the 
ductus arteriosus will result in a rapid decrease in
systemic arterial oxygen saturation and Po2. If this
occurs rapidly, there will be inadequate time for a
compensatory rise in hemoglobin concentration.
Inadequate oxygen supply to the tissues will result
in increased anaerobic glycolysis, with production
of lactic acid and progressive metabolic acidemia
(see Chapter 3). The decreased pH and Po2 stimu-
late peripheral and central chemoreceptors, with a
resultant increase in respiratory depth and rate (see
Chapter 2). Since alveolar ventilation is increased
and pulmonary blood flow is reduced, the ventila-
tion–perfusion ratio is markedly increased. Pulmo-
nary venous Po2 may be raised to 110–115 mmHg,
Pco2 reduced to 15–20 mmHg, and pH increased
to 7.48–7.50, in an attempt to compensate for the
metabolic acidemia. However, the reduced pul-
monary blood flow does not permit adequate cor-
rection of systemic arterial blood gases and Po2.
Systemic arterial Pco2 may be maintained at nor-
mal levels or may be reduced. This is partly due to
the reduction in pulmonary venous carbon dioxide
content, but is also related to the reduced produc-
tion of carbon dioxide; this is related to the fact that
lactate accumulates and is not metabolized to car-
bon dioxide and water. Significant increases in
Pco2 to levels above 40 mmHg are unusual and are
usually related to the presence of pulmonary dis-
ease. Po2 may fall to 20–25 mmHg and pH to 7.0 
or less.

Hypoxic spells
Many infants do not have serious hypoxemia in the
neonatal period but develop symptoms about 2–6
months after birth. The factors responsible for the
onset of symptoms may be closure of the ductus
arteriosus, development of relative anemia, growth
with relative increase in right ventricular outflow
tract stenosis, and increased activity with increased
oxygen requirements. The infant may be only
mildly hypoxemic at rest but episodes of severe
hypoxemia with hypoxia and acidemia, known as
hypoxic or tetralogy spells, occur. The actual mechan-
isms responsible for these attacks are not known.
Guntheroth et al. [19] have presented the view that
spells are precipitated by any stimulus producing
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hyperventilation. They suggest that increased ven-
tilation enhances venous return to the right atrium
and ventricle and thus increases right ventricular
output. Since the proportion of blood passing to
the pulmonary circulation would be limited by the
fixed pulmonary stenosis, the amount of venous
blood ejected into the aorta increases, thus lower-
ing arterial oxygen saturation. I do not believe that
this can be an important mechanism in the spell
syndrome, because the effect of increased venous
blood flow into the aorta on arterial oxygen satura-
tion could be only temporary. As mentioned above,
the increase in venous return will raise right ven-
tricular pressure and pulmonary blood flow will
increase to some extent, because the pressure gradi-
ent across the narrowed outflow tract increases.
Even if pulmonary blood flow did not change, the
total amount of oxygen taken up in the lungs would
not be influenced and thus oxygen availability to
the tissues would not be affected. It is likely that the
hyperpnea associated with spells does not precede
the episode, but develops as a chemoreceptor-
induced response to exaggeration of hypoxemia.

However, prolonged crying may have a deleteri-
ous effect on systemic arterial oxygen saturation,
because the increased pulmonary vascular resist-
ance developed by prolonged expiration, particu-
larly during the Valsalva maneuver, may result in a
decrease in pulmonary blood flow. If, during cry-
ing, the infant also has periods of breath-holding,
the combined effects of inadequate ventilation and
decreased pulmonary blood flow may markedly
reduce systemic arterial oxygen saturation.

A reduction in pulmonary blood flow could also
result from functional contraction of the right ven-
tricular infundibulum; this has been claimed to be
an important cause of hypoxic spells. Although
there is as yet no convincing evidence that infun-
dibular spasm is a frequent mechanism, the hypo-
thesis has received support from evidence that 
β-adrenoceptor inhibitors, which decrease myocar-
dial contractility, may relieve the spells and decrease
their incidence (see Chapter 14).

There is a good deal of evidence to suggest that
changes in venous return to the heart and in
peripheral vascular resistance may have important
roles in the production of spells. Infants immobil-
ized for cardiac catheterization after having received
certain types of premedication frequently develop

hypoxic spells. It is quite likely that this is due to 
a decrease in systemic vascular resistance, with a
decrease in systemic arterial pressure and thus in
right ventricular pressure and pulmonary blood
flow. Furthermore, a decrease in venous return to
the heart, which could result from peripheral
venous pooling, would facilitate a further reduc-
tion in right ventricular pressure. The ensuing
decrease in pulmonary blood flow could precipitate
a hypoxic episode. Many attacks of hypoxic spells
occur in infants in the early morning after waking;
the reason for occurrence of the spells at this time 
is not clear. Factors that could possibly account 
for this relationship are decreased systemic venous
return associated with standing in the crib, in-
creased activity with an increased requirement for
oxygen, and a reduction in circulating volume due
to relative dehydration because of lack of fluid
intake overnight.

Effects of oxygen administration
Oxygen administration to the normal individual
results in an increase in systemic arterial Po2

to 500–600 mmHg. In patients with tetralogy of
Fallot, the effects of 100% oxygen inhalation are
related to the magnitude of pulmonary blood flow.
While breathing room air, hemoglobin is usually
fully saturated; the dissolved oxygen content in pul-
monary venous blood is 0.3 mL/dL. With 100%
oxygen breathing, the amount of dissolved oxygen
can increase to about 1.5 mL/dL. If pulmonary
blood flow is not greatly reduced, the oxygen will
increase systemic arterial oxygen saturation and
Po2 by moderate amounts. However, if pulmonary
flow is very low, the total amount of extra oxygen
that can be taken up in the lungs is limited and thus
there would be little increase in systemic arterial
saturation and Po2. Therefore, inhalation of oxygen
is least effective in those individuals who require it
most (see Chapter 3).

Effects of exercise and postural change
During exercise oxygen requirements in various
body tissues and organs increase. To provide this
increased oxygen requirement, pulmonary blood
flow must increase. The increased venous return
associated with exercise would tend to increase pul-
monary blood flow by raising right ventricular pres-
sure. However, the decrease in systemic vascular
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resistance will tend to decrease systemic arterial as
well as right ventricular pressure. Pulmonary blood
flow may remain constant, decrease or increase
slightly but not enough to provide the amount 
of oxygen required. This will result in increasing
hypoxemia and tissue hypoxia, with increased
anaerobic glycolysis and acidemia. Patients with
tetralogy of Fallot are frequently limited in their
ability to perform exercise and often squat when
they become tired. The squatting posture is import-
ant in assisting in recovery from hypoxia. I have
studied the effects of exercise on systemic arterial
oxygen saturation in several patients with tetralogy
of Fallot. The saturation falls rapidly during a 2-
min exercise period. If the patient is allowed to
squat immediately, saturation rises rapidly and
reaches baseline levels within 3–5 min. However, if
the child is kept in the standing position, arterial
oxygen saturation recovers very slowly and may not
reach control levels for 10–15 min.

The beneficial effect of squatting in these
patients may be related to two factors.
• Compression of muscles in the lower extremities
will increase venous return to the heart and thus
increase right ventricular stroke volume and pres-
sure and improve pulmonary blood flow.
• The posture may produce an increase in systemic
vascular resistance by compression of the vessels in
muscles in the lower extremities and thus raise arte-
rial and right ventricular systolic pressures. It has
also been suggested that the femoral arteries may be
kinked in the groin and this raises systemic vascular
resistance. Possibly reduction in flow to the lower
extremities may decrease the area of the body to
which systemic blood flow is distributed and thus
limit the area to which oxygen is distributed.

The effects of postural changes in patients with
tetralogy of Fallot have been well documented. If
patients are tilted with the head up, arterial oxygen
saturation falls dramatically and syncope often
occurs; tilting with the head down results in a rapid
increase in oxygen saturation. If compression ban-
dages are placed on the lower limbs or if venous
compression is produced by immersion of the
lower extremities in a tub of water with a high
hydrostatic pressure, arterial oxygen saturation is
maintained even though the legs are below the level
of the head. The improvement in arterial oxygen
saturation and in symptoms of hypoxia produced

by postural changes has been recognized for some
time. Infants with hypoxic spells often improve
rapidly when placed in the knee–chest position or
when placed prone with the head down.

Tetralogy of Fallot with absent pulmonary
valve
Infants with tetralogy of Fallot with absent pul-
monary valve will have a right-to-left shunt
through the ventricular septal defect during the
immediate postnatal period, because the combina-
tion of right ventricular outflow tract stenosis and
high pulmonary vascular resistance imposes a high
afterload. The subsequent hemodynamic changes
are determined by the pulmonary vascular resist-
ance and the degree of infundibular stenosis. As
pulmonary vascular resistance falls after birth, the
right-to-left shunt will decrease and, depending on
the degree of infundibular stenosis, left-to-right
shunt will develop. Milder degrees of stenosis will
not only permit a large left-to-right shunt but will
also allow a greater degree of pulmonary valve
regurgitation. The combined left and right ventric-
ular volume overload may result in early cardiac
failure. Associated with the increasing left-to-right
shunt after birth, the dilated pulmonary arteries
may be further distended, causing bronchial com-
pression. A large left-to-right shunt may also cause
left atrial enlargement and this may contribute to
bronchial compression. The combination of venti-
latory disturbances with a left-to-right shunt is
likely to result in pulmonary edema. When infun-
dibular stenosis is more severe, both the magnitude
of the left-to-right shunt and the degree of pul-
monary regurgitation will be considerably less.

Clinical features

The clinical features of tetralogy of Fallot vary
greatly; they are influenced by the specific cardiac
anomalies as well as by the severity of the individual
lesions. Thus infants with pulmonary atresia, as
well as those with tetralogy of Fallot with absent
pulmonary valve, are likely to develop symptoms
soon after birth. They often have rapid progression
of symptoms, and without therapy almost half of
the infants in these two groups will not survive
beyond a year of life. Although many patients with
tetralogy of Fallot have no other developmental
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anomalies, recently the association of a chromo-
some 22q11 deletion with conotruncal anomalies
has been recognized; about 25% of patients with
tetralogy of Fallot have this abnormality. Some 
of the features of CATCH 22 syndrome may there-
fore be noted in those individuals who have the
deletion. These include thymic hypoplasia, hypo-
parathyroidism, cleft palate, and craniofacial 
dysmorphism (hypertelorism, small palpebral fissures,
small mouth, open at rest, low nasal bridge, mal-
formed ears). Also, tetralogy of Fallot may be asso-
ciated with esophageal atresia, tracheoesophageal
fistula, hemivertebrae, anal atresia, and radial
abnormalities (VACTERL syndrome).

The clinical aspects are presented in four cate-
gories: mild to moderate right ventricular outflow
tract obstruction, moderate to severe right ventric-
ular outflow tract obstruction, pulmonary atresia,
and tetralogy of Fallot with absent pulmonary valve.

Mild to moderate right ventricular
outflow obstruction
When right ventricular outflow tract obstruction 
is mild, the infant shows no cyanosis after birth. 
As pulmonary vascular resistance falls, left-to-right
shunt increases and the clinical presentation is sim-
ilar to that of the infant with a ventricular septal
defect. The magnitude of the left-to-right shunt is
determined by the degree of outflow tract stenosis
in addition to the pulmonary vascular resistance. In
some infants, the shunt may be so large that the
infant develops all the features of cardiac failure,
with sweating, respiratory distress, hepatomegaly,
and failure to thrive. If the outflow tract stenosis 
is more prominent, the left-to-right shunt will be
smaller and the infant does not develop any symp-
toms. With advancing age, the outflow tract steno-
sis frequently becomes more severe. This is
probably the result of hypertrophy of infundibular
muscle. When the stenosis becomes sufficiently
severe that the outflow resistance exceeds systemic
vascular resistance, right-to-left shunting occurs
with cyanosis. This first occurs with exercise, but
later becomes persistent. The rate of progression 
of this process varies greatly. In some patients,
cyanosis is noted during the first year, but in others
it may not appear until several years later.

With large left-to-right shunts, the precordium
is hyperactive with prominence of both left and

right ventricular impulses. The first sound is usu-
ally normal and the second sound is prominent at
the mid-left sternal border due to aortic displace-
ment. Unlike in patients with severe stenosis, the
second sound is split, although the pulmonary
component may be soft. A loud harsh pansystolic
murmur is audible along the whole left sternal
edge; it is of even intensity throughout systole. At
the upper left sternal border, the murmur may
assume the qualities of a stenotic murmur, with
crescendo–decrescendo characteristics. If the left-
to-right shunt is large, a short mid-diastolic mur-
mur may be audible at the cardiac apex. Small
left-to-right shunts are not associated with cardiac
enlargement and the right ventricular impulse at
the lower left sternal border predominates. The sec-
ond heart sound is best heard at the mid-left sternal
border and is single. A systolic murmur, stenotic in
character, is best heard at the mid to upper left 
sternal border.

The chest radiograph reflects the degree of
infundibular stenosis. With a large left-to-right
shunt, the heart is enlarged, with prominence of
both left and right ventricles. The main pulmonary
artery segment is prominent and pulmonary vascu-
lar markings are increased. When there is little or
no left-to-right shunt, the heart size is usually nor-
mal and the pulmonary arteries are usually of nor-
mal size. The electrocardiogram also reflects the
hemodynamic changes. With a large left-to-right
shunt, both left and right ventricular enlargement
are reflected by right axis deviation and prominent
R waves in all precordial leads. With small shunts,
the electrocardiogram usually shows right axis
deviation with large R waves in the right precordial
leads.

Moderate to severe right ventricular
outflow obstruction
Neonatal period
With moderate to severe stenosis of the right ven-
tricular outflow, the infant is usually only mildly
cyanotic in the immediate postnatal period, but
with constriction of the ductus arteriosus increas-
ing cyanosis develops. The rate of progression of
cyanosis is quite variable, depending on the severity
of the obstruction and the size of the pulmonary
arteries. Infants with very small pulmonary arteries
usually have severe outflow tract obstruction and
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may be very cyanosed within days after birth, 
particularly because the ductus arteriosus is also
usually very small. Other infants become severely
cyanosed within a few weeks after birth; arterial
oxygen saturation may fall to 50–60% with a Po2 of
20–25 mmHg: the Pco2 is usually normal or
decreased to about 35 mmHg. The baby is irritable,
does not feed well, and has hyperpnea and tachyp-
nea. The infant’s behavior is often very trying on
the parents, who become frustrated with their
inability to pacify the baby. Tachycardia is usually
present and the pulses are full. Blood pressure is
well maintained until severe acidemia develops,
when it may fall rapidly. The liver edge is often pal-
pable 2–3 cm below the right costal margin and
this, in association with the increased respiration,
may suggest the infant has cardiac failure. How-
ever, the liver is not enlarged but is displaced down-
ward by the hyperventilation. The chest is often
hyperresonant and is clear on auscultation. Per-
sistent severe cyanosis is associated with progres-
sive acidemia, with arterial blood pH falling to 7.00
or lower. The infant becomes pale and mottled and
blood pressure falls.

The heart is not clinically enlarged and the pre-
cordium is not very active, but the impulse is maxi-
mal at the lower left sternal border, indicating right
ventricular dominance. The first heart sound is
usually accentuated at the lower left sternal border;
the second sound is single and is heard well at the
lower to mid-left sternal border but is soft or absent
at the upper left sternal border. No murmurs may
be heard, but often there is a short, grade 2–3/6,
rough systolic murmur, starting immediately after
the second sound, at the mid-left sternal border;
the murmur occupies only one-third to half of the
systolic cycle. A grade 2–3/6 continuous murmur
may be heard at the upper left sternal border when
the ductus arteriosus is still open.

The chest radiograph shows a heart of normal
size with prominence of the right ventricle. The
pulmonary artery segment is deficient so that 
the upper mediastinal shadow is narrow in both the
frontal and lateral projections. The upturned apex
and small pulmonary artery segment creates a typi-
cal cardiac contour in the anteroposterior projec-
tion, often described as a “sheep-nose” or “wooden
shoe” (coeur en sabot). The hilar lung vessels are
narrow and there are few peripheral vascular mark-

ings. The aortic arch is frequently on the right and it
displaces the superior vena cava shadow to the right.

The electrocardiogram shows right axis devia-
tion and right ventricular hypertrophy, but often it
is difficult to distinguish the tracing from that of 
a normal newborn infant; a persistent upright T
wave in the right precordial leads may be the only 
evidence of right ventricular hypertrophy. As men-
tioned above, occasionally a dominance of left ven-
tricular forces may be noted.

Clinical course
Although palliative or corrective procedures 
are now performed even in premature infants, the
clinical course of untreated infants has been derived
from past experience. With growth, oxygen require-
ments increase and the cyanosis becomes more
severe and physical activity is increasingly limited.
Physical development is impaired in some chil-
dren, but because other genetic disturbances are
often associated, it is difficult to know whether the
delayed growth is related to the hypoxemia. The
child reacts adversely to infection and may develop
increased cyanosis, hypoxia and acidemia due to
the increased oxygen requirements and may suc-
cumb. Following a severe and prolonged spell, or
associated with infection and dehydration, cerebral
injury with neurological sequelae, with a variety of
manifestations including hemiplegia, may occur. It
has been suggested that neurological involvement
is due to embolic phenomena associated with the
right-to-left shunt, or to cerebral venous thrombo-
sis resulting from the high hematocrit. It is more
likely that it is due to severe hypoxemia, because it
may occur following a spell, even when the hemat-
ocrit is not increased. In fact, it is much more likely
to occur in those individuals who have relative 
anemia due to iron deficiency (see Chapter 14).
Another important complication is the develop-
ment of brain abscess; this is unusual in children
under 2 years of age and is discussed in Chapter 14.
Infective endocarditis, which is not infrequent in
older children, is unusual during infancy. Many
infants succumb to infection or hypoxia, but some
survive and present with the features discussed.

Older infants and children
When the stenosis is not very severe, hypoxic symp-
toms usually do not occur in the newborn period.
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Mild cyanosis that increases on straining or crying
may be present; it is not unusual for the infant 
to progress favorably, with normal development.
Symptoms may not appear for 2–6 months or even
longer. The earliest evidence of the lesion may be
the onset of hypoxic spells (see Chapter 14), which
creates great anxiety for parents. The infant may be
only mildly cyanotic most of the day but suddenly
develops an episode of marked cyanosis with pallor,
hyperventilation and flaccidity, and consciousness
may be lost. The spells frequently occur when, after
a prolonged bout of crying, the child suddenly
stops crying and becomes limp and pale and
breathes very deeply. Spells may also occur with
breath-holding. However, they may occur appar-
ently unrelated to crying, particularly early in the
morning soon after waking. The episodes usually
last only a few minutes and recovery is spontan-
eous; at first, they occur infrequently but increase 
in severity and frequency and may be noted every
day or several times a day. Some spells are more
prolonged and may even result in death.

Between spells, the child may be quite well and
often has only mild cyanosis at rest, with underly-
ing pallor. Relative anemia is quite common 3–4
months after birth if iron intake has not been sup-
plemented. Hemoglobin concentration is often
8–12 g/dL. It is of interest that hypoxic spells are
most common in infants who do not usually appear
to be markedly cyanotic in the periods between the
spells. Often the arterial oxygen saturation is in the
range 85–90%. This relatively high resting oxygen
saturation may not provide a stimulus to increase
the hemoglobin concentration; this would make
the infant more vulnerable to any incident that
might reduce pulmonary blood flow and oxygen
delivery. Iron administration results in a rapid
increase in hemoglobin concentration; in patients
with arterial oxygen saturations below 70%, levels
of 22–24 g/dL are common. The frequency and
severity of spells usually decreases but the cyanosis
increases, often to alarming degrees; this is due to
the increase in the amount of reduced hemoglobin.
The hematocrit also rises to as much as 85–90%;
when it reaches above 75–80%, the improvement
in symptoms may not be sustained (p. 359). This
could be due to the dramatic increase in blood 
viscosity, which may interfere with perfusion of the
lungs, the heart, and other organs.

If the infant has adequate iron intake, develop-
ment may be fairly normal and the degree of
cyanosis, as well as the level of activity, is related 
to the severity of the right ventricular outflow
obstruction. Even though cyanosis is prominent,
patients may survive even into adult life, but are
quite limited in their physical activities. Patients
with persistent marked cyanosis often have poorly
developed dental enamel and the teeth are soft, dis-
colored, and subject to severe caries. Petechiae may
be noted all over the body and there is an increased
bleeding tendency. Blood fibrinogen levels may be
decreased and the platelet count is often moder-
ately reduced, with large dysfunctional platelets.
Clubbing of the fingers and toes is not seen in early
infancy but develops during the first year when
cyanosis is persistent. Usually the fingers and toes
are warm and the peripheral veins are prominent,
probably due to the presence of multiple peripheral
arteriovenous anastomoses.

If right ventricular outflow obstruction is less
severe, spells may not be noted during infancy and
the child may develop normally, manifesting only
mild cyanosis, which increases on crying or with
exertion. The earliest symptoms may occur when
the child begins to walk, when it is noted that exer-
cise tolerance is markedly limited. With exertion,
cyanosis increases and the child hyperventilates.
The assumption of the squatting position is a 
very characteristic response to tiring with exercise
(see Chapter 14). In severely affected patients, the
squatting position may be assumed for most of the
day, and the child may sleep in the knee–chest posi-
tion. Sometimes parents do not appreciate that
children have exercise limitation and insist that
they play normally, but detailed questioning indi-
cates that movements are intermittent and that
there is an inability to perform sustained activities.

The pulses in these patients are usually promin-
ent and pulse pressure may be slightly increased.
There is no evidence of cardiac failure and the lungs
are clear on auscultation. The heart is not clinically
enlarged and there is a prominent right ventricular
impulse at the lower left sternal border. The first
heart sound is usually loud at the lower left sternal
border. The second sound is single or narrowly
split; it is very soft at the upper left sternal border
but is accentuated at the lower left sternal border.
These characteristics of the second sound are useful
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in differentiating tetralogy of Fallot from pul-
monary stenosis with intact ventricular septum,
because the intensity of the second sound is
decreased over the whole precordium in the latter
complex. A systolic murmur is usually heard, loud-
est at the mid or lower left sternal border, but when
valvar or supravalvar stenosis predominates, it is
most prominent at the upper left sternal border and
may radiate to the infraclavicular area and the lung
fields. The murmur originates from the outflow
tract stenosis; the ventricular septal defect does not
create a murmur because it is large and flow
through it (right-to-left shunt) is relatively low.
The murmur varies greatly in intensity and dura-
tion; it is loud and rough and extends throughout
systole and is of about equal intensity (so-called
plateau-shaped) when the stenosis is not very
severe. In more severe obstruction, the intensity of
the murmur may be only grade 2–3/6 and the mur-
mur may occupy only the first half to two-thirds of
systole; it usually commences immediately after the
first sound and is also of even intensity. During
hypoxic spells, the intensity and duration of the
murmur may be markedly decreased, indicating
decreased flow across the stenosed area. A decrease
in the intensity of the murmur may also be noted
when the hematocrit is greatly increased, and is
probably related to the increased viscosity and
decreased turbulence that results. A high-pitched
continuous murmur due to the presence of a small
patent ductus arteriosus may be heard at the upper
left sternal border. In older children a very high-
pitched, distant, continuous murmur can some-
times be heard on either side of the spine, related 
to the development of large bronchial collateral
arteries.

The response of the systolic murmur to periph-
eral vasodilatation induced by inhalation of amyl
nitrite was used to differentiate between patients
with tetralogy of Fallot and those with pulmonary
stenosis and an intact ventricular septum. In tetra-
logy of Fallot, the murmur decreases because 
systemic and right ventricular systolic pressures 
fall and flow across the stenotic area decreases. 
In patients with intact ventricular septum, the 
murmur increases because flow across the stenosis
is increased by the augmented venous return.
Inhalation of amyl nitrite may aggravate hypox-
emia and there may be some risk in using it. The

test is no longer used, but is of interest because it
demonstrates differences in circulatory dynamics
between the two lesions.

The chest radiograph shows a heart of normal
size, often with a coeur en sabot contour (see above).
The pulmonary conus and artery segment are
deficient, so that the upper mediastinum is narrow.
A right aortic arch is frequently present, and the
superior vena cava shadow is displaced to the right.
The pulmonary arterial shadows in the lungs are
decreased and the peripheral vascular markings 
in the lungs are deficient. When the bronchial col-
lateral circulation is well developed, diffuse fine 
vascular markings may be noted throughout the
lung. The electrocardiogram shows right axis devi-
ation and right ventricular hypertrophy of variable
degree.

Clinical course
Many children with marked cyanosis survive into
adult life. Ability to exercise is limited to varying
degrees. Some are able to live reasonably normal
lives, but others are severely restricted and seden-
tary. As with infants, infection presents a serious
problem because fever increases oxygen require-
ments. Respiratory infections are particularly
poorly tolerated because they may interfere with
oxygen uptake in the lungs. During infancy and
childhood, death is usually the result of hypoxia
and infection. The presence of unexplained persis-
tent fever is cause for concern, because it may rep-
resent the early manifestation of cerebral abscess or
infective endocarditis. As mentioned above, cere-
bral abscess is unusual before the age of 1.5–2 years
in patients with tetralogy of Fallot. The manifesta-
tions are varied and initial symptoms may be 
subtle. Changes in behavior, minor neurological
symptoms or signs, or unexplained fever should
suggest that the lesion be seriously considered.
Acute neurological complications may result from
cerebral embolic events; these may follow intra-
venous procedures such as cardiac catheterization.
The risk of emboli is also high in patients in whom
intravenous cannulation is maintained for pro-
longed periods. Infective endocarditis is an import-
ant cause of death in patients with tetralogy of
Fallot who have not had complete repair. The risk
of endocarditis is high, not only in those who have
had no surgery but also in those who have had 
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palliative shunt procedures and those with residual
lesions after attempted complete repair.

Few individuals with untreated tetralogy of
Fallot are likely to survive beyond the age of 25
years. If they do not die from one of the complica-
tions mentioned above, they commonly develop
cardiac failure; it has been suggested this may be 
the result of myocardial fibrosis, but this has not
been documented. In late adolescence and early
adult life, ventricular arrhythmias are prone to
occur, probably also as a result of myocardial 
damage.

Pulmonary atresia
The clinical features of infants with tetralogy of
Fallot with pulmonary atresia are determined by
the size of the pulmonary arteries, the ductus arte-
riosus, and the number and size of MAPCAs. The
prognosis is generally poor, with fewer than 50% 
of untreated infants surviving beyond 1 year of age.
In the infant with small pulmonary arteries and
insignificant MAPCAs, cyanosis is present at or
soon after birth. The ductus arteriosus is patent
postnatally but is usually small, so that it does not
provide adequate pulmonary circulation. Ductus
closure appears to be delayed in these infants; 
however, within a few weeks, ductus constriction 
results in progressive increase in cyanosis and with-
out intervention the baby succumbs to hypoxia 
and acidemia. Irritability, tiring with feeding, and
tachypnea and hyperpnea are manifestations of
progressive hypoxemia. The heart is not clinically
enlarged and a lower left sternal border impulse,
normal for an infant, is palpable. The first heart
sound is prominent and occasionally a systolic ejec-
tion click is heard; it probably reflects high flow
into the ascending aorta. The second sound is well
heard at the mid-left sternal border and is single; it
arises from the displaced aortic valve. Usually no
murmurs are audible, but a soft continuous mur-
mur may be heard in the left infraclavicular area,
arising from the ductus arteriosus. If a right-sided
ductus is present, the continuous murmur may be
heard on the right side. As the ductus constricts,
this murmur will disappear. The radiological and
electrocardiographic features are similar to those
described above for infants with severe right ven-
tricular outflow tract stenosis. The prognosis in
these infants is particularly poor.

The presentation varies in the infants with
MAPCAs, depending on their size and number. 
In most infants MAPCAs are small and relatively
few in number, providing only modest pulmonary
blood flow; the clinical features will not differ much
from those described above. On occasion large
MAPCAs may provide an abundant pulmon-
ary blood flow. The high flow may not be estab-
lished immediately after birth, because pulmonary
vascular resistance is maintained at greater than
normal levels by exposure to systemic arterial pres-
sure. The infant may have moderate cyanosis at
birth, but as pulmonary blood flow rises, the degree
of cyanosis will decrease. Within several weeks, 
pulmonary blood flow may become so large as to
present a volume overload of the left ventricle 
with resultant failure. The large runoff from the
aorta into the pulmonary circulation may result 
in a wide arterial pulse pressure, with bounding
peripheral pulses. The heart is enlarged and a
prominent left ventricular impulse is palpable 
at the apex. The first heart sound is normal; the 
second sound is single and prominent at the 
mid-left sternal border. A systolic ejection click,
which arises from the aorta, may be heard at the
mid-left sternal border. Murmurs may not be audi-
ble over the precordium, but a short mid-diastolic
murmur may be heard at the apex. Continuous
murmurs may be heard parasternally on the left,
right, or both sides of the chest. The chest radio-
graph shows varying degrees of cardiomegaly
depending on the magnitude of pulmonary blood
flow. The apex is directed caudad, reflecting left
ventricular enlargement. The pulmonary conus
region is deficient, but the pulmonary vascular
markings are increased to varying degrees. The
electrocardiogram shows right axis deviation and
prominent R waves in the right precordial leads
indicating right ventricular hypertrophy, as well as
varying degrees of prominence of left ventricular
forces. Exposure of the pulmonary arterioles to 
systemic arterial pressure makes them prone to
development of progressive vascular obstruction
and increased pulmonary vascular resistance. 
This causes a progressive fall in pulmonary blood
flow, with improvement in symptoms of cardiac
failure and loss of clinical signs of increased pul-
monary blood flow. In addition, increasing
cyanosis results.
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As mentioned above, stenoses of MAPCAs either
at their origin from the aorta or along their course
are frequent. Stenosis at the origin of MAPCAs,
common within a few months after birth, limits the
magnitude of pulmonary blood flow. The infants
are thus moderately cyanotic, but also do not
develop evidence of cardiac failure. Also, the steno-
sis decreases pressure in the MAPCAs, reducing the
risk for pulmonary vascular obstructive changes.
Stenoses either at the origin or along the course are
prone to develop at any time after birth in arteries
that have no evidence of obstruction at birth.
Multiple sites of stenosis may develop in a single
artery. The obstructions tend to increase in severity
with age and result in progressive increase in
cyanosis. Many of the patients with MAPCAs with
moderate obstruction survive into adult life, albeit
with marked cyanosis and exercise limitation.

Tetralogy of Fallot with absent
pulmonary valve
In the immediate postnatal period, the infant is
usually mildly or moderately cyanosed, but over the
course of a few days the cyanosis lessens or dis-
appears. Within a variable period of a few days to
several weeks, respiratory symptoms occur in many
of the infants, related to airway compression. The
walls of the airways are soft in the infant and are
easily compressed by the large main and left or right
pulmonary arteries. The arteries are large at birth,
but become more distended by the high volume
related to the left-to-right shunt. Initially, hyperin-
flation of lung segments may result from predom-
inant obstruction of expiration, but later atelectasis
develops. Severe respiratory distress is a major 
feature in many of these infants, and respiratory
failure is a common cause of death. Any respiratory
infection is very poorly tolerated. Those infants
with moderately severe infundibular stenosis are
usually less symptomatic in infancy, but tend to
show mild to moderate cyanosis. The stenosis is
usually not severe enough to cause severe cyanosis.

The heart is clinically enlarged, with a prominent
lower left sternal border impulse. The first heart
sound is often accentuated at the lower left sternal
border; the second sound is loud at the mid-left
sternal border but is single. The murmur is almost
diagnostic of this syndrome; a loud harsh crescendo–
decrescendo systolic murmur, followed by a loud

decrescendo diastolic murmur, is heard at the mid
and upper left sternal border. The murmurs are not
continuous but are separated by a short interval
and have been described as “seesaw” or “to and fro”
in character. Findings in the chest vary, depending
on whether there is hyperinflation or atelectasis.

Few conditions cause a prominent diastolic
murmur in the neonate; they include aortic–left
ventricular tunnel, sinus of Valsalva fistula, and
truncus arteriosus valve insufficiency. In those
infants who develop a large left-to-right shunt, the
heart is often greatly enlarged, and both ventricles
are prominent. A mid-diastolic low-pitched mur-
mur may be heard at the apex, associated with the
high flow across the mitral valve.

Investigations

Echocardiography
The morphological features of tetralogy of Fallot
can now usually be identified with reliability in
most patients with two-dimensional echocardio-
graphy and color flow Doppler examination. Many
centers proceed with surgery based on ultrasound
examination in a high proportion of infants and
children with the anomaly. The ventricular septal
defect can be readily imaged and the overriding 
of the aorta assessed. Some pediatric cardiologists
have suggested that if the degree of overriding is
greater than 50%, the diagnosis of double-outlet
right ventricle should be entertained. This is quite
arbitrary, because some patients with more than
50% overriding have all the other characteristic 
features of tetralogy of Fallot and it is inappropriate
to label them otherwise. The anterior and superior
displacement of the outlet septum is usually readily
evident. The size of the defect should be estimated
to ensure it is not restrictive. A careful search for the
presence of other ventricular septal defects should
be made by both two-dimensional assessment and
color flow Doppler examination. In addition the
possibility that the child has an atrioventricular
septal defect with right ventricular outflow tract
stenosis should be considered.

The right ventricular outflow tract and main and
branch pulmonary arteries should be evaluated 
for the severity of obstruction at various sites. 
It is important to note if the infundibulum is com-
pletely obstructed; color flow Doppler study is
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helpful in determining whether there is flow
through the infundibulum. The size of the pul-
monary valve annulus and the presence and sever-
ity of valvar stenosis should be determined. Because
the stenosis of the infundibulum usually has some
length and is not discrete, it has been said that 
the pressure gradient across the right ventricular
outflow tract obtained from estimates based on
peak velocity may not be reliable. However, com-
parison of pressure gradients measured at cardiac
catheterization with those estimated by ultrasound
shows reasonably good correlation. Main pul-
monary arterial and left and right pulmonary arte-
rial diameters should be measured and the presence
of confluence of the branch arteries confirmed.
Doppler flow study in the infundibulum and main
pulmonary artery may be very useful in deciding
whether pulmonary atresia is present. Evidence of
either forward flow or regurgitation through the
pulmonary valve confirms the presence of an open-
ing. It is also helpful in demonstrating the presence
of flow into the pulmonary artery through the duc-
tus arteriosus. The left and right pulmonary artery
diameters should be measured just beyond their
origin from the main pulmonary trunk, because
many observers consider it important in making
decisions about operability of the patient and the
type of procedure to perform (see Chapter 14).
Although the left and right pulmonary arteries 
can usually be imaged, their more distal portions
and the intrapulmonary arteries cannot be readily
assessed. Also, some MAPCAs may be identified,
but it is not possible to ensure that all the collateral
arteries have been defined. Recently, cardiac mag-
netic resonance imaging (MRI) has been found to
be useful in defining the anatomy of the pulmonary
arterial arborization and the origin of MAPCAs
from the descending aorta, as well as their course
and distribution.

The position of the aortic arch should be deter-
mined, because right aortic arch is present in about
25% of individuals with tetralogy of Fallot and in an
even higher percentage of those with pulmonary
atresia. The first branch arising from the right aor-
tic arch is the innominate artery, which provides
the left carotid and subclavian arteries. This infor-
mation may be important to some surgeons in
making decisions about introducing a systemic-to-
pulmonary artery shunt. It is very important to

attempt to define the origins of the left and right
coronary arteries and to follow their course, so that
the presence of a major coronary artery passing
across the right ventricular outflow tract can be
excluded. This information is essential to the sur-
geon, because the coronary artery could be severed
during the procedure to relieve outflow tract
obstruction.

A detailed examination should also be made to
exclude other lesions. Drainage of the left superior
vena cava into the coronary sinus is not infre-
quently noted in patients with tetralogy of Fallot,
particularly in association with right aortic arch. A
large coronary sinus opening would lead one to
suspect this anomaly. A patent foramen ovale or a
fossa ovalis defect in the atrial septum is frequently
noted in tetralogy of Fallot patients.

Tetralogy of Fallot is one of the congenital car-
diac lesions most frequently diagnosed prenatally.
The presence of the large malalignment ventricu-
lar septal defect with aortic overriding has been 
identified as early as 10–14 weeks’ gestation by
transvaginal ultrasound examination. The main
pulmonary trunk is often of normal size at 18–
20 weeks’ gestation; the size may not change with
advancing gestation, but several observers have
noted a progressive relative decrease in diameter in
some fetuses. The left and right pulmonary arteries
are usually normal in mid-gestation, but with
severe right ventricular outflow obstruction or pul-
monary atresia, the branch arteries as well as the
trunk show a progressive relative decrease in dia-
meter. When the outflow tract stenosis is relatively
mild, forward flow into the pulmonary trunk and
through the ductus arteriosus into the descending
aorta may be demonstrable by Doppler examina-
tion. However, retrograde flow in the ductus from
the aorta to the pulmonary artery signifies severe
pulmonary stenosis or atresia. The ductus venosus
may be patent prior to about 25 weeks’ gestation,
and subsequently becomes progressively smaller
and then completely occluded.

Findings on ultrasound examination of patients
with tetralogy of Fallot with absent pulmonary
valve are characteristic. The main pulmonary trunk
and left or right, or both, pulmonary arteries are
dilated; Doppler examination shows varying degrees
of increased velocity of forward flow and consider-
able pulmonary regurgitation, with enlargement of
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the right ventricle. Stenosis of the infundibulum 
is usually of mild to moderate severity; frequently
the pulmonary annular area is narrowed and rudi-
mentary valve leaflet tissue may be apparent. The
ventricular septal defect is typical of that seen in
tetralogy of Fallot, with malalignment, and overrid-
ing of the aorta. Also, the outlet septum is deviated
cranially and anteriorly.

Tetralogy of Fallot with absent pulmonary valve
is one of the congenital heart lesions most readily
diagnosed in utero. The dilated right ventricle and
large pulmonary arteries, with marked pulmonary
regurgitation, associated with a large ventricular
septal defect are features that are diagnostic of the
condition. With severe pulmonary regurgitation,
the right ventricle is markedly dilated and hydrops
fetalis may be noted. The presence of a patent duc-
tus arteriosus is variable; most infants do not have a
patent ductus arteriosus, but this is not infrequently
observed in fetuses. A large patent ductus in the
fetus may have adverse effects by allowing flow from
the aorta through the ductus and thus aggravate the
magnitude of pulmonary regurgitation.

Cardiac catheterization and
angiocardiography
General considerations
Although the diagnosis of pulmonary stenosis and
ventricular septal defect can frequently be made
with reasonable confidence by clinical examina-
tion, radiography and electrocardiography, cardiac
catheterization with angiocardiography was per-
formed previously. This was done to both confirm
the diagnosis and obtain information about the
detailed abnormal anatomy, essential in making
surgical decisions. It was also performed to exclude
lesions that may produce a clinical picture similar
to that of tetralogy of Fallot, such as aortopul-
monary transposition with ventricular septal defect
and pulmonary stenosis, double-outlet right ven-
tricle with pulmonary stenosis, and atrioventricu-
lar septal defect with pulmonary stenosis. Advances
in ultrasound techniques have now made it pos-
sible to make an accurate diagnosis of tetralogy of
Fallot and to differentiate it from other lesions.
Also, most of the features important to making
decisions about surgery, such as the site and sever-
ity of stenosis, the size of the pulmonary arteries,
the laterality of the aorta, and abnormal coronary

artery course over the infundibulum, can be
defined by ultrasound study. Therefore, many 
centers are subjecting patients to surgery without
catheterization procedures. Cardiac catheterization
with angiocardiography is still considered neces-
sary to provide additional information in some
patients. If the major coronary arteries cannot be
imaged adequately, angiography will be required to
define the vessels. Particularly in infants with pul-
monary atresia, it may be difficult to assess whether
there is confluence of the pulmonary arteries. It is
also difficult to image all MAPCAs, and it is difficult
to determine whether there is stenosis in MAPCAs.
However, the introduction of MRI has made it 
possible to resolve many of these issues, so that
catheterization and angiography are becoming in-
creasingly unnecessary. Recently, catheterization
has been performed in an attempt to partly relieve
right ventricular outflow tract obstruction by bal-
loon angioplasty, thus enhancing pulmonary blood
flow until surgery is performed. This is discussed
below.

Cardiac catheterization of infants with tetralogy
of Fallot is associated with a significant risk because
hypoxic spells occur frequently. The probable 
contributing factors are the combined effects of
sedation and immobilization, which may reduce
arterial and right ventricular systolic pressures and
decrease venous return (see Chapter 14). The usual
practice of withholding oral intake, not only of
solid food but also liquids, may result in some
degree of dehydration, which may further con-
tribute to the decrease in arterial blood pressure.

In newborn infants with severe hypoxemia, it is
useful to insert a catheter into the umbilical artery
to monitor pH, blood gases, and blood glucose
concentration. Glucose should be given to correct
hypoglycemia. The use of sedatives or hypnotics
that tend to reduce blood pressure should be avoided.
Morphine has proved to be useful in these infants,
because it reduces irritability and does not cause
hypotension if given in doses of 0.1 mg/kg body
weight; this dose can be repeated after 1–2 hours if
necessary. In those institutions where the proced-
ures are done routinely using general anesthesia, it
is advisable to select agents that have little tendency
to cause hypotension. Also, the anesthesiologist
should carefully monitor blood pressure. In the
older infant or if an umbilical arterial catheter has
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not been placed, it is advisable to cannulate the
femoral artery early in the procedure; continuous
monitoring of blood pressure will help to recognize
the onset of hypotension, which usually presages
onset of hypoxia. Should hypotension develop,
peripheral vasoconstrictor agents, such as phenyl-
ephrine, should be administered to maintain 
arterial pressure.

Catheter approach and manipulation
The venous approach is made from the groin. After
catheterizing the superior vena cava, the catheter is
withdrawn into the right atrium and may then be
manipulated across the foramen ovale into the left
atrium and into a pulmonary vein or the left ventri-
cle. If the position and size of the ventricular septal
defect and the presence of additional defects have
been clearly defined by ultrasound examination, 
an angiogram in the left ventricle is not necessary. 
If there are any questions about these features, it
should be performed. Although it is possible to
manipulate a balloon-tipped catheter into the ascend-
ing aorta from the left ventricle, in small infants it is
usually more readily accessed from the right ventri-
cle through the ventricular septal defect.

If the catheter passes into the right ventricle, it is
preferable to perform an angiogram before attemp-
ting to manipulate it into the outflow tract or
through the ventricular septal defect into the aorta,
particularly in infants. This delineates the anatomy
of the right ventricular outflow and aids in further
manipulation. In young infants with severe infun-
dibular stenosis, it is not advisable to attempt to
pass the catheter into the pulmonary artery because
no particularly important information will be
derived and considerable risk is involved. During
manipulation in the infundibular region, multiple
ventricular ectopic beats may be induced and a
hypoxic spell may follow. Also, if the catheter is
passed through a very narrow orifice, its presence
may make the obstruction critical and severe hypo-
xemia may occur (see Chapter 14). A further risk,
particularly if a stiff catheter is used, is that the right 
ventricular infundibulum may be perforated, espe-
cially in infants. It has further been suggested that
manipulation in the infundibulum may stimulate
constriction and thus aggravate hypoxemia. The
infundibulum and pulmonary arteries can usually
be visualized adequately from the right ventricular

injection. In order to optimize visualization of the
pulmonary arteries and define whether they are
confluent, it is helpful to perform the angiogram
with a posteroanterior projection and a craniocau-
dal angulation of 20–30°.

The catheter can usually be manipulated into the
aorta from the right ventricle by passing the tip to
the right of the crista supraventricularis in the
frontal projection, and an aortogram can be per-
formed just above the valve. This will define the lat-
erality of the aorta and the arrangement of the
arteries arising from the arch. It may also provide
adequate visualization of the coronary arteries in
order to determine whether there is an abnormal
vessel coursing across the right ventricular outflow.
If this is not clear, additional aortic angiograms
should be obtained. A very useful technique in
infants is to use a balloon-tipped catheter with the
catheter lumen opening proximal to the balloon.
The catheter is positioned in the ascending aorta,
the balloon is inflated to occlude or partially
occlude the aorta, and the contrast injection is 
done immediately. The balloon is then rapidly
deflated. This procedure usually provides excellent
views of the coronary arteries. If this maneuver 
cannot be accomplished and the coronary arterial
pattern is not clear from one of the ventricular
injections, a retrograde arterial catheter can be
passed to the root of the aorta. For optimal visual-
ization of the coronary arteries, it is useful to use 
a balloon catheter with the lumen distal to the 
balloon. The balloon is inflated in the ascending
aorta a short distance above the valve, the contrast
injection made, and the balloon is then rapidly
deflated.

There is a high incidence of persistent left super-
ior vena cava in patients with tetralogy of Fallot 
and the catheter often enters this vessel through the
coronary sinus. This course should not be confused
with entrance into the left atrium.

Oxygen saturation data
In infants with severe hypoxemia, the mixed
venous oxygen saturation is markedly reduced,
often to about 20%. The saturations in the right
atrium, right ventricle, and pulmonary arteries are
similar to those in the vena cava. Pulmonary venous
blood has an oxygen saturation of 98–99% and, if
there is marked hyperventilation, Po2 may be raised
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to 112–115 mmHg, Pco2 reduced to 15–20 mmHg,
and pH raised to 7.48–7.50. Often there is some
degree of atrial right-to-left shunt through the 
foramen ovale, so that left atrial oxygen satura-
tion is decreased. Oxygen saturation in the left 
ventricle reflects that in the left atrium. Systemic
arterial oxygen saturation may be markedly reduced
to 30–40% with a Po2 of 20–25 mmHg; when
acidemia is severe, pH may be below 7.0. Pco2

is usually normal or slightly increased. Arterial 
oxygen saturation is higher than that in the body of
the right ventricle, but lower than that in the left
ventricle. Oxygen saturation in the aorta or sys-
temic arteries is higher than that in the right ven-
tricle and lower than that in the left ventricle. If 
the ductus arteriosus is patent, oxygen saturation 
in the pulmonary artery may be higher than that 
in the right ventricle.

In patients with less severe stenosis, venous oxy-
gen saturations are normal. A small increase in oxy-
gen saturation may be noted at the right ventricular
level due to minor degrees of shunting through the
ventricular septal defect. Blood oxygen saturations,
gases, and pH in pulmonary venous and left atrial
samples are usually normal but left ventricular 
oxygen saturation may be slightly decreased. Aortic
and peripheral arterial saturation is variable,
depending on the magnitude of pulmonary blood
flow. In many instances of moderate stenosis, the
systemic arterial oxygen saturation varies during
the procedure and large changes of 15–20% may be
observed occasionally, particularly in infants and
children who are restless or excited.

Blood flows and shunts
Systemic blood flow is usually normal, but when
hypoxemia is marked it may be increased to 5–6
L/min per m2. In the calculation of systemic blood
flow by the Fick method, it should be appreciated
that the flow represents systemic venous return to
the heart and not necessarily the volume ejected
into the ascending aorta. If there are MAPCAs or
large bronchial collateral vessels supplying blood to
the lungs, this flow is excluded when the usual
equation for calculating systemic blood flow is
applied.

Calculation of pulmonary blood flow may also
be subject to considerable error in patients with
tetralogy of Fallot who have MAPCAs or large

bronchial collateral flows. The equation used for
calculating pulmonary blood flow is as follows:

Ap =

MAPCAs or bronchial arterial blood is derived
from the aorta and has a higher oxygen saturation
than pulmonary arterial blood; thus blood entering
the pulmonary capillaries and participating in oxy-
gen uptake would have a higher oxygen saturation
than that used in the above equation. The arterio-
venous difference calculated using pulmonary arte-
rial oxygen saturation would be larger than the
actual arteriovenous difference and pulmonary
capillary blood flow would therefore be underesti-
mated. Since the magnitude of collateral versus
pulmonary arterial flow is not known, it is not pos-
sible to estimate total flow across the pulmonary
capillary bed. In patients with pulmonary atresia, 
it is possible to calculate pulmonary blood flow,
because it can be assumed that all flow to the lung is
from collateral arteries derived from the aorta. The
following equation provides an estimate of pul-
monary flow:

Ap =

Patients with severe right ventricular outflow
tract stenosis do not have significant left-to-right
shunting within the heart but may have shunting
through a patent ductus arteriosus. Also, flow
through the collateral circulation must be consid-
ered to be an anatomical left-to-right shunt, as it
represents blood flowing from the aorta to the pul-
monary circulation. The right-to-left shunt can be
calculated from the usual equation:

Right-to-left shunt = As − Aep

where As represents systemic blood flow and 
Aep effective pulmonary blood flow. Right-to-left
shunts may be large in patients with marked hypox-
emia, and pulmonary to systemic flow ratios may
be reduced to as low as 0.5:1. In patients with
milder stenosis, bidirectional shunting may occur
at the ventricular level. At different phases of the
cardiac cycle, left-to-right and right-to-left shunt-
ing may occur. Although the quantities of blood
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shunted may be calculated from the equations pre-
sented in Chapter 4, these represent net physiologi-
cal shunts. Greater quantities of blood may actually
be shunted because some blood shunted left to
right may also then be shunted right to left.

Pressures
Right atrial mean pressure is usually normal but the
a wave may be slightly increased to about 8–10
mmHg. Left atrial pressure is usually normal but
the mean pressure may be slightly decreased and
the a wave is lower than that in the right atrium. 
If pulmonary blood flow is markedly decreased, the
left atrial v wave may be less prominent than nor-
mal and similar to the a wave.

Right ventricular end-diastolic pressure may be
slightly increased, corresponding to the increased a
wave in the right atrium. Systolic pressure in the
right ventricle is usually identical to that in the left
ventricle and aorta. This can be demonstrated by
inducing ectopic beats by pushing the catheter
against the wall of the right ventricle while mon-
itoring right and left ventricular pressures simulta-
neously. The pressures both fall equally with the
ectopic beat and rise equally with the postectopic
beat; little postectopic potentiation of the pressures
occurs in patients with tetralogy of Fallot. The pres-
sure contour in the right ventricle is similar to that
normally seen in the ventricles; there is a rapid
upstroke, a rather square top, and a rapid descent.
Infrequently, when the ventricular septal defect is
small or functionally closed during systole, right
ventricular pressure exceeds left ventricular pres-
sure and systolic pressures may exceed 200 mmHg.
In this event, the right ventricular pressure contour
may be triangular, similar to that observed in
patients with pulmonary stenosis with intact ven-
tricular septum. In some of these patients, the right
ventricular pressure tracing has a notch on the
upstroke that probably coincides with the moment
of closure of the ventricular septal defect.

The pressure in the pulmonary artery may be
normal or even increased if the stenosis is mild, but
when hypoxemia is present it is reduced and has 
a low pulse pressure. Often it has the appearance 
of an almost flat line with little systolic and end-
diastolic excursion, and the mean pressure may be
only 6–8 mmHg. When the pressure is at these low
levels, it is important to recognize that it is not possible

to detect stenosis beyond a severe proximal stenosis
from pressure recordings. This is noted frequently
in patients with severe infundibular stenosis, in
whom the pressures just beneath the pulmonary
valve, in the main pulmonary artery, and in the left
and right pulmonary arteries are similar. This
finding does not exclude the possibility that various
degrees of branch stenosis or valvar stenosis are
present in addition to the infundibular stenosis.
Flow across the narrowed areas may be so small that
additional pressure reductions are not observed.
The site of the stenosis in the right ventricular
outflow tract may be identified by slow withdrawal
of the catheter from the pulmonary artery to the
right ventricle. The flipping of the catheter tip into
the right ventricle may make it difficult to define
the site of stenosis. Use of a catheter with the lumen
2–3 cm proximal to the tip is helpful in defining the
stenotic sites during withdrawal of the catheter.
When the infundibular stenosis is long and narrow,
the catheter has to be withdrawn a long distance
from the valve to the body of the right ventricle
before the pressure change is noted. Occasionally,
no pressure gradient is noted across the pulmonary
valve. The pressure tracing in the infundibulum
sometimes suggests that a well-formed chamber is
present; the contour is similar to that of the right
ventricle, but systolic pressure is lower and diastolic
pressure may be slightly higher. The pressure with-
drawal tracing should not be relied on to determine
the actual level of stenosis or the presence of multi-
ple stenoses; detailed angiocardiographic studies
are more reliable in defining the anatomy of the
right ventricular outflow and pulmonary arteries.

Angiocardiography
Prior to the introduction of sophisticated ultra-
sound techniques, angiocardiography was essential
for diagnosis and delineation of the detailed abnor-
mal anatomy. An injection into the right ventricle
usually demonstrates the cavity to be of normal
size, but rarely it may be hypoplastic. It is important
to observe if there are any constant filling defects,
which may be due to large muscle bundles in the
body of the ventricle. The amount of contrast
medium entering the aorta is variable, but the rela-
tion of the aortic valve to the upper border of the
ventricular septum can be examined and the degree
of overriding assessed. The major proportion of
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contrast medium may enter the aorta when the out-
flow tract stenosis is severe. In the aorta, the stream
of left ventricular blood, which does not contain
contrast medium, can be seen mixing with the right
ventricular stream. This sign is useful in confirming
the presence of a ventricular septal defect.

The right ventricular outflow tract varies greatly.
The whole length of the infundibular region, as well
as the pulmonary valve annulus, may be severely
narrowed; the diameter of the main pulmonary
artery may be markedly decreased. Marked nar-
rowing of the infundibulum may be noted well
below the pulmonary annulus, and an infundibular
chamber is seen between the stenosis and the annu-
lus. Occasionally, the pulmonary valvar stenosis
predominates and the main and left pulmonary
arteries may be dilated. In most patients, the pul-
monary valve annulus is narrowed and the leaflets
are thickened and have limited mobility. Particu-
larly in older infants and children who have developed
progressive cyanosis, muscular hypertrophy of the
infundibulum may result in severe constriction
during systole, but with relaxation during diastole
the outflow tract widens considerably. No contrast
material can be seen to pass from the right ventricle
through the pulmonary valve with pulmonary atre-
sia. It is important to define the distance between
the cavity of the right ventricle and the pulmonary
artery, particularly if balloon opening of the
outflow tract is being considered. If this cannot 
be assessed reliably from the right ventricular
angiogram alone, it may be helpful to insert a
catheter retrogradely into the aorta and position
the tip in the ascending aorta or in the arch.
Simultaneous injections into the aorta and right
ventricle often show the main pulmonary artery
filling from a ductus arteriosus and the right ven-
tricular cavity, permitting assessment of the degree
of separation.

The main pulmonary artery and its branches
may be normal but often the main pulmonary
trunk is small and there may be stenosis at the ori-
gin of one or both major branches. Stenoses may
also be observed in the left or right pulmonary
arteries. In infants with pulmonary atresia, it is im-
portant to demonstrate the size of the pulmonary
arteries; this can be done best by injecting contrast
medium into the ascending aorta just above the
ductus arteriosus, which is often patent.

The left ventricular angiogram usually demon-
strates a normal cavity but on occasion it is rather
small. If the coronary arteries are not well visual-
ized, an aortic angiogram should be performed,
and it has been suggested that coronary arterio-
grams should be performed if there is any ques-
tion about abnormal coronary vessels crossing the
right ventricular outflow tract. However, direct
coronary arteriography may be difficult and pos-
sibly dangerous in small infants. Almost invariably,
excellent coronary arterial filling can be accom-
plished with the use of balloon catheters, as men-
tioned above. The ascending aorta is large and the
aortic arch and isthmus are wider than normal. A
right aortic arch with a left descending aorta is pre-
sent in about 25% of patients with tetralogy of
Fallot, and it is important to visualize the main
branches of the aortic arch should a systemic-to-
pulmonary shunt be considered. The aortogram
will also demonstrate filling of the pulmonary
arteries from a ductus arteriosus; the ductus arises
from the aorta at an acute inferior angle. In patients
with pulmonary atresia, one or several MAPCAs
are seen to arise from the aorta; their distribution to
the lung segments is variable. In older children or
adults, large bronchial arteries are sometimes seen
to arise from the descending aorta and provide
blood flow to precapillary pulmonary arteries. It is
important to demonstrate the origin and course of
MAPCAs and to assess the presence of stenoses at
their origin from the aorta or along their course. If
they are not well visualized from an aortogram, it
may be necessary to perform injections of contrast
medium directly into these vessels.

In making decisions about repair by the uni-
focalization procedure (see Chapter 14), it may be
helpful to know whether lung segments are per-
fused by true pulmonary arteries, by MAPCAs, or
both. Since the intrapulmonary portions of the true
pulmonary arteries cannot be catheterized, other
means of visualization are necessary, Sometimes a
pulmonary artery may be demonstrated from a
contrast injection into a MAPCA. Another means
of filling the pulmonary artery is by pulmonary
venous wedge angiography. An end-hole catheter 
is manipulated through the foramen ovale into 
the left atrium and into various pulmonary veins.
The catheter is wedged into a pulmonary vein 
and contrast medium is injected carefully at low
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pressure, best accomplished by manual injec-
tion. The pulmonary artery may fill by retrograde
passage of contrast medium. Manipulating a 
balloon-tipped catheter with a distal lumen into the
pulmonary vein, inflating the balloon to occlude
the pulmonary vein, and then injecting contrast
medium into the pulmonary vein manually may
examine a larger area of retrograde flow of contrast
medium.

Tetralogy of Fallot with absent pulmonary
valve
In patients with tetralogy of Fallot with absent pul-
monary valve, there is usually little indication to
perform a cardiac catheterization study, because
most of the morphological features can be readily
defined by ultrasound examination. It may be indi-
cated if surgery is contemplated and there is con-
cern about the presence of branch pulmonary
stenosis; also the presence of an anomalous course
of a coronary artery across the right ventricular
outflow tract should be excluded.

Mixed venous oxygen saturation is usually 
normal but may be decreased if systemic arterial
saturation is reduced either by right-to-left shunt-
ing through the ventricular septal defect or by 
ventilatory disturbance. The oxygen saturation is
increased at the right ventricular level by left-to-
right shunting. Left atrial and pulmonary venous
oxygen saturations may be reduced if ventilation is
disturbed by bronchial compression. Oxygen satu-
ration in the left ventricle and aorta may be reduced
below that in the left atrium by right-to-left shunt-
ing through the ventricular septal defect. Right
atrial and right ventricular end-diastolic pressures
may be elevated to varying degrees by right ventricu-
lar failure. Right ventricular systolic pressure is at
the same level as left ventricular and aortic systolic
pressures, which are usually normal. A systolic
pressure difference is noted between the right ven-
tricle and the pulmonary trunk; the level of stenosis
may be maximal at the lower infundibular level or
at the pulmonary valve annulus. Pulmonary arte-
rial diastolic pressure is very low and may be at or
slightly higher than end-systolic pressure in the
right ventricle. It may be difficult to manipulate the
catheter into branch pulmonary arteries, but a
small systolic pressure gradient may be observed at
the origins of the left or right pulmonary artery. An
angiogram performed in the right ventricle shows

considerable dilation of the chamber; infundibular
or annular stenosis, or both, are noted. The pul-
monary trunk is markedly dilated and the disten-
sion extends into the left or right pulmonary artery
and occasionally into both branches. An angiogram
performed in the pulmonary artery shows marked
pulmonary regurgitation. To demonstrate the possib-
ility of branch stenosis, the pulmonary arteriogram
should be performed with a 30° craniocaudal pro-
jection. As mentioned above, if surgery is planned,
an aortogram should be performed to define the
course of the coronary arteries because it may be
necessary to make an incision across the outflow
tract.

Differential diagnosis

In infants with severe hypoxemia, several condi-
tions could be confused with tetralogy of Fallot.
These include aortopulmonary transposition, pul-
monary stenosis with intact ventricular septum 
and atrial right-to-left shunt, tricuspid atresia, atri-
oventricular septal defect with pulmonary stenosis,
double-outlet right ventricle with pulmonary stenosis,
and rarer lesions such as single ventricle with severe
pulmonary stenosis. The physical examination is
not often helpful, because any of the lesions associ-
ated with pulmonary stenosis may be associated
with a similar systolic murmur. Usually, aortopul-
monary transposition is differentiated by the more
prominent pulmonary vasculature on radiography;
however, in infants who are hyperventilating, 
the lung vascular markings may not appear to be
increased because the lungs are hyperexpanded.
The superior mediastinal shadow may be narrow in
the infant with transposition because the pul-
monary artery is posterior to the aorta; it is often
narrow in tetralogy of Fallot because the pul-
monary artery segment is small or absent. Tricuspid
atresia can usually be differentiated by the findings
of left axis deviation and dominant left ventricular
forces in the electrocardiogram. However, as men-
tioned on p. 353, dominant left ventricular forces
have been noted occasionally. Also, in the unusual
association of tetralogy of Fallot with hypoplastic
right ventricle, left axis deviation may be present. In
the child with atrioventricular septal defect with
pulmonary stenosis, the electrocardiogram shows
left axis deviation or an indeterminate axis, as well
as right ventricular hypertrophy.
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The diagnosis is usually readily made by 
ultrasound studies. However, the differentiation
between tetralogy of Fallot and double-outlet right
ventricle with pulmonary stenosis may be difficult.
As mentioned on p. 346, some have recommended
that the diagnosis of double-outlet right ventricle
be made if there is greater than 50% of aortic over-
riding. However, it is advisable to attempt to define
whether mitral–aortic valve contiguity is present. If
it is, the child should be considered to have tetra-
logy of Fallot; if there is clearly separation between
the valves, the lesion should be named double-
outlet right ventricle. Unfortunately, it is sometimes
difficult to resolve whether there is mitral–aortic
valve separation. The same quandary often exists
after angiographic study; therefore, if the question
is not resolved by ultrasound, it is not recom-
mended that cardiac catheterization be performed
for this purpose alone.

In older infants and children several lesions can
be confused with tetralogy of Fallot. Pulmonary
stenosis with an intact ventricular septum and a
patent foramen ovale or atrial septal defect may
also result in cyanosis that occurs late in infancy or
in early childhood. The differential diagnosis is dis-
cussed in detail in Chapter 13. Cyanosis may not be
evident if right ventricular outflow tract stenosis is
mild or moderate, and the diagnosis of isolated
ventricular septal defect may be considered. The
presence of a loud systolic murmur at the upper left
sternal border should suggest the possible associ-
ation of outflow tract stenosis. Also, ventricular 
septal defect with a large left-to-right shunt is asso-
ciated with a loud pulmonary component of the
second sound, whereas with tetralogy of Fallot the
pulmonary component is soft or absent.

Tetralogy of Fallot with absent pulmonary valve
is rarely confused with other lesions because the
loud to-and-fro murmur is characteristic. A similar
murmur may be heard with sinus of Valsalva fistula
or aortic–left ventricular tunnel, but these lesions
would also be associated with a wide systemic arte-
rial pulse pressure. Ultrasound study will usually
provide the diagnosis.

Complications

Cerebrovascular incidents
Infants with severe cyanosis have a tendency to
develop neurological signs, particularly within the

first 18 months after birth. The infant may be
apparently well and suddenly develop convulsions
and, after recovery, have hemiplegia. The cause of
this complication is not known, but it has been sug-
gested that it may be due to cerebral venous throm-
bosis associated with severe polycythemia. Some
episodes occur during hot weather or in association
with an infection and it is assumed that the infant
has become dehydrated. However, neurological
complications may develop in infants who have 
relative anemia and it is assumed that the insult is
related to severe cerebral hypoxia.

Cerebral abscess
This is a rare complication in infants during the
first year but is not unusual after this age. The
development of personality changes, neurological
signs, or unexplained fever or leukocytosis in a
child with tetralogy of Fallot should make one sus-
pect this diagnosis and all attempts should be made
to confirm or exclude it.

Infective endocarditis
This is an important complication; the lesion
occurs most frequently in the region of the ven-
tricular septal defect. In patients who have had 
systemic-to-pulmonary shunts, the vegetations fre-
quently occur in the pulmonary artery around the
margin of the shunt and may extend into the pul-
monary arteries. The diagnosis should be enter-
tained in a patient with tetralogy of Fallot who has
unexplained fever, petechiae, microscopic hema-
turia, or evidence of embolic phenomena.

Principles of management

Background
Tetralogy of Fallot was the first cyanotic congenital
cardiac lesion that was palliated by surgery. Recog-
nizing that the predominant factor contributing to
the cyanosis was inadequate pulmonary blood
flow, Taussig and Blalock designed the procedure
to connect a subclavian artery to a pulmonary
artery by an end-to-side anastomosis. Dramatic
results were achieved in individuals of all ages.
Although the procedure did not abolish the cyanosis,
systemic arterial oxygen saturation increased con-
siderably, often to about 90%. Ability to exercise
and to perform normal daily activities improved
and hemoglobin and hematocrit fell toward 
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normal values. Early in the experience with the pro-
cedure, which was usually performed on the right
side, several difficulties were encountered. Kinking
and obstruction of the subclavian artery was noted
when a right aortic arch was present (almost 25% 
of patients with tetralogy of Fallot). This was due 
to the acute angulation of the artery when it was
turned inferiorly to connect to the pulmonary
artery. It was recognized that the subclavian artery
originating from the innominate artery is the pre-
ferred vessel because it can be anastomosed with 
a gentler curve; thus with a right aortic arch the
procedure should be performed on the left side.
Technical difficulties were also encountered in per-
forming the anastomosis in infants because of the
small size of the vessels. Furthermore, thrombotic
obstruction of the small vessels sometimes occurred.
For these reasons, procedures to connect the 
descending aorta to left pulmonary artery (Potts)
and ascending aorta to right pulmonary artery
(Waterston) were developed.

The Potts and Waterston shunts have several 
disadvantages compared with the Blalock–Taussig
shunt. The size of the subclavian artery limits the
diameter of the orifice of the systemic–pulmonary
communication, and the length of the artery also
provides some resistance to flow. The increase in
pulmonary blood flow is therefore limited and it is
not usually large enough to cause cardiac failure.
Also, pulmonary arterial pressure is increased only
modestly, so there is little risk of pulmonary vascu-
lar damage. Potts and Waterston anastomoses are
both side-to-side communications, which create an
orifice between the aorta and the pulmonary artery.
It is difficult to select the diameter of the orifice that
should be created; a small difference in diameter
has a major influence on the resistance. Thus the 1-
mm difference in communications with diameters
of 3 and 4 mm will be associated with a 1.7-fold dif-
ference in cross-sectional area. Another problem is
that the size of the orifice after healing may not be
the same as that created at the time of surgery.
Because of the concern that a small anastomosis
may become occluded by thrombosis, the tendency
is to create a somewhat larger communication than
is appropriate. The increase in pulmonary blood
flow is more likely to be excessive with these anasto-
moses than with Blalock–Taussig shunts, and car-
diac failure was a not infrequent complication.

Also, because larger communications resulted in
elevated pulmonary arterial pressures, the com-
bination of increased flow and pressure quite com-
monly resulted in pulmonary vascular damage with
obstructive changes, which developed over a vari-
able period of months to years (see Chapter 5). The
progressive increase in pulmonary vascular resis-
tance reduced pulmonary blood flow; cyanosis
increased and ability to exercise again became 
limited.

A serious disadvantage of the Potts and particu-
larly the Waterston procedure is the development
of distortion at the anastomotic site associated with
growth. This occasionally reduced the size of the
shunt, but the main concern is that the pulmonary
artery often became kinked and obstructed, so that
the right or left pulmonary artery required recon-
struction at the time of corrective surgery. Although
some degree of narrowing of the pulmonary artery
may occur after a Blalock–Taussig anastomosis, it is
not usually severe and the pulmonary artery is not
distorted. Because of these concerns about the Potts
and Waterston shunts, a procedure was developed
to produce a shunt by connecting a short tubular
graft of woven fabric such as Teflon or GoreTex
from the aorta to the main pulmonary artery (cen-
tral shunt). There are two important advantages of
this type of shunt: the size of the communication
could be controlled by selecting a tube with a dia-
meter appropriate for the patient; and the branch
pulmonary arteries are not disturbed so that recon-
struction is not required at the time of corrective
surgery.

One disadvantage of the Blalock–Taussig shunt
is that the subclavian arterial supply to the upper
extremity is interrupted. Although arterial anasto-
moses around the shoulder provide adequate 
flow to the extremity, interference with growth
commonly occurs and muscular power may be
impaired. It has therefore become common prac-
tice to avoid sacrificing the subclavian artery by
interposing a tubular graft of woven or knitted
Teflon or GoreTex between the left or right subcla-
vian and pulmonary arteries. Whereas the commun-
ications using native tissues have the ability to
enlarge with growth of the child, both the central
and interposition grafts are of fixed diameter and
length, so that their size becomes inadequate after a
varying time. Although this was a disadvantage in

c14.qxd  12/22/08  11:37  Page 376



Pulmonary stenosis and atresia with ventricular septal defect (tetralogy of Fallot) 377

the past, it is now not usually a concern because
corrective surgery is being accomplished at an 
early age.

Surgery to correct the anomalies by closure of
the ventricular septal defect and relief of the right
ventricular outflow tract obstruction was intro-
duced by Lillehei almost 50 years ago. In the early
experience the mortality was quite high, particu-
larly when the procedure was performed in infants
and young children under the age of 3–4 years.
However, in recent years, with improvements in
surgical technique and perioperative management,
results have improved dramatically. Corrective
surgery can now be performed with low mortality
on infants during the neonatal period in a number
of pediatric cardiac centers. The ability to perform
corrective surgery, even in young infants, has intro-
duced controversy regarding the optimal time for
surgical repair. Some contend that total correction
should be performed as the initial procedure in all
infants; the age for repair will depend on the sever-
ity of the outflow tract obstruction, but supporters
of this approach maintain it should be done by 6–
9 months in all patients. Others advise that an 
initial palliative procedure should be used in some
circumstances, because it may improve the results
achievable by delaying the performance of com-
plete repair. The various recommendations are 
discussed below, as well as the advantages and dis-
advantages of early correction.

Medical management
In considering the management of patients with
tetralogy of Fallot, it is convenient to divide them
into three groups based on the clinical presenta-
tion: newborn infants with severe cyanosis; older
infants with moderate cyanosis; infants and chil-
dren with mild or no cyanosis.

Newborn infants with severe cyanosis
Infants with severe right ventricular outflow obstruc-
tion or pulmonary atresia develop severe cyanosis
when the ductus arteriosus closes. Metabolic
acidemia soon ensues and without therapy the
infant will succumb. Administration of 100% oxy-
gen should be instituted immediately; although it
may not be very effective when pulmonary blood
flow is greatly reduced, it may have some beneficial
effect (see Chapter 3). Infusion of prostaglandin

(PG)E1 should be started as soon as intravascular
access is achieved to attempt to dilate the ductus
arteriosus and increase pulmonary blood flow. If
the child is not in a center with pediatric cardiology
services, PGE1 should be given and the infant trans-
ported with a continuous infusion. Also, because
there is a risk of apnea associated with PGE1 infu-
sion, particularly in the preterm infant, the trachea
should be intubated prior to transportation to pro-
vide assisted ventilation. The initial infusion rate
usually advised is 0.1 μg/kg per min; if a favor-
able response is achieved, the rate can be reduced to
0.05 μg/kg per min and even lower if still effective.
Although the favorable response is predominantly
due to the effect of PGE1 on the ductus, some
improvement may occur even in infants with pul-
monary atresia with no ductus arteriosus. It has
been suggested that the increase in arterial oxygen
saturation that may occur is the result of decreased
pulmonary vascular resistance and increased pul-
monary blood flow. The infant with severe metabolic
acidemia may also be treated by administration of
alkali such as sodium bicarbonate. If improvement
results, the decision about the timing of surgery
and the procedure to be performed can be delayed,
but if the infant continues to manifest severe
hypoxia and acidemia, this decision has to be made
promptly.

Infants and children with moderately 
severe stenosis
In those infants in whom hypoxemia is not severe
enough to result in hypoxia and acidemia in the
neonatal period, the first symptoms may appear at
2–3 months after birth and manifest as hypoxic spells.

Acute treatment of hypoxic spells
The objectives of therapy are to attempt to increase
oxygen supply to the tissues and to reduce oxygen
demands. It is important to advise the parents
about the possibility of hypoxic spells and what
procedures should be adopted if they occur. If an
infant has had a spell, it is advisable to have oxygen
available at home. Administration of 100% oxygen
may provide some increase of oxygen uptake but, as
mentioned above, this is of limited value when pul-
monary blood flow is very low.

Morphine is very effective in quieting the dis-
tressed infant and improving oxygen saturation; its
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benefit is probably the result of reduction of 
oxygen consumption. It should be administered in
a dose of 100 μg/kg; it is most effective when given
slowly by intravenous injection, but can be used
intramuscularly.

The most effective means of increasing oxygen
supply is to enhance pulmonary blood flow. In the
home setting, much can often be accomplished by
improving venous return by postural means. When
an infant is distressed, the parents usually hold the
baby with the head up and the legs dependent; this
tends to enhance pooling of venous blood in the
lower body. They should be advised to hold the
baby in the knee–chest position; this can be done
readily by lying supine and holding the baby on the
chest and abdomen. This serves to both pacify the
infant and improve venous return. If oxygen
administration and postural change do not result in
rapid improvement, the infant should be trans-
ported to a facility where further measures can be
instituted. Raising peripheral vascular resistance
with vasoconstrictors increases systemic arterial
and right ventricular pressures and thus improves
pulmonary flow. Use of catecholamines that have
significant β-adrenoceptor stimulant effects, such
as dopamine, dobutamine or epinephrine, are not
advised because they could possibly cause infun-
dibular contraction and further reduce pulmon-
ary blood flow. Although these drugs can be given
as a single dose, in general it is preferred to use a 
continuous infusion. Methoxamine (Vasoxyl) has
almost no β-adrenoceptor effect; it is adminis-
tered as a single dose of 100 μg/kg intravenously 
by slow injection or 250 μg/kg intramuscularly.
Phenylephrine (Neo-Synephrine) has predomin-
antly α-adrenoceptor stimulant effects and produces
marked peripheral vasoconstriction, with minor 
β-adrenoceptor stimulant effects. The single intra-
venous dose is 20 μg/kg and the intramuscular dose
100 μg/kg. The preferred method of administration
is to infuse phenylephrine initially at 1 μg/kg per
min and to gradually increase to 5 μg/kg per min if
necessary, as indicated by level of oxygen satura-
tion and systemic arterial blood pressure.

It has been recommended that administration 
of propranolol may be effective in treating spells
acutely, by relieving constriction of the right ven-
tricular outflow tract and thus increasing pul-
monary blood flow. I have serious concerns about

the use of β-adrenoceptor blockade during an acute
hypoxic period. Studies in newborn lambs with
induced severe hypoxia showed that propranolol
markedly reduced the tachycardia and increased
cardiac output response to hypoxia; this drastically
reduced oxygen delivery and resulted in severe
metabolic acidemia.

If the above procedures do not result in improve-
ment in hypoxia, transfusion of whole blood or red
cells may be effective. This raises hemoglobin con-
centration and increases oxygen uptake in the lungs.
Recently, success has been achieved in increasing
pulmonary blood flow by balloon dilatation of the
pulmonary annulus (see Chapter 14). This would be
a useful approach in the infant who has persistent
hypoxia despite the measures mentioned above.

Continuing management of spells
Frequently the onset of spells is associated with rel-
ative anemia (see above). It is therefore important to
provide supplemental iron as ferrous sulfate soon
after birth; if iron has not been administered at an
earlier age, treatment should be started promptly.
The increase in hemoglobin concentration often
results in dramatic improvement of symptoms. 
If there is no anemia and spells become more 
severe and frequent, the decision must be made
regarding oral administration of propranolol, a 
β-adrenoceptor blocking agent. I do not recom-
mend the use of propranolol for prevention of
spells; if the other means of therapy are not effec-
tive, I consider it preferable to attempt balloon
dilatation of the pulmonary valve annulus or to
proceed with surgery. If catheter intervention or
surgery is not available, it is reasonable to consider
the use of propranolol in doses of 0.5–1.0 mg/kg
given every 6 hours; it has been effective in either
completely relieving spells or reducing their fre-
quency and severity. This approach was frequently
used in the past in centers in which palliative shunt
procedures could not be performed with a high
success rate in small infants. It was also sometimes
used to avoid performing a palliative shunt pro-
cedure prior to planning corrective surgery some
months in the future. The actual mechanism by
which propranolol relieves the symptoms is not
known. It is generally believed that the beneficial
effect may be due to the myocardial depressant action,
which relieves contraction of the infundibulum
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and thus improves pulmonary blood flow. Other
possible mechanisms of action could explain the
beneficial effect. Propranolol shifts the blood oxygen
dissociation curve to the right and thus could
increase the release of oxygen from hemoglobin 
at the tissue site. β-Adrenoceptor stimulation
causes peripheral vasodilatation; blockade of β-
adrenoceptors could result in vasoconstriction and
increase peripheral vascular resistance, thus elevat-
ing systemic arterial pressure, or preventing reduc-
tions of pressure. This would help to maintain
pulmonary blood flow. There are potential risks
with administration of propranolol for prolonged
periods in infants with tetralogy of Fallot; several
instances of sudden death have been reported with
the doses used.

Infants and children with mild stenosis
Hypoxia is not a problem in these individuals.
Occasionally, the left-to-right shunt is large and
symptoms and signs of cardiac failure develop. This
may require therapy as discussed in Chapter 7.

Surgical considerations
The corrective surgical procedure for tetralogy of
Fallot consists of closing the ventricular septal
defect and relieving the right ventricular outflow
obstruction. Closure of the ventricular septal defect
is accomplished with a patch of flexible synthetic
material. Some surgeons attempt to close the defect
from an atrial incision, through the tricuspid valve;
this is technically difficult to perform in small
infants. Others approach the defect by making an
incision in the anterior wall of the right ventricle.
Relief of right ventricular outflow tract obstruction
may require only removal of hypertrophied muscle
in the infundibulum. In older infants and children,
this can sometimes be accomplished from incisions
in the right atrium and pulmonary artery. With
more severe infundibular stenosis, an incision over
the outflow tract is necessary; if adequate relief of
obstruction cannot be achieved by excising muscle,
it may be necessary to insert a patch over the inci-
sion. In the past, pericardium was often used as the
patch, but because aneurysms over the outflow
tract sometimes occurred it is no longer considered
acceptable; a synthetic cloth is now preferred. If the
pulmonary valve annulus is very narrow, it may be
necessary to open the annular region and to extend

the patch to the main pulmonary artery. It may also
be necessary to enlarge the main pulmonary artery
and the junction of the branch pulmonary arteries
with the patch.

Adequate relief of right ventricular outflow
obstruction is an important determinant of a suc-
cessful outcome. If it is inadequate and the ventric-
ular septal defect is closed, blood flow through the
pulmonary circulation may not be large enough to
provide adequate systemic output; this will be man-
ifested by hypotension and poor perfusion post-
operatively. The ratio of right to left ventricular systolic
pressure at the time of surgery has been used as an
indicator of the adequacy of relief of outflow tract
obstruction. A right to left ventricular ratio greater
than 0.8 was considered an indication to attempt
further relief of outflow obstruction. Previously, if
there was concern about the ability to adequately
relieve right ventricular outflow obstruction, it was
recommended that the ventricular septal defect
should be left at least partly open to allow for main-
tenance of systemic output by right-to-left shunt-
ing, if necessary. The practice subsequently was to
place a nonvalved conduit between the right ventri-
cle and the pulmonary artery, but more recently a
valved prosthesis was recommended. Aortic homo-
grafts as well as pulmonary homografts have been
used extensively, but it is becoming apparent that
many develop degeneration and valve insufficiency
over a period ranging from several months to 
several years. Replacement is then necessary and
recently, rather than using another homograft,
some surgeons have used the Contegra Pulmonary
Valved Conduit, a prosthesis made from a segment
of bovine jugular vein that includes a tricuspid
valve. Some reports suggest it is preferable to the
pulmonary homograft [20]. However, experience
is still limited but a considerable incidence of steno-
sis at the junction of the prosthesis and the pul-
monary arteries has been reported.

Inadequate opening of the outflow tract was fre-
quently associated with the coursing of an anoma-
lous coronary artery across the outflow tract,
because it was necessary to avoid cutting the artery.

Surgical problems
The two main concerns relating to closure of the
defect are the potential for creating heart block by
damaging the conduction bundle, and interference
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with aortic valve function by placing a suture
through a cusp. With the knowledge that conduc-
tion tissue courses along the posterior and inferior
margins of the defect, heart block is now an un-
usual complication, even in infants. Postoperative
aortic insufficiency occasionally occurred due to
aortic valve damage, but this also is now a rare 
complication.

Several problems may be related to the incision
in the right ventricle. An extensive incision may
interfere with right ventricular function; this may
be a serious concern if there is a postoperative load
on the ventricle due to incomplete relief of the
obstruction or to pulmonary insufficiency. The
right ventricular incision almost always creates right
ventricular conduction disturbance with complete
right bundle-branch block. It is thought that the
incision may contribute to the development of
postoperative ventricular arrhythmias.

If a patch has been placed across the pulmonary
valve annulus, varying degrees of pulmonary
insufficiency will develop. It was thought that pul-
monary insufficiency was not an important con-
cern, but recent experience suggests that serious
long-term effects may result. If the insufficiency is
mild, the right ventricle will probably tolerate the
increased volume load for many years without evid-
ence of failure. However, severe insufficiency will
result in marked dilatation of the right ventricle;
the ability to exercise becomes increasingly limited
and failure then ensues. The time after surgery 
that right ventricular dysfunction becomes evident
varies; with severe insufficiency in infants it may
progress rapidly over 1–3 years, whereas with mild
insufficiency difficulties may not become apparent
for several decades. In addition to the size of the
pulmonary valve annulus, other factors will influ-
ence the severity of regurgitation. A reduced pul-
monary vascular bed, small pulmonary arteries, or
stenosis in branch pulmonary arteries will all
increase distal resistance and thus accentuate the
degree of regurgitation.

Marked right ventricular dilatation may result in
stretching of the tricuspid valve annulus, resulting
in superimposed tricuspid regurgitation that fur-
ther contributes to the development of right ven-
tricular failure. For many years, the presence of
postoperative pulmonary insufficiency did not cre-
ate serious concern. However, there is considerable

unease that moderate to severe insufficiency may
result in myocardial fibrosis of the right ventricle
over the course of several months to years, depend-
ing on the severity. It is therefore recommended
that a pulmonary valve, or a conduit that incor-
porates a valve, be inserted before severe right ven-
tricular dysfunction occurs. The indications for
inserting a valve are not yet well defined, but evid-
ence of significant right ventricular enlargement
and reduced ejection fraction on ultrasound exam-
ination are indications to consider this procedure.
Another important indication is the occurrence of
arrhythmias. It is now also becoming evident that
even if considerable right ventricular enlargement
and dysfunction have already occurred, providing a
functioning pulmonary valve improves ventricular
function and performance and may also be helpful
in reducing the incidence of arrhythmia [21]. It
may also be effective in delaying progression of the
right ventricular functional deterioration.

It is important to recognize the abnormal course
of a coronary artery across the right ventricular
outflow tract. If the artery is only a small branch,
cutting it may create only minor disturbance of car-
diac function, but incision of a major vessel, such as
a left anterior descending artery arising from the
right coronary artery, could seriously impair ven-
tricular performance and the individual may not
survive. In the presence of an abnormal coronary
artery, it is therefore important to avoid making 
an extensive incision across the outflow tract to
relieve the stenosis. Some have recommended that
a transatrial and transpulmonary approach be used
to close the defect and relieve the obstruction. This
is often successful, but it may be necessary to make
a limited incision into the infundibulum to relieve
stenosis adequately, avoiding damage to the coro-
nary artery. If the pulmonary annulus is very small
and the coronary artery is close to the annulus, it
may not be possible to relieve the stenosis. In this
event, it will be necessary to use an external conduit
or graft between the ventricle and the pulmonary
artery.

The size of the pulmonary arteries is an import-
ant consideration in determining the success of
surgical correction. If the main pulmonary artery is
hypoplastic, it is important to extend the patch into
the artery to relieve obstruction. The left and right
pulmonary arteries are not commonly very small 
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in patients with tetralogy of Fallot with an open 
right ventricular outflow tract, but they are often
diminutive in patients with pulmonary atresia. If 
a complete repair is attempted, the branch pul-
monary arteries may not be large enough to accom-
modate an adequate pulmonary blood flow. Right
ventricular pressure would be maintained at or
exceed systemic arterial levels and postoperative
hypotension and poor cardiac output would result.
As with inadequate relief of the right ventricular
outflow tract, the ventricular septal defect would
have to be left open to maintain systemic blood
flow by right-to-left shunting. Numerous measure-
ments have been reported in attempts to predict,
prior to surgery, whether the pulmonary arteries
are large enough to accommodate an adequate
blood flow and lower right ventricular pressure if
the ventricular septal defect is closed.

The Nakata index is the sum of the cross-sec-
tional areas of the left and right pulmonary arteries
at their pre-branching points, as related to body
surface area. The measurement was originally made
on angiograms, but can also be done by ultrasound.
A normal value is about 300 mm2/m2; in tetralogy
of Fallot with outflow tract stenosis, the index is
below 150 mm2/m2 in 10–15% of patients, but is
50–100 mm2/m2 in most patients with pulmonary
atresia. Although criteria vary, it was generally con-
sidered that an index below 150 mm2/m2 should
raise concerns. The McGoon ratio expresses, as the
numerator, the sum of the pre-branching diame-
ters of the left and right pulmonary arteries and, as
the denominator, the diameter of the descending
aorta at the level of the diaphragm. The normal
ratio is about 2.0; it varies greatly in tetralogy of
Fallot, but a level below about 1.3 is considered
cause for concern. Because the descending aortic
diameter is often below normal levels in patients
with tetralogy of Fallot, the ratio tends to exagger-
ate the size of the pulmonary arteries. As men-
tioned below, the value of these assessments of
pulmonary artery size has recently been questioned.

Current approaches
In recent years, with improvements in surgical
technique and perioperative management, results
have improved dramatically. Because excellent
results are achievable in infants, some recommend
the following guidelines for corrective surgery.

Infants with very severe right ventricular outflow
tract stenosis and those with pulmonary atresia,
with systemic arterial oxygen saturations below
70%, should have surgery within a few weeks after
birth. Infants with moderately severe stenosis and
marked cyanosis (oxygen saturation 70–90%) should
have corrective surgery by 2–4 months. Corrective
surgery should be performed in all other infants
with tetralogy of Fallot by 6 months. However,
other surgeons recommend that, other than those
corrected in the neonatal period, all patients should
have surgical correction by 2 months of age.

The ability to perform surgery in infants with a
low mortality has introduced controversy about the
optimal time for surgical repair. Some contend 
that total correction should be performed as the
initial procedure in all infants; others advise that 
an initial palliative procedure should be used in
some circumstances, because it may improve the
results achievable by delaying the performance of 
complete repair.

Advantages of early total correction
• Elimination of hypoxia will prevent neurological
complications of cerebral hypoxia and hematolo-
gical changes.
• Closure of the ventricular septal defect and elimi-
nation of the right-to-left shunt will reduce the risk
of cerebral complications resulting from embolus
and abscess.
• Decreasing right ventricular pressure will prevent
persistent myocardial hypertrophy and probably
reduce the risk of fibrosis of the right ventricle.
• Providing adequate pulmonary blood flow will
optimize the opportunity for normal growth of the
main and branch pulmonary arteries. In addition,
during infancy and early childhood, while new
alveolar units are being generated, normal pul-
monary circulation may be important for lung
development.
• The tendency for progressive hypertrophy of the
right ventricular infundibular region is largely
abolished by early repair.
• If MAPCAs are separated from the aorta 
early and connected to the pulmonary arterial sys-
tem, the risk of pulmonary vascular obstructive
changes would be reduced. Also, the development
of stenoses in the MAPCAs may possibly be
avoided.
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Early correction would also be advantageous in
avoiding the complications that may result from
palliative systemic-to-pulmonary arterial shunts.
• The potential risk for pulmonary vascular
obstructive disease due to large communications is
abolished.
• Pulmonary arterial stenosis and distortion would
not present a problem.
• The risk of left ventricular failure due to a large
shunt will be eliminated.
• The possible development of left ventricular
fibrosis due to chronic volume overload resulting
from the shunt will be prevented.

Arguments against early total correction
The pulmonary arteries may be too small to accom-
modate an adequate pulmonary blood flow. It is
suggested that introducing an arteriopulmonary
shunt will increase their size so that complete repair
would be better tolerated. It has been shown that
pulmonary arteries do enlarge modestly after
shunting; the dilatation occurs soon after the
surgery but is usually no more than about 20%. No
further significant change occurs after about 2–6
weeks. In recent years, balloon angioplasty of the
pulmonary valve annulus has been quite successful
in increasing pulmonary blood flow, with resultant
modest increase in the diameter of the pulmonary
arteries. There is the risk of a marked increase in
pulmonary blood flow after angioplasty if the pul-
monary arteries are normal or increased in size,
because relief of outflow tract stenosis may permit a
large left-to-right shunt through the ventricular
septal defect. This may be severe enough to precipi-
tate the onset of cardiac failure.

The presence of a major coronary artery crossing
the right ventricular outflow may make it difficult
to relieve the outflow tract stenosis in a small heart
by a combined transatrial and transpulmonary
approach. This would increase the likelihood that
an external conduit or homograft would be neces-
sary; when inserted in infants, the long-term 
outlook without development of stenosis or insuf-
ficiency is poor.

Corrective surgery during early infancy, when
the pulmonary annulus is markedly stenotic, fre-
quently requires the insertion of a long and wide
transannular patch. This greatly increases the likeli-
hood that marked pulmonary insufficiency may

result. It is especially likely to be severe in the infant
who has small pulmonary arteries. As mentioned
above, this is not well tolerated. Because of these
concerns, the surgeon may elect to use an extra-
cardiac bypass across the outflow tract. Limited 
information is available suggesting that an arterio-
pulmonary shunt procedure early in infancy may
result in enlargement not only of the pulmonary
arteries but also of the annulus; this also appears to
result after balloon angioplasty of the annulus. 
It has therefore been suggested that a palliative 
procedure may reduce the need for an extensive
transpulmonary patch, or a conduit, when correc-
tive surgery is performed later. There is as yet no
documentation of this supposition.

My view is that a careful trial of the various tech-
niques should be instituted and the immediate and
long-term outlook in infants undergoing complete
correction in early infancy should be compared
with those who first have a palliative procedure. It
seems to me that balloon angioplasty of the pul-
monary valve annulus is preferable to a shunt pro-
cedure: it is less traumatic, it avoids a thoracotomy,
and also reduces the likelihood that distortion of
the pulmonary arteries will develop.

Surgery for tetralogy of Fallot with 
pulmonary atresia
Most individuals with these lesions have small 
pulmonary arteries and frequently many lung seg-
ments receive blood supply from collateral arteries.
The recognition that these collateral arteries pro-
vide pulmonary capillary blood flow led to attempts
at surgical correction. The procedure is compli-
cated and consists of connecting as many as pos-
sible of the MAPCAs, as well as the small native 
pulmonary arteries, to one source of blood flow
from the right ventricle via a conduit such as an
aortic allograft; this is called a unifocalization proced-
ure. In the first attempts, the procedure was done 
in older patients and often in a staged approach.
Some of the MAPCAs on one side of the chest were
anastomosed to each other and to pulmonary arter-
ies, and at one or more later procedures the uni-
focalization was completed. The success rate was 
not high; many older patients had significant pul-
monary vascular obstructive changes in the seg-
ments supplied by the MAPCAs and stenoses in the
MAPCAs were common. Because the pulmonary
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vascular resistance was high, it was sometimes not
possible to close the ventricular septal defect.

Recently, the unifocalization procedure has been
performed successfully as a one-stage procedure in
early infancy, with a high success rate. MAPCAs
and pulmonary arteries are connected using native
tissues, without inserting foreign graft material.
These vessels are then connected to an aortic valved
allograft that forms the conduit from the right ven-
tricle. The advantage of performing the procedure
early is that development of pulmonary vascular
obstructive changes, as well as stenoses in the
MAPCAs, is largely avoided. If the pulmonary 
vascular morphology and resistance are such that 
adequate pulmonary blood flow can be accommo-
dated, right ventricular pressure after correction
will be low enough to close the ventricular septal
defect. To assess whether this is likely, surgeons 
at the University of California in San Francisco per-
fuse blood from the perfusion system through the
pulmonary artery at a rate of 2.5 L/min per m2. 
If pulmonary arterial mean pressure is below 
25 mmHg, it is considered safe to close the ventric-
ular septal defect. If it is not closed, the patient is
followed; the pulmonary vascular resistance may
decrease over time, allowing later closure. Also, if
stenoses in pulmonary vessels are noted, relief by
balloon angioplasty, with stenting if necessary, may
permit right ventricular pressure to fall and permit
closure of the defect. Current experience is that the
defect can be closed in about two-thirds of infants
at the time of first surgery. The immediate results
that can be achieved are remarkably good consider-
ing the high mortality of tetralogy of Fallot with
pulmonary atresia during the first year. Survival is
about 80–85%; with improvements in technique
and selection of younger infants, the surgical mor-
tality should decrease further. One major concern
is that pulmonary arterial pressure is frequently still
elevated after the corrective procedure; this greatly
aggravates pulmonary insufficiency and may result
in decrease in function with right ventricular fail-
ure. Also, persistent elevation of pulmonary arterial
pressure may result in pulmonary vascular obstruc-
tive changes.

Prior to performing a unifocalization procedure
on infants with pulmonary atresia, it is very import-
ant to determine by either ultrasound or angiocar-
diography if the main pulmonary artery and the left

and right branches are present. Recently, it has been
observed that if these vessels are present, even
though very small (diameter 3 mm), they are cap-
able of considerable enlargement if blood flow
through them is increased. In several infants with
this anatomy, construction of an aortopulmonary
window between the aorta and main pulmonary
artery early in infancy has resulted in sufficient
enlargement of the pulmonary arterial tree to later
perform successful repair using the normal pul-
monary arteries and thus avoiding a unifocaliza-
tion procedure.

Tetralogy of Fallot with absent pulmonary
valve
The most serious symptoms of this complex are
related to airway compression. If the ventricular
left-to-right shunt is large, left and right ventricular
failure may develop. Also, if pulmonary regurgita-
tion is severe, right ventricular enlargement and
failure may occur. Treatment with diuretics and
perhaps digitalis is indicated if there is evidence 
of failure. The respiratory distress may be severe
enough to require intubation with assisted ventila-
tion. There has been some reluctance in the past 
to initiate mechanical ventilation because, once
started, it is difficult to wean the infant. However,
this view was held at a time when surgery in early
infancy was attended with a very high mortality.
Some improvement in spontaneous ventilation was
achieved by placing the infant in the prone position
with the head elevated; this was thought to reduce
some of the pressure by the aneurysmal pulmonary
arteries on the airways.

The early surgical approaches were largely
directed to attempts to reduce pulmonary arterial
size by plicating the dilated pulmonary arteries, or
to reduce pulmonary arterial pressure by banding
the pulmonary artery. Another procedure that was
conceived was to attempt to relieve pressure on the
airways by using a sling to displace the enlarged
pulmonary artery toward the anterior chest wall.
None of these procedures were particularly suc-
cessful. Recently, surgery has been directed toward
attempts to perform a complete correction. In the
past, it was shown that good results could be
achieved in some patients by closing the ventricular
septal defect without attempting to correct pul-
monary insufficiency; this reduced the left-to-right
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shunt, as well as pulmonary arterial pressure. If
there was adequate residual infundibular or annu-
lus stenosis, the pulmonary insufficiency was not
severe and thus did not present a serious problem.

Recently, the tendency is to be more aggressive in
attempting to completely correct the lesions. The
procedure consists of closing the ventricular septal
defect and inserting a valved allograft between 
the right ventricle and pulmonary artery. Some 
surgeons have also reduced the size of the dilated
pulmonary arteries in the process of attaching 
the pulmonary arterial end of the graft. The experi-
ence with this procedure is still limited, but it 
seems that excellent results are achievable. One
concern is that, as mentioned above, abnormal-
ities in the morphology of both the pulmonary
microvasculature and alveolar pattern may inter-
fere with adequate pulmonary perfusion and with
ventilation. It remains to be seen whether these will
improve with growth if the lesions are corrected in
early infancy.

Results of surgery
Prior to the advent of surgery, only a small percent-
age of patients with tetralogy of Fallot survived
beyond the age of 25–30 years. Following corrective
surgery, most patients experience what has been
considered to be right ventricular failure. It is not
surprising that this will occur if there is pulmonary
insufficiency, inadequate relief of outflow tract
stenosis, high resistance in the pulmonary vascula-
ture, or residual ventricular septal defect with
significant left-to-right shunt. However, even with-
out these associations, hepatomegaly and edema of
the lower extremities is common. It is thought to be
related to reduced compliance of the right ventricle
and possibly due to some disturbance in right 
ventricular function related to the incision in the
anterior wall. Whether the transatrial and transpul-
monary approach reduces the likelihood of these
postoperative complications has yet to be evalu-
ated. The manifestations of failure are usually not
severe and persist for 2 weeks to about 3 months.
They respond well to diuretic treatment, but dig-
oxin may also be required. If the ventricular septal
defect has not been fully closed, a left-to-right
shunt develops which, if large, can result in cardiac
failure. If the shunt is large, reoperation is indicated
to close the defect completely.

Electrocardiographic changes are common after
surgery. Although complete heart block was not an
unusual complication in the early experience with
complete repair, it is now uncommon; usually, 
a pacemaker is required if this does occur. Right
bundle-branch block is noted in almost all patients
who have had a right ventricular incision. This find-
ing does not seem to be associated with any long-
term adverse effects. Not uncommonly, left axis
deviation, indicating the presence of left anterior
hemiblock, is noted. Concern was expressed about
this association with right bundle-branch block,
because it was thought that the bifascicular block
would predispose the individual to complete heart
block. However, there does not appear to be any
significant long-term adverse effect of the bifascicu-
lar block. Ventricular premature beats are occa-
sionally noted after surgery; most of these are
benign, but it is now thought that the occasional
occurrence of sudden death some years after
surgery is due to ventricular arrhythmia. The pres-
ence of frequent or multifocal ventricular prema-
ture beats is considered cause for concern and
treatment with antiarrhythmic drugs is recom-
mended. Residual right ventricular hypertension,
with pressures more than half systemic levels, due
to inadequate relief of outflow tract obstruction is
thought to be an important factor in inducing ven-
tricular arrhythmia. It is recommended that, if pos-
sible, further procedures be considered to reduce
right ventricular pressure. 

Moderate to severe pulmonary insufficiency, with
right ventricular enlargement is not uncommon
after surgery, particularly if a large patch has been
placed in the right ventricular outflow tract. This
may contribute to the development of ventricular
arrhythmisas. It may be treated as outlined on p. 380.
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atresia. Most classifications of severity have been
based on the pressure gradient across the right ven-
tricular outflow tract. Generally, pressure gradients
below about 40 mmHg have been considered to
represent mild stenosis, gradients of 40–80 mmHg
moderate stenosis, and gradients above 80 mmHg
severe stenosis. Similarly, degree of severity has
been based on the relation between right ventricu-
lar systolic pressure and systemic systolic pressure.
The stenosis has been considered mild when right
ventricular systolic pressure is less than half sys-
temic systolic pressure, moderate when it is above
half but less than systemic, and severe when it is
greater than systemic systolic pressure. Although
these criteria are reasonable in children, they may
not be appropriate in infants, because the high right
ventricular pressures noted with severe stenosis in
older infants and children may not be developed in
neonates. Also, significant tricuspid regurgitation
or reduced cardiac output may limit the levels of
right ventricular systolic pressures achieved, even
with severe stenosis. Furthermore, as discussed
below, the gradient may be markedly altered by
changes in heart rate and systolic ejection time.

Therefore, it is probably more reliable to base the
classification on valve orifice area in patients with
valvar stenosis. Normally, the pulmonary valve
orifice diameter is about 2.0 cm/m2 body surface
area and pulmonary valve area is about 2.5–
3.0 cm2/m2. Experimentally, the pulmonary artery
has to be constricted to less than one-third its
diameter to produce a significant pressure gradient.
Mild pulmonary stenosis can be considered to be
present when the valve area is 0.75–1.0 cm2/m2 and
valve diameter is 8–10 mm/m2. Stenosis is severe
when pulmonary valve area is less than 0.3 cm2/m2

or valve diameter is less than 3 mm/m2. Values

CHAPTER 15

Pulmonary stenosis and atresia 
with intact ventricular septum

386

Pulmonary stenosis is a common congenital anomaly
that may occur as an isolated lesion or be associated
with a large variety of other cardiac defects, the 
simplest being persistent patency of the foramen
ovale. Pulmonary stenosis or atresia is frequently
found in association with ventricular septal defect
(tetralogy of Fallot) and may occur with aortopul-
monary transposition, double-outlet right ventricle,
atrioventricular septal defect, Ebstein malforma-
tion, and many other anomalies. I have separated
pulmonary stenosis lesions into two main groups,
pulmonary stenosis with ventricular septal defect
and pulmonary stenosis with intact ventricular 
septum, because there are important embryological
and hemodynamic differences between them. Pul-
monary stenosis or atresia in aortopulmonary
transposition, double-outlet right ventricle and
endocardial cushion defect is discussed either in the
specific chapters devoted to these lesions or in the
chapter on pulmonary stenosis with ventricular
septal defect (Chapter 14). Although the vast major-
ity of cases of pulmonary stenosis with intact 
ventricular septum are confined to the pulmonary
valve itself, there may be stenosis of the main or
branch pulmonary arteries, most commonly in
association with rubella syndrome, or of the sub-
valvar region of the right ventricle. In this chapter I
present a description of valvar pulmonary stenosis
or atresia and refer only briefly to the other types.

The spectrum of severity of pulmonary stenosis
ranges from minor abnormalities of the pulmonary
valve with minimal pressure gradient between the
right ventricle and pulmonary artery, to complete

15
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between these ranges are considered to represent
moderate stenosis.

Morphological and embryological
considerations

The mechanism of embryological development of
pulmonary stenosis is not known. The pulmonary
and aortic valve leaflets develop from endocardial
cushions in the truncus arteriosus. If anomalous
development of the cushions were responsible 
for pulmonary stenosis, it might be expected that
aortic valve anomalies would be commonly asso-
ciated. Although both aortic and pulmonary valvar
stenosis may occur in the same individual, this is
rare. Questions have been raised as to whether pul-
monary stenosis is a true developmental anomaly,
because in many instances the pulmonary valve
cusps, the pulmonary valve annulus, and the
sinuses of Valsalva and main pulmonary trunk are
well formed. Only rarely is it possible to distinguish
two or, on occasion, four cusps. Furthermore, in
serial observations of human fetuses by ultrasound,
progression of the stenosis from mild to moderate
or severe has been observed in occasional fetuses
[1]. It has been suggested that the pulmonary valve
anomaly has developed after the ventricular sep-
tum has closed in the embryo and that pulmonary
stenosis and atresia with intact ventricular septum
is not a true embryological anomaly.

It has been proposed that pulmonary stenosis or
atresia may be the result of fetal endocarditis,
caused by either viral or other organisms. In the
rubella syndrome, it is well known that the pul-
monary arteries, the ductus arteriosus, and other
vessels may be involved in an inflammatory and
degenerative process when fetal infection occurs. 
In rubella vasculitis, the main pulmonary trunk 
and the left and right branches are affected most
severely, and the pulmonary valve mechanism is
usually involved only as an extension of the process.
However, it is quite possible that other viruses or
mycoplasma organisms may have a predilection for
the pulmonary valve.

Pulmonary valve and artery
The pathology of the pulmonary valve varies
greatly. In the mildest forms of pulmonary stenosis,
there are three normal cusps with three well-

defined raphae that are not complete, so that the
leaflets are not able to open completely during sys-
tole. In more severe forms there is less clear separa-
tion of the leaflets and the cusps are thickened and
immobile. There may be no separation into distinct
cusps, and the pulmonary valve is formed from a
thick tough membrane projecting convexly into the
pulmonary artery with a small orifice a few mil-
limeters in diameter. Although in older children
the pulmonary valve annulus is usually normal or
only slightly reduced in size, it is not uncommon to
find variable degrees of annulus narrowing in
infants; this is the usual finding in atresia of the pul-
monary valve. The size of the annulus is an import-
ant consideration with regard to surgery. When 
the annulus is narrowed, the valve is often dysmor-
phic; it may be grossly deformed, being thick and
immobile, without distinct cusps. However, in some
instances, there may be a perfectly well-formed
valve with three cusps and adherent raphae. The
morphology also varies greatly with pulmonary
atresia and appears to reflect the development of
the right ventricle. In those infants in whom the
right ventricle is very hypoplastic, the annulus is
often narrow and the valve primitive in appearance
with poor differentiation into cusps. In those with a
well-developed right ventricle, the annulus is wider
and there is a thickened but still pliable valve with
raphae formation but no orifice. In infants under 
3 months of age with severe pulmonary stenosis or
atresia, the valve is often thickened and dysmor-
phic, with a myxomatous appearance.

The size of the pulmonary trunk beyond the
stenosis varies greatly. In most children, the pul-
monary trunk is considerably dilated and the
dilatation often extends into the left pulmonary
artery; in infants, the pulmonary artery may be
dilated but is usually of fairly normal size. In infants
with pulmonary atresia, the size of the pulmonary
trunk varies; it may be small but is usually normal
in size. In lambs in which the pulmonary trunk 
was banded, marked poststenotic dilatation of the
pulmonary artery beyond the band sometimes
developed. On occasion this extended into the
branch pulmonary arteries, and sometimes into the
ductus arteriosus.

Stenosis of the branches of the pulmonary 
artery or of the main pulmonary artery distal to the
valve occurs most commonly in association with
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infundibular stenosis in tetralogy of Fallot or in
infants in whom there was fetal infection with
rubella. However, pulmonary branch stenosis may
occur in the absence of any other lesions. Most
commonly, the stenoses are bilateral and often
multiple, affecting secondary and tertiary divisions
of the pulmonary artery. Poststenotic dilatations
beyond the obstructions are noted commonly;
sometimes the poststenotic dilatation is marked
and the dilated segment may compress airways.

In experimental pulmonary stenosis in fetal
lambs, the pulmonary arterioles exhibit decreased
thickness of the medial muscle layer [2]. This could
be related to the change in oxygen saturation of
blood perfusing the fetal pulmonary circulation
(Chapter 5). It could be the result of decreased flow
or alteration in pressure contour in the large pul-
monary arteries (see Chapter 15). Similar changes
have been noted in these vessels in neonatal infants
with pulmonary atresia.

Right ventricle and tricuspid valve
The right ventricle may appear to be normal in
patients with minor degrees of pulmonary stenosis.
In moderate degrees of stenosis, the right ventricu-
lar myocardium as well as the septum and papillary
muscles are diffusely hypertrophied. The trabecula-
tion is increased, but the cavity is usually either nor-
mal or somewhat reduced in size. The ventricular
septum often bulges into the left ventricle in
patients with more severe degrees of stenosis. In
some patients there is marked localized hypertro-
phy of the muscle in the infundibulum involving
the crista supraventricularis and its parietal and
septal bands. The marked degree of obstruction
that this imposes during life in association with
ventricular contraction may not be fully appreci-
ated in the relaxed heart at autopsy. The tricuspid
valve is usually normal in size and morphology. In
patients who develop cardiac failure, an unusual
event in infancy and early childhood but more
common in adults, the right ventricle is enlarged,
the tricuspid annulus diameter is increased, and tri-
cuspid valve insufficiency is evident.

In infants with severe pulmonary stenosis, the
right ventricular wall is also markedly thickened,
and cavity size and the tricuspid valve orifice are
usually normal. Hypertrophy of the outflow tract,
with subvalvar obstruction in addition to the valvar

stenosis, not infrequently develops with advancing
age. It is important to recognize the presence of this
subvalvar stenosis, because if it is not relieved at the
time that the pulmonary valve is opened surgically,
it may produce critical postoperative obstruction
(see Chapter 15).

The size and morphology of the right ventricle
vary considerably in patients with pulmonary atre-
sia. In some infants, the right ventricle has a similar
appearance to that in severe pulmonary stenosis.
The wall is markedly hypertrophied, but the inlet,
trabecular and infundibular portions are all devel-
oped. The tricuspid valve and orifice are also nor-
mal. This group has the best prognosis of all types
of pulmonary atresia.

In about two-thirds of infants, the right ventricu-
lar cavity is small. In this group, either the inlet 
portion alone or the inlet and trabecular portions
of the right ventricle have developed, but the
outflow tract, or infundibulum, is not identifiable;
this results in considerable separation between the
cavity of the right ventricle and the pulmonary
artery. This is an important consideration when
treatment is aimed at establishing a communica-
tion from the ventricle to the pulmonary artery (see
Chapter 15). The small ventricle is associated with a
correspondingly small tricuspid valve orifice and a
small pulmonary valve annulus with a thick valve.
Frequently, the tricuspid valve leaflets are abnor-
mally thickened and the chordae tendineae are
short and stiff. The ventricular wall is markedly
thickened. This thickening may be so severe that
the infundibulum and even the trabecular portion
of the ventricle have only a very narrow lumen. It is
important to appreciate this, because if it is thought
that only an inlet portion of the ventricle is present,
the decision may be made to forgo an attempt to
perform a two-ventricle repair (see Chapter 15).

In the remaining infants, all three portions of the
right ventricle are developed (tripartite ventricle).
The pulmonary valve usually has three cusps, but in
infancy is thick and often myxomatous in appear-
ance. Ventricular size is markedly increased;
although the wall is not thickened, total muscle
mass is increased. The size of the tricuspid valve
orifice is greatly increased and the leaflets are
abnormal, creating marked insufficiency. In some
infants, the anterior leaflet is voluminous and 
sail-like; the septal leaflet may be displaced into the
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right ventricle, characteristic of Ebstein malforma-
tion. Although the proportion of individuals with
pulmonary atresia with intact ventricular septum
who have associated Ebstein malformation varies
in different series, it appears to be 10–15%. This
group has a particularly poor prognosis. In these
patients, the right atrium is markedly enlarged and
the wall of the inlet portion of the right ventricle is
very thin, as in Ebstein anomaly. A patent foramen
ovale or fossa ovalis defect in the atrial septum is
present. In some of these infants, the large tricuspid
valve leaflet may encroach on the infundibular
region of the right ventricle and cause intraventricu-
lar obstruction. The leaflet may even create a com-
plete obstructive membrane in the right ventricle
and an opening in the membrane is the only com-
munication from inlet to infundibular regions.

Some infants with severe tricuspid insufficiency,
diagnosed as having pulmonary atresia based 
on both ultrasound and cardiac catheterization
studies, are found either at surgery or autopsy to
have normal pulmonary valves. This phenomenon
of functional pulmonary atresia is discussed on p. 397.

The variations in the morphology of the right
ventricle and the tricuspid valve are most import-
ant in decisions regarding surgical management 
of infants with pulmonary atresia. An important
question is whether a hypoplastic ventricle and nar-
row tricuspid valve will accommodate a flow ad-
equate to provide sufficient pulmonary blood flow.
Various criteria have been used. Right ventricular
volume in relation to body surface area has been
calculated by ultrasound study, but because of the
irregular shape of the ventricle these measurements
are not reliable. Furthermore, as mentioned above,
the marked hypertrophy of the ventricle may occlude
the cavity and create an impression of severe
hypoplasia. Recently, the sizes of the ventricle and
tricuspid valve have been expressed as Z-scores or
standard scores. This represents the number of
standard deviations that an observed value is away
from the mean:

Z-score =

The mean values for ventricular size and tricuspid
orifice diameter have been determined for different
ages or body surface areas. A negative Z-score indi-
cates that the observed value is smaller than the

Observed number  Mean

Standard deviation

−

mean. The Z-score has been used by some pediatric
cardiologists and cardiovascular surgeons to make
decisions about surgical approach in patients with
pulmonary atresia or severe stenosis (see Chapter 15).

The wide spectrum of morphological features of
the pulmonary valve and right ventricle has yet to
be explained. It could be related to the severity 
of the initial insult. Experimental studies in fetal
lambs suggest that the period of gestation at which
pulmonary valve obstruction is induced may be a
factor in determining right ventricular and tricus-
pid valve development. The later in gestation the
stenosis is induced, the better the development of
the ventricle and valve, because they have already
had the opportunity to grow to a reasonable size.

We produced pulmonary stenosis in a series of
fetal lambs by banding the pulmonary artery at
about 60 days’ gestation (0.4 gestation) in an attempt
to define the factors affecting ventricular growth
[1]. At about 120 days’ (0.8) gestation, many 
animals demonstrated marked reduction in right
ventricular cavity size and tricuspid valve diameter.
However, several lambs developed moderate
enlargement of the right ventricle, with a large tri-
cuspid orifice and apparent tricuspid insufficiency.
Thus in the experimental model, we observed the
same spectrum that has been reported in human
infants. It is proposed that blood flow handled by
the right ventricle is an important determinant of
the size of its cavity. Obstruction to outflow of the
right ventricle in the fetus interferes with filling,
and superior vena cava (SVC) and inferior vena
cava (IVC) blood will preferentially pass through
the foramen ovale into the left atrium and ventricle.
The volume of blood ejected by the right ventricle is
greatly reduced and therefore the cavity does not
develop normally. If the tricuspid valve becomes
insufficient, the right ventricle ejects a greater vol-
ume of blood during systole; diastolic filling may be
normal or increased, facilitating achievement of
normal or increased ventricular size. In some of the
lamb fetuses that developed severe tricuspid insuf-
ficiency, the right ventricle became greatly enlarged
and the fetuses developed hydrops, suggesting the
occurrence of cardiac failure. Pericardial effusion,
indicating the onset of cardiac failure, has been
reported in two human fetuses with severe pul-
monary stenosis or atresia and large right ventricles
[3]. Thus although pulmonary atresia alone does
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not appear to have an adverse effect on normal fetal
development in utero, when associated with tricus-
pid regurgitation it is not well tolerated. No ade-
quate explanation has been proposed regarding the
development of tricuspid insufficiency in only
some fetuses with pulmonary stenosis.

The tricuspid valve orifice is small when ventricu-
lar cavity size is reduced, but is normal or large with
increased cavity size. Although it is likely that tri-
cuspid valve is determined by ventricular growth,
the concept that abnormal tricuspid valve develop-
ment may be the primary anomaly and ventricular
development a subsequent result cannot yet be 
discarded.

Left ventricle, aorta, and ductus
arteriosus 
The left side of the heart is usually normal in
patients with mild or moderate pulmonary steno-
sis. In children with moderate to severe stenosis, the
ventricular septum is displaced into the left ven-
tricle and the cavity may be somewhat restricted. 
In infants with pulmonary atresia or severe pul-
monary stenosis, the left ventricle is enlarged and
myocardial mass is increased, because during fetal
life all or most of the venous blood returning to the
heart is directed through the foramen ovale into the
left ventricle. Infants with pulmonary atresia have
also been reported to show changes in left ventricu-
lar myocardial morphology suggesting ischemia
and some also have increased collagen content, sug-
gesting myocardial fibrosis. This could be related to
the coronary vascular anomalies occurring in many
of these individuals (see Chapter 15).

The ascending aorta is wider than normal in
infants with pulmonary atresia. In those with a
hypoplastic right ventricle, the aortic isthmus does
not show the usual reduction in diameter com-
pared with the ascending or descending aorta. In
this group the ductus arteriosus is narrow and
arises from the descending aorta at an acute inferior
angle (see Chapter 5). In those with a normal or
large right ventricle, the aorta and ductus arteriosus
are usually normal.

Myocardial morphology
During fetal life, normal myocardial growth is
achieved almost exclusively by increase in numbers
of myocytes or hyperplasia (see Chapter 1). Recent

studies by Jonker et al. [4] indicate that, in later 
gestation (beyond about 120 days in fetal lambs),
some increase in myocyte size and maturation of
some cells becomes evident. Postnatally, myocar-
dial muscle mass increases largely by increase in
myocyte size, or hypertrophy, with negligible hyper-
plasia. Increased pressure loading of the heart in the
adult results in an increase in muscle mass, which is
accomplished almost exclusively by hypertrophy,
with minimal increase in cell numbers. Everett et al.
[5] produced pulmonary stenosis in adult dogs and
found a marked increase in protein synthesis with
an increased mass of the right ventricular wall, sug-
gesting that hypertrophy was induced.

In fetal lambs in which we simulated pulmonary
stenosis by banding the main pulmonary artery at
60 days’ gestation, right ventricular wall thickness
and muscle mass had doubled by 120 days. Myocyte
diameter did not increase, indicating that the
abnormal growth of the right ventricular myocar-
dium was accomplished exclusively by hyperplasia.
However, Barbera et al. [6] noted that simulation 
of pulmonary stenosis in fetal lambs induced 
some enlargement as well as increased maturation
of right ventricular myocytes, as evidenced by an
increase in the number of binucleate cells. Whereas
we induced pulmonary stenosis at 60 days’ gesta-
tion, Barbera et al. induced it in late gestation. Thus
it appears that the increase in right ventricular mus-
cle mass induced by pulmonary stenosis in earlier
gestation, when normal growth is exclusively by
hyperplasia, is accomplished by exaggeration of the
normal hyperplastic process, with no increase in
differentiation. However, in later gestation, when
some differentiation and increase in myocyte size
has begun to appear normally, induction of pul-
monary stenosis may enhance the differentiation of
muscle cells. In association with the increased vol-
ume load presented to the left ventricle, its muscle
mass also increased modestly. Although this was
also largely due to hyperplasia in our studies in
early-gestation fetuses, there was a small increase in
myocyte diameter. This suggests that myocardial
growth responses may differ with pressure versus
volume loading.

Of considerable interest were the observations
on myocardial capillaries. The number of capillar-
ies per unit area in the section of myocardium was
considerably reduced in the right ventricles of the
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lambs with pulmonary stenosis. Because myocyte
diameter did not change significantly, this indi-
cated that the ratio of capillaries to myocytes fell.
Furthermore, capillary diameters were increased 
in the right ventricular myocardium, suggesting
that capillaries had dilated to maintain adequate
myocardial blood flow. Similar but less marked
changes in capillary development were observed in
the left ventricular myocardium. These findings of
relatively reduced coronary capillary numbers in
the right ventricular myocardium are of consider-
able interest, because disturbances in coronary vas-
cular development have been observed in infants
with pulmonary atresia and severe stenosis. They
may explain the presence of areas of myocardial
ischemia that have been reported in some infants
with severe pulmonary stenosis.

These observations in fetal lambs are important
because it has been suggested that the left ventricu-
lar myocardium may not be normal in some
patients with pulmonary valve obstruction. Thus
Akiba and Becker [7] noted left ventricular hyper-
trophy with evidence of ischemia and increased
collagen content in hearts with pulmonary atresia
with intact ventricular septum. Abnormalities of
both right and left ventricular myocardium, as well
as of coronary arteries, were also noted histologic-
ally by Beçu et al. [8] in patients with pulmonary
stenosis.

Hemodynamic considerations

Fetal circulation
Acute pulmonary artery obstruction
In the normal fetal lamb, the right ventricle ejects
about 66% of the combined ventricular output
(CVO) into the pulmonary artery and about
55–60% of CVO passes through the ductus arterio-
sus to the descending aorta. Acute compression of
the pulmonary trunk results in a decrease in stroke
volume of the right ventricle and, associated with
diversion of blood through the foramen ovale, an
increase in left ventricular stroke volume. In studies
we performed in fetal lambs, acute constriction of
the pulmonary artery resulted in a considerably
greater fall in CVO compared with constriction of
the ascending aorta. In the fetus the right ventricle
appears to be more sensitive to an increase in after-
load than the left ventricle and thus its output falls

to a greater degree. With mild to moderate degrees
of compression, the CVO is maintained. The pro-
portion of descending aortic blood flow derived
through the ductus arteriosus is decreased, but a
greater proportion is derived across the aortic isth-
mus. More severe obstruction results in a marked
reduction of right ventricular output, blood flow to
the lungs, and flow through the ductus arteriosus to
the descending aorta. Although there is an increase
in left ventricular output, it is not adequate to com-
pensate and CVO falls. Umbilical–placental blood
flow also falls and progressive fetal hypoxemia
supervenes. Right ventricular systolic pressure
increases from resting levels of about 60 mmHg to
about 80 mmHg at 75 days’ gestation, and from
resting values of 70–80 mmHg to 100–110 mmHg
at 120 days’ gestation.

Chronic pulmonary artery obstruction
When the stenosis develops more gradually the
right ventricle undergoes hyperplasia, the degree
depending on the severity of the stenosis. If mild,
the changes in fetal circulation may be insigni-
ficant. With moderate degrees of stenosis, the
increase in right ventricular mass may be capable of
maintaining a normal output. When pulmonary
stenosis is severe, there is a marked decrease in right
ventricular output. In experimental pulmonary
stenosis in fetal lambs, right ventricular pressures
are only 10–40 mmHg higher than left ventricular
pressures. This is related to the reduction in stroke
volume, with a greater residual volume and thus
higher end-diastolic pressure. Right ventricular com-
pliance may also be reduced by the increased wall
thickness associated with increased muscle mass; a
greater diastolic filling pressure will be required to
maintain diastolic volume. However, increase in
right atrial pressure is limited because the foramen
ovale acts as a relief from the right to the left atrium.
Progressive stenosis results in further decreases in
right ventricular filling and output. Because blood
is diverted through the foramen ovale to the 
left atrium and ventricle, left ventricular output
increases. Unlike with acute obstruction to right
ventricular outflow, slowly developing pulmonary
stenosis allows the left ventricle to undergo 
hyperplasia and thus provide an increase in left
ventricular output to compensate fully or almost
completely for the fall in right ventricular output in
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order to maintain a relatively normal CVO.
Because CVO is well maintained, umbilical–pla-
cental blood flow would be relatively normal and
fetal growth and development is not disturbed.

Blood flow patterns
Normally, in the sheep fetus, about 25% of CVO, or
about 125 mL/min per kg, traverses the foramen
ovale to enter the left atrium. In the fetus with pul-
monary atresia, only pulmonary venous return
does not have to flow through the foramen ovale.
All the blood returning to the heart from the SVC
and IVC and the coronary sinus must cross the
foramen ovale to reach the systemic and pul-
monary circulation (Figure 15.1). In the sheep
fetus, this represents about 90% of CVO, or about
450 mL/min per kg. The foramen ovale is thus quite
large to accommodate this markedly increased flow.
Venous inflow into the left atrium and ventricle is
thus increased and flow through the ascending
aorta is increased. Normally, left ventricular output
and ascending aortic blood flow constitutes about
33% of CVO in the lamb and about 45% in the
human fetus. In the fetus with pulmonary atresia,

the left ventricle has to eject the total cardiac out-
put, so that the ascending aorta will carry two to
three times its usual flow. The aortic isthmus nor-
mally conducts a flow of about 10% of CVO, but in
pulmonary atresia all the blood distributed to the
lower body, including the placenta, and to the lungs
passes across the isthmus. In those fetuses in which
pulmonary atresia has been present from early in
gestation, in contrast with the normal infant in
whom the isthmus is only about 0.7 of descending
aortic diameter, the isthmus is as wide as the rest of
the aorta (see Chapter 12). The pressure in the pul-
monary arteries in fetuses with pulmonary atresia is
determined largely by the size of the ductus arterio-
sus, but could also be influenced by pulmonary 
vascular resistance. If the ductus has a normal
diameter, pressure in the pulmonary artery would
be similar to that in the aorta and pulmonary blood
flow will be determined by pulmonary vascular
resistance. The main factor that would modify pul-
monary vascular resistance is oxygen saturation of
pulmonary arterial blood (see Chapter 15). If the
ductus diameter is decreased, pulmonary arterial
and aortic pressures could separate. Unless pul-
monary vascular resistance increased markedly,
pulmonary arterial pressure would be lower than
aortic pressure. This lower pulmonary arterial pres-
sure could contribute to the lesser development 
of smooth muscle in the media of the pulmonary
arterioles (see Chapter 15). It is also possible that
even if pulmonary arterial pressure was normal for
the fetus, exposure of the pulmonary arterioles to 
a higher than normal oxygen saturation could
explain the reduced smooth muscle development. 

When the stenosis is not complete, the effects are
related to the severity of the obstruction and to ges-
tational development. If obstruction is severe, the
circulation will be altered in a manner similar to
that noted in atresia. However, because some blood
is ejected by the right ventricle, the chamber is usu-
ally reasonably well developed (Figure 15.2). In our
studies of experimental pulmonary stenosis in 
fetal lambs, we noted that right ventricular systolic
arterial pressure may increase to 80–110 mmHg
whereas systemic arterial pressure is normal at
about 70 mmHg near term. The pulmonary trunk
beyond the obstruction often developed marked
poststenotic dilatation. Pulmonary arterial pres-
sure would be similar to aortic pressure if the 
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Figure 15.1 Pulmonary atresia in a fetus: course of the
circulation, oxygen saturations (circled), and pressures. m,
mean pressure.
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ductus arteriosus is, as is usual, normally developed.
However, a small ductus could affect pulmonary
arterial pressure and pulmonary vascular develop-
ment as in pulmonary atresia.

If the stenosis is mild, the effects on fetal circula-
tion will be less dramatic. There may be some
decrease in right ventricular output and therefore
some reduction in flow across the ductus arterio-
sus, with some compensatory increase in left ven-
tricular output and aortic isthmus flow (Figure
15.3). Right ventricular muscle and cavity size will
probably be normal.

Ductus arteriosus
In the fetus with pulmonary atresia, the ductus
arteriosus provides blood flow to the fetal lung.
Unlike in the normal fetus in which a major pro-
portion of right ventricular output passes through
the ductus to the descending aorta, with pulmonary
atresia only pulmonary blood flow passes through
the ductus from the aorta to the pulmonary arter-
ies. This represents only about 8–10% of CVO in

the fetal lamb and about 20% of CVO in the human
fetus. In infants with pulmonary atresia and intact
ventricular septum, the size of the ductus arteriosus
and its junction with the descending aorta vary. It
may be relatively normally developed in diameter
and wall thickness, and connect to the aorta at the
normal oblique inferior angle. In some patients
with a very small right ventricle, the diameter of the
ductus is decreased and it joins the descending
aorta at an acute inferior angle. This could reflect
the stage during gestation that the pulmonary valve
becomes obstructed. If the atresia develops during
late gestation, blood would normally flow through
the ductus from the pulmonary artery to the aorta
prior to the onset of pulmonary valve occlusion.
However, if it occurs early in gestation, blood flow
through the ductus would be reversed and also
reduced, causing the ductus to decrease in size and
join the aorta at an acute inferior angle.

The reduced blood flow through the ductus arterio-
sus could also influence the development of the
ductus smooth muscle, but we have no information
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Figure 15.2 Severe pulmonary stenosis in a fetus: course of
the circulation, oxygen saturations (circled), and pressures.
The right ventricular cavity is larger than in the fetus with
pulmonary atresia and the pulmonary artery is dilated. m,
mean pressure.
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Figure 15.3 Mild pulmonary stenosis in a fetus: 
course of the circulation, oxygen saturations (circled), 
and pressures do not differ greatly from the normal. m,
mean pressure.
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about the morphology of the ductus arteriosus
related to the time during gestation that pulmonary
atresia develops. We also do not know the level of
pulmonary arterial pressure in fetuses with pul-
monary atresia. If the ductus arteriosus were rela-
tively large, pressure would be similar to that in 
the aorta, but if it were quite narrow, a pressure 
gradient could exist. Studies of the physiological
responses of the ductus arteriosus in fetal lambs in
which pulmonary stenosis was induced at about 
70 days’ (0.45) gestation have shown a diminished
contractile response to oxygen [9]. Whether this is
due to reduced development of the ductus smooth
muscle or to a difference in smooth muscle con-
tractility has not yet been resolved. 

It is of interest that in infants with pulmonary
atresia with a ventricular septal defect, the ductus
arteriosus is usually narrow and poorly developed;
also, the inferior angle of its junction with the
descending aorta is usually acute. This suggests that
the pulmonary atresia had developed early in gesta-
tion and points to different etiological mechanisms
for development of atresia in pulmonary atresia
with ventricular septal defect and pulmonary atresia
with intact ventricular septum. It also appears that
there is a functional difference. The ductus arterio-
sus appears to remain patent for a longer period
after birth, usually several weeks, in infants with
pulmonary atresia with ventricular septal defect
compared to those with pulmonary atresia with
intact ventricular septum, in whom it is usually
open for only a few days. However, in some infants
with pulmonary atresia with intact ventricular sep-
tum, the ductus is patent for many weeks. It would
be interesting to correlate the time of closure with
size of the ductus and the inferior angle of its junc-
tion with the aorta. Thus the narrower ductus may
have less smooth muscle development with less
contractility and remain patent longer.

Blood oxygen saturation
In the fetus with pulmonary atresia, blood return-
ing from the SVC and IVC streams will mix com-
pletely in the left atrium, so oxygen saturations in
blood distributed to the ascending and descending
aortae, and also to the pulmonary circulation, will
be similar (see Figure 15.1). Oxygen saturation of
blood entering the ascending aorta will be lower
than normal, whereas that in blood distributed to

the lower body and the lungs would be higher than
normal. Although the changes would not be large,
their potential influence has not been assessed. In
the sheep fetus, complete admixture of all venous
returns would result in a decrease in ascending 
aortic blood oxygen saturation from about 65% to
about 55%. Oxygen saturation of descending aortic
blood would increase from about 52% to about
55%, whereas pulmonary arterial oxygen satura-
tion would increase from about 50% to about 55%.
The decrease in oxygen saturation of blood dis-
tributed to the brain and coronary circulation is not
likely to have a significant effect. Hypoxemia in the
fetus is associated with an increase in cerebral and
coronary blood flow, which compensates for the
decrease in oxygen content, to maintain normal
oxygen supply. The changes in flow would be small
and probably not influence normal development.

The fetal pulmonary circulation is sensitive 
to small changes in Po2, particularly as gestation
advances (see Chapter 5). In the fetus with pul-
monary atresia, the higher oxygen saturation in
blood perfusing the lungs could reduce constric-
tion of the arterioles and limit the development of
the medial muscle layer (see Chapter 5). As men-
tioned on p. 388, both in experimental pulmonary
stenosis in fetal lambs and in human infants with
pulmonary atresia, the smooth muscle layer in the
media of the small pulmonary arteries (30–50 μm
diameter) is thinner than normal. Whether this is
related to a higher oxygen saturation, or to other
factors, has not been resolved. Altered develop-
ment of the pulmonary circulation could have 
an important influence on postnatal circulatory
changes, resulting in a more rapid decrease in pul-
monary vascular resistance than occurs normally.

Ventricular–coronary artery 
communications (coronary sinusoids) 
and coronary arteries
An interesting finding in many infants with pul-
monary atresia with intact ventricular septum is the
presence of communications between the right
ventricular chamber and coronary arteries by means
of large sinusoidal connections. These connections
may be to the right or left anterior descending coro-
nary arteries, and rarely to the left circumflex
branch. Ventricular–coronary artery communica-
tions are not encountered in infants who have
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either normal or enlarged right ventricles, but are
common when the ventricle is hypoplastic, particu-
larly when only the inlet portion has developed. 
It appears that they are most likely to occur when
pulmonary atresia develops early in gestation. The
coronary circulation first develops in the embry-
onic myocardium as an isolated plexus of vessels;
communications first develop to the ventricular
cavity and only later do coronary arteries develop
and connect with the aorta. It is suggested that
when pulmonary atresia develops before the coro-
nary arterial connection to the aorta has developed,
the high pressure in the right ventricle maintains
flow into the sinusoids to the coronary arteries 
and maintains their patency with subsequent
enlargement.

The patterns of blood flow in the sinusoids are of
considerable interest. If they connect with the coro-
nary arterial system, it might be anticipated that
flow would tend to occur from the high-pressure
right ventricle into the sinusoids during systole,
thus providing blood with venous oxygen satura-
tions to the coronary circulation. However, during
diastole, pressure in the right ventricle would 
be low and this could result in blood flowing pre-
ferentially from the coronary arteries to the right
ventricular cavity, rather than perfusing the left
ventricular myocardium. This has been referred to
as coronary artery steal. A concern is that if there is a
large anastomosis of sinusoids to coronary arteries,
reduction of right ventricular pressure may inter-
fere with systolic perfusion of the coronary arterial
system, with resultant left ventricular failure. The
concept of coronary artery steal has prompted
some centers to eliminate the abnormal flow pat-
tern by occluding the tricuspid valve and throm-
bosing the right ventricle to occlude the entry of the
sinusoids into it. However, some question remains
as to the clinical importance of coronary artery steal
in patients with pulmonary atresia.

A more significant problem is the association of
abnormal connections or stenoses of the coronary
arteries. Stenoses frequently occur in the coronary
arteries in the region of the ventricular–coronary
artery communications; multiple sites of stenosis
may be present. The left or right coronary artery
may have no connection to the aorta, and perfusion
is provided exclusively from the sinusoid connect-
ing to it from the right ventricle. Perfusion of the

myocardium supplied by this artery will be depend-
ent on the pressure generated by the right ventri-
cle, so that any attempt to reduce the pressure by
opening the pulmonary outflow could result in
onset of myocardial hypoperfusion with reduced
performance and possibly infarction. However, if
there are collateral anastomoses from other coro-
nary arteries, adequate myocardial blood flow
could be provided even though right ventricular
pressure is reduced. Thus, even if it is determined
that a portion of myocardium appears to be per-
fused from the right ventricle, it is possible that
opening the right ventricular outflow tract will
have no adverse effect. It has been suggested that 
if multiple sites of coronary artery stenosis are
demonstrable on angiography, reducing right ven-
tricular pressure may not be tolerated. This could
be explained by the inability of collateral coronary
arteries to develop. An important question to con-
sider is how effectively the pressure in the right ven-
tricle can perfuse the coronary circulation. During
systole, when right ventricular pressure is high, the
ventricles are contracting and intramyocardial
pressure would be high, so that coronary perfusion
would be limited. During diastole, when most
coronary blood flow occurs, right ventricular pres-
sure is low and therefore ineffective in providing
much flow.

Inadequate perfusion of the myocardium could
occur during fetal life if myocardial perfusion is
provided exclusively by the ventricular–coronary
artery anastomoses, but may be limited because
flow would occur only during systole, when ven-
tricular pressure is high. This may account for the
subendocardial fibroelastosis and areas of myocar-
dial ischemia and fibrosis that have been reported
in association with pulmonary atresia.

In addition to the influences of the ventricular–
coronary artery communications on coronary
blood flow, they are also associated with morpho-
logical changes in the large as well as the intramural
arteries. Intimal hyperplasia with smooth muscle
cell migration is prominent, resulting in endothe-
lial prominence and medial thickening; this may
result in considerable narrowing of the lumen.
These changes are probably caused by the stress on
the vessels due to the high systolic pressure of the
right ventricle. These changes are similar to those
observed in the coronary arteries in patients with
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supravalvar aortic stenosis, in whom the coronary
arteries are also subjected to very high pressures.

Circulatory adjustments after birth
The course of the circulation after birth depends on
the severity of the pulmonary stenosis, the degree of
development of the right ventricle, and tricuspid
valve function.

Pulmonary atresia and severe pulmonary
stenosis
When there is no communication or only a very
small opening between the right ventricle and the
pulmonary artery, the establishment of adequate
pulmonary blood flow postnatally depends almost
entirely on the diameter of the ductus arteriosus
(Figure 15.4). The venous blood returning to the
heart enters the right atrium. There may be some
flow into the right ventricle and if there is a small
opening in the pulmonary valve, a small amount
may enter the pulmonary artery. With complete
atresia, the right ventricular blood usually returns
to the right atrium through an insufficient tricuspid
valve. In infants in whom coronary sinusoids are

well developed, blood will be ejected into them dur-
ing systole and enter the coronary arteries (see Chap-
ter 15). When the tricuspid valve annulus is small,
there is often also immobility of the valve leaflets
with a combination of stenosis and insufficiency. In
these infants, the right ventricular cavity is invari-
ably quite small and the volume of blood that enters
the ventricle and ejected back into the atrium is
quite small; the circulation is very similar to that in
tricuspid atresia (see Chapter 16). When the tricus-
pid valve orifice is large there is free regurgitation
from the right ventricle to the right atrium during
systole; in view of the greater volume entering the
right ventricle, its cavity is considerably larger.

Whatever occurs at the tricuspid valve level,
eventually all systemic venous blood crosses the
atrial septum through the foramen ovale or a fossa
ovalis defect. Much discussion has arisen as to the
adequacy of the size of the foramen ovale in permit-
ting the total venous return to enter the left atrium
and it has been suggested that in some infants the
foramen may be too small. It is most unlikely that
this is a problem in the neonatal period. Before
birth, the foramen ovale is large enough to carry the
total systemic venous return as well as umbilical
venous return. After birth, removal of umbilical
venous return would produce a reduction of about
40% of the flow that is conducted prenatally in the
lamb and of about 30% in the human fetus.
However, difficulty may arise after pulmonary
blood flow has been established and pulmonary
venous return to the left atrium is increased. While
pulmonary blood flow is low, there will be no inter-
ference with flow from the right atrium. If pul-
monary blood flow increases, left atrial filling will
be greater and this will increase left atrial pressure,
thus tending to close the foramen ovale, and right
atrial pressure would have to be increased to 
maintain flow of systemic venous return to the left
atrium.

The magnitude of pulmonary blood flow is
determined by the size of the ductus arteriosus.
Since there is complete admixture of pulmonary
and systemic blood flows in the left atrium, the sys-
temic arterial oxygen saturation is determined by
the pulmonary to systemic flow ratio (see Chapter
4). If the ductus arteriosus is patent, the pulmonary
to systemic flow ratio will be higher and arterial
oxygen saturation may be high enough to permit
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Figure 15.4 Pulmonary atresia in a newborn infant: course
of the circulation oxygen saturations (circled), and
pressures. Note that pulmonary blood flow is derived
through the ductus arteriosus. m, mean pressure.
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adequate oxygen supply to the tissues. However,
when the ductus constricts, pulmonary blood flow
falls and arterial oxygen saturation will decrease,
producing all the consequences of hypoxemia; if
the hypoxemia is severe, tissue hypoxia will ensue
(see Chapter 3). The behavior of the ductus arterio-
sus is therefore very important in determining the
clinical features in these infants.

As mentioned on p. 394, the constrictor response
of the ductus to oxygen is reduced in fetal lambs
with induced pulmonary stenosis. However, a delicate
balance between ductus constriction, pulmonary
blood flow, and systemic arterial Po2 develops after
birth. If the ductus is widely patent, this could per-
mit a large pulmonary flow and a rise in arterial
Po2. If Po2 rose to levels above about 40 mmHg, 
the ductus would begin to constrict, pulmonary
blood flow would be reduced, and arterial Po2

would drop, resulting in relaxation of the ductus. It
is interesting that in those babies with pulmonary
atresia who do survive for several days or weeks, the
arterial Po2 is usually in the range 35–40 mmHg. It
is not known whether it is related to this physiolo-
gical balance or whether it is due to poor develop-
ment of the ductus, so that it cannot accommodate
a higher flow. It has been suggested that adminis-
tration of oxygen to infants with pulmonary atresia
may be inadvisable, as it may tend to constrict 
the ductus arteriosus and decrease pulmonary
blood flow. However, this is not a serious risk in the
infant with markedly reduced arterial Po2. Since
pulmonary flow is quite low there would be only a
small additional amount of oxygen taken up in the
lungs, about 1.5 mL/dL of pulmonary blood flow;
this represents the additional oxygen that will be
physically dissolved when 100% oxygen is adminis-
tered (see Chapter 3). The lower the pulmonary
blood flow, the less the total additional oxygen that
can be taken up and thus the less the benefit. It is
unfortunate that administration of oxygen is least
effective in those infants who have the most severe
degrees of hypoxia because their pulmonary blood
flow is so low. Even the small additional amount of
oxygen will provide some benefit, but it is unlikely
that the Po2 will be raised enough to affect the duc-
tus arteriosus.

The majority of infants with pulmonary atresia
have small right ventricles and present within a few
days after birth with increasing hypoxemia related

to the decrease in pulmonary blood flow associated
with ductus arteriosus constriction. The tricuspid
valve annulus is small and thus inflow into the 
ventricle is limited. Right ventricular pressure is
increased to varying degrees, often exceeding sys-
temic arterial pressure. The blood that enters the
right ventricle is either regurgitated into the atrium
or passes through the ventricular–coronary artery
communications during systole. Much of it returns
to the right atrium through the sinusoids during
diastole, or traverses the coronary circulation and
coronary sinus to the right atrium. If the coronary
arteries are atretic or stenosed on the aortic side 
of the anastomosis with the sinusoids, perfusion 
of some or all of the coronary circulation will be
dependent on a high right ventricular pressure.
Even though right ventricular pressure is main-
tained at high levels, coronary perfusion may be
inadequate. Although some myocardial blood flow
occurs during ventricular systole, most flow occurs
during diastole, when the ventricles are relaxed. If
the right ventricle were responsible for perfusion,
myocardial blood flow would occur only during
systole because, during diastole, the pressure would
be too low to provide perfusion. Disturbances in
myocardial blood flow may be responsible for the
areas of myocardial infarction and fibrosis fre-
quently encountered in these infants, as well as for
the reduced cardiac output and peripheral circula-
tion they sometimes manifest.

In infants with normal or large right ventricles,
significant tricuspid regurgitation is usually associ-
ated and an Ebstein anomaly of the tricuspid valve
is frequently present. The right atrium is also
enlarged and right atrial pressure is increased with a
prominent v wave. Right ventricular systolic pres-
sure does not usually exceed systemic arterial pres-
sure because the insufficiency of the valve does not
permit development of higher pressures. When tri-
cuspid regurgitation is severe, pressure in the right
ventricle is frequently lower than that in the left
ventricle or aorta; if the ductus arteriosus is widely
patent, pulmonary arterial pressure may exceed
right ventricular pressure. The enlarged right ven-
tricle may produce septal displacement into the 
left ventricular cavity, thus interfering with left ven-
tricular filling and output. This, combined with 
tricuspid regurgitation, may seriously compromise
systemic blood flow and result in shock. In the

c15.qxd  12/22/08  11:37  Page 397



398 CHAPTER 15

infant with severe pulmonary stenosis or atresia, in
whom pulmonary blood flow is dependent on the
ductus arteriosus, the decrease in systemic arterial
pressure may interfere with ductus flow and thus
aggravate the hypoxemia.

Moderate to severe pulmonary stenosis
The hemodynamic changes associated with moder-
ate stenosis are depicted in Figure 15.5. When the
valve orifice is large enough to permit an adequate
pulmonary flow after birth, closure of the ductus
arteriosus is of no consequence. Not uncommonly,
cyanosis is not evident in the infant with severe
stenosis in the neonatal period, because the ductus
arteriosus permits augmentation of pulmonary
blood flow. After it closes within a few days,
cyanosis may become manifest; this results from
the increase in right-to-left shunt associated with
the decrease in pulmonary venous return to the left
atrium, with a lowering of left atrial pressure. This
shunt may increase considerably with crying or as
the infant becomes more active.

Right ventricular systolic pressure does not 
fall normally but is maintained at or somewhat

above fetal levels. The pressure is determined by the
degree of stenosis, but in the neonatal period it
rarely exceeds about 120 mmHg. The increased
afterload on the right ventricle may interfere with
emptying during systole. In addition, the thickened
wall of the right ventricle may reduce its compli-
ance and result in increased right atrial pressure,
with a high a wave. Beyond the neonatal period,
right ventricular pressure increases in association
with increased demands for pulmonary blood flow
and closure of the ductus arteriosus (Figure 15.6).

Changes with growth
The course beyond the neonatal period is related 
to the severity of the stenosis and the increased
requirements for cardiac output associated with
increase in body size and activity. With growth after
birth there is an increase in body oxygen require-
ments and an increase in cardiac output related to
body surface area. The cross-sectional area of the
pulmonary valve is about 2.0 cm2/m2 body surface
area; the orifice of the normal pulmonary valve
increases in proportion to surface area from
infancy to adulthood. The growth of the orifice of
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Figure 15.5 Severe pulmonary stenosis in a newborn
infant: course of the circulation, oxygen saturations
(circled), and pressures. The right ventricle is 
hypertrophied and maintains a normal output. m, 
mean pressure.
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Figure 15.6 Severe pulmonary stenosis in an older infant:
course of the circulation, oxygen saturations (circled), and
pressures. Right ventricular pressure is markedly increased,
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the pulmonary valve varies in children with pul-
monary stenosis. In some, particularly with milder
degrees of stenosis, the valve orifice increases in
proportion with body surface area and little change
is required in right ventricular pressure to maintain
flow across the valve at rest. However, changes in
heart rate with age may influence this. However, if
the valve orifice does not enlarge relative to the
increase in cardiac output, a higher right ventricu-
lar pressure would be required to effect the same
flow if other factors, such as heart rate, did not
change.

Gorlin and Gorlin have shown that flow across a
stenosed pulmonary valve is related to the square
root of the mean systolic pressure difference across
it (see Chapter 4).

A = or

A × = A

A (flow) varies as the square root of ΔP. Thus if
valve area, A, does not change and mean systolic
flow, A increases by a factor of 2, the mean pressure
gradient across the valve will increase by a factor of
4; a threefold rise in blood flow would be associated
with a ninefold increase in the mean pressure gradi-
ent across the valve. The effects of modifying flow
on right ventricular pressure in the presence of a
fixed pulmonary stenosis are shown graphically in
Figure 15.7.

During postnatal development, several changes
occur that are important in determining the right
ventricular pressure required to maintain flow
across the stenosed valve. Cardiac output in-
creases from about 1.0 L/min after birth to about 
5.0 L/min in adolescence (see Chapter 2). However,
since heart rate drops from a postnatal level of
120–140/min to about 70/min, the stroke volume
increases by about tenfold. Using the equation
above, I have calculated the mean pressure differ-
ence required to produce flows ranging from 1 to 
5 L/min across pulmonary valves with four assumed
orifice areas of 0.1, 0.2, 0.3, and 0.5 cm2, equivalent
to orifice diameters of 3.6, 5.1, 6.1, and 7.7 mm,
respectively. In making these calculations, I have
used a value of 25 s/min for the systolic ejection
period and assumed that it did not change with the
increase in total cardiac output. Figure 15.7 shows

44 5. ΔP

A

44 5. ΔP

the mean pressure difference required to produce
varying flows through the different valve orifices.

The pulmonary valve area is normally about 
2.0 cm2/m2 body surface area. Thus, at birth, the
orifice has an area of about 0.5 cm2 and there is no
gradient or a negligible gradient across it. If the
valve did not undergo normal growth but remained
the same size as at birth, it can be seen from Figure
15.7 that the mean pressure difference across the
valve in adolescence would be about 78 mmHg. If
the valve diameter were 1.6 mm less, with an area of
0.3 cm2 at birth, there would be only a small gradient
of 9 mmHg at birth. However, if the valve area did
not change with age, a mean pressure difference of
233 mmHg would be required to produce a flow 
of 5 L/min. With marked stenosis and a valve area
of 0.1 cm2 the pressure gradient at birth would be
81 mmHg, and excessively high levels would have
to be accomplished to produce a flow of only 
2 L/min.

The levels of pressure presented in Figure 15.7
are mean pressure differences; peak right ventricular
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Figure 15.7 Relationship between mean right ventricular
systolic pressure and flow across a stenotic pulmonary valve
for orifice sizes of 0.1, 0.2, 0.3, and 0.5 cm2. This has been
calculated using the Gorlin and Gorlin formula as described
in the text.
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systolic pressures would be much higher. In infants
under the age of about 6 months, peak right 
ventricular systolic pressures greater than 150–
200 mmHg are unusual, but in older children and
adults pressures may reach 250–300 mmHg. I have
encountered an adolescent patient with a pressure
of 320 mmHg. It is not known why higher pres-
sures cannot be achieved. It could be related to 
several factors, including a limit to the degree of
myocardial hypertrophy, inability to maintain
coronary blood flow to sustain greater myocardial
work, and an architecture of the right ventricle that
is unable to generate higher pressures.

Certain changes in the dynamics of ventricular
contraction with advancing age are advantageous
in achieving an adequate output at a lower right
ventricular pressure. The duration of systolic ejec-
tion increases with age. This is not related to the
decrease in heart rate, although systolic ejection
time increases as heart rate decreases. However,
even at the same heart rates, systolic ejection time is
greater in older children than in infants. At a heart
rate of 100/min, for example, systolic ejection time
is about 240 ms in a 2-year-old child but 320 ms in
a 12-year-old child, so that systolic ejection periods
are 24 and 32 s/min respectively. Although at first
glance this would not appear to be of particular
importance, a simple calculation indicates that it
can have a striking effect on right ventricular pres-
sure. Assuming a pulmonary valve area of 0.3 cm2

and a cardiac output 4 L/min, mean systolic flow
would be 4000/24 = 167 mL/s if the systolic ejec-
tion period is 24 s/min and 4000/32 = 125 mL/s if
the systolic ejection period is 32 s/min. If these
figures are now applied to the Gorlin formula (see
Chapter 4), when systolic ejection is 240 ms

= = 12.5 and ΔP = 156 mmHg

When systolic ejection time is 320 ms

= = 9.4 and ΔP = 88 mmHg

Thus it is evident that the longer systolic ejection
time associated with growth could provide a great
advantage by allowing higher flows at lower peak
systolic pressures in the right ventricle.

Because resting heart rate is higher in the young
infant than in the child, the resting systolic ejection

 

125

44 5 0 3.   .×
ΔP

167

44 5 0 3.   .×
ΔP

periods (heart rate × systolic ejection time) are
similar. Thus, in a 1-year-old infant with a heart
rate of 120/min and an ejection time of 186 ms, the
systolic ejection period is 22.3 s/min. In a 12-year-
old child with a heart rate of 85/min and an ejec-
tion time of 270 ms, the systolic ejection period is
23.0 s/min.

Coronary blood flow
Since the increased right ventricular pressures
developed in patients with pulmonary stenosis
require increased energy utilization, coronary blood
flow is an important consideration in provid-
ing adequate oxygen and substrate supply to the
myocardium. Normally, the myocardial blood flow
to the left ventricle occurs mainly during diastole
and is negligible during systole when left ventricu-
lar pressure equals aortic pressure. In view of the
pressure gradient from the inner to the outer layers
of the ventricle during systole, some flow may
occur to the outer myocardium. The right ventricu-
lar myocardium normally receives flow throughout
the cardiac cycle, since aortic pressure always
exceeds right ventricular pressure.

In the presence of pulmonary stenosis, the sys-
tolic flow to the right ventricular myocardium will
be reduced, and the higher the right ventricular
pressure, the less the systolic flow. Since intramyo-
cardial pressure is greater in the inner layers, there
would be a more severe interference with flow to
the subendothelial layers. The chronic reduction in
flow to the subendothelial myocardium could
result in the develoment of subendocardial fibrosis
of the right ventricle in older patients with moder-
ate to severe pulmonary stenosis.

Effect of exercise
When an individual exercises there is increased
oxygen utilization and increased demand on the
circulation to provide a greater oxygen supply. 
In the normal individual, this is accomplished by
increasing cardiac output, partly by increasing
stroke volume but largely by increasing heart rate.
If the increase in cardiac output is inadequate, there
is also increased oxygen extraction by the tissues, so
that mixed venous oxygen saturation falls and arte-
riovenous oxygen difference increases.

In the patient with pulmonary stenosis, the abil-
ity of the right ventricle to increase stroke volume is
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limited by the high afterload placed on it by the
obstruction. The increase in heart rate will achieve
an increase in cardiac output if stroke volume is
maintained. However, because systolic ejection
time decreases as heart rate increases, right ventricu-
lar systolic pressure would have to increase in order
to eject the same stroke volume at the higher heart
rate. The more severe the stenosis, the greater the
increase in right ventricular pressure.

Associated with the increased heart rate, the
diastolic filling time of the ventricle will be reduced
because even though systolic ejection time is de-
creased, the total time for diastole is reduced. This
would have two potentially deleterious effects.
First, if right ventricular compliance is reduced
because of severe hypertrophy and possibly fibro-
sis, right ventricular filling would be impaired and
this could interfere with maintenance of stroke vol-
ume. A compensatory increase in right atrial con-
traction with a large a wave would help to maintain
adequate filling. Second, because myocardial blood
flow occurs only during diastole when pulmonary
stenosis is severe, a reduction in diastolic filling
time could interfere with myocardial blood flow
and thus with the ability of the right ventricle to
increase its systolic pressure. This would limit the
ability of the ventricle to maintain stroke volume at
higher heart rates and thus the main adjustment to
exercise will be an increased arteriovenous oxygen
difference.

Effect of arrhythmias
Arrhythmias producing either marked bradycardia
or marked tachycardia are poorly tolerated in
patients with pulmonary stenosis. When heart rate
falls, it is necessary to increase stroke volume in
order to maintain cardiac output. When severe pul-
monary stenosis is present, stroke volume cannot
be increased adequately because of the high after-
load on the right ventricle, even though right ven-
tricular systolic pressure is increased.

When supraventricular tachycardia develops,
right ventricular filling time is decreased and syn-
chronous contraction of the atrium and ventricle is
also lost, thus further disturbing ventricular filling.
These events result in a decrease in cardiac output,
a reduction in aortic pressure and coronary blood
flow, and thus impairment of right ventricular
function.

Changes in valve orifice
Several studies have shown that right ventricular
systolic pressure increases with growth in some
individuals. The more dramatic increases have been
noted during the period of infancy, usually in babies
with moderately severe stenosis, with pressure 
gradients across the valve greater than 50 mmHg
[10,11]. I have observed an infant in whom right
ventricular pressure was 80–90 mmHg 2 days 
after birth but which increased to 210 mmHg at 
13 months. Beyond infancy, less dramatic changes
have been recorded. Beyond infancy, pressure gra-
dients below about 40 mmHg do not usually
increase with age [12]. When pressure gradients are
greater than 50 mmHg in early childhood, the pres-
sure gradient tends to increase and calculated valve
area to decrease, relative to body surface area. It is
difficult to assess whether right ventricular pressure
has increased as a result of inadequate growth of the
valve orifice, because changes in heart rate and car-
diac output have to be considered.

One of the difficulties in evaluating possible
changes in orifice size relates to the development 
of muscle hypertrophy of the right ventricular out-
flow tract, which may produce secondary obstruc-
tion. It is difficult to distinguish between the
amount of stenosis imposed by the valve itself and
by the hypertrophied infundibulum. The factors
influencing the development of infundibular hyper-
trophy are not known, nor is the time course of its
occurrence. Little or no hypertrophy occurs in
some individuals but others develop very marked
changes. The more severe degrees of infundibular
hypertrophy are usually observed in patients with
marked valvar stenosis. There may be diffuse nar-
rowing of a long length of the infundibulum but
usually there is a more localized area, involving the
crista supraventricularis with its parietal and septal
bands. The infundibular stenosis is dynamic in
nature, being manifest primarily during ventricular
systole, when the subvalvar region may narrow to
an extreme degree; however, during diastole a wide
channel is evident.

Some patients with moderate degrees of stenosis
show no change in right ventricular systolic pres-
sure over many years of observation, suggesting
that the valve orifice is increasing commensurate
with the rise in cardiac output. The course of indi-
viduals with very high ventricular pressures is quite
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variable. Some patients have been known to main-
tain systolic pressures over 150 mmHg for years
without developing any symptoms, but in others
cardiac failure develops. Right ventricular end-
diastolic pressure and right atrial a wave are increased
in patients with marked pulmonary stenosis, pre-
sumably because a higher pressure is required to fill
the thick-walled right ventricle. With the onset of
failure, these pressures increase further, and venous
congestion with hepatomegaly occurs. Once right
ventricular failure is manifest it progresses rapidly,
because right ventricular output and thus systemic
output are decreased and this places coronary 
perfusion in jeopardy. When cardiac failure devel-
ops, right ventricular systolic pressure falls, inter-
fering with flow into the pulmonary and systemic
circulation; this causes a fall in systemic pressure,
further affecting coronary flow and right ventri-
cular performance and resulting in progressive 
deterioration.

The failure of the right ventricle may be related
to the inability of the right ventricular myocardium
to maintain an adequate cardiac output when pro-
gressive right ventricular obstruction occurs. An
additional factor that could contribute to the pro-
duction of cardiac failure is the development of
myocardial fibrosis. Although it has been proposed
that this may occur in older children and particu-
larly in adults, there is no reliable documentation 
of its occurrence. The fibrosis would not only 
affect systolic performance of the ventricle but
would almost certainly decrease ventricular com-
pliance and filling, particularly if the heart rate is
increased.

In a number of patients with moderately severe
stenosis, the foramen ovale may remain patent
beyond infancy and childhood. Frequently, no
cyanosis is evident in infancy or early childhood,
but if right ventricular systolic pressure increases
with growth, the end-diastolic pressure in the 
ventricle and the right atrial a wave also become
elevated. Right-to-left shunting can then occur
through the foramen ovale, particularly during
atrial systole. The cyanosis may occur first during
exercise, due to a decrease in systemic vascular
resistance and an increase in systemic venous
return to the right atrium, which will result in an
increase in right ventricular end-diastolic pressure
since right ventricular emptying is restricted.

Mild pulmonary stenosis
Mild pulmonary stenosis may be associated with 
a small pressure difference of only 5–30 mmHg
across the pulmonary valve. The slight elevation in
right ventricular systolic pressure does not appear
to interfere with normal right ventricular function.
In the newborn period, only a small pressure differ-
ence across the pulmonary valve may occur (Figure
15.8), but with growth it may increase somewhat.
The right ventricle shows little or no hypertrophy,
but poststenotic dilatation of the pulmonary artery
usually occurs (Figure 15.9). Idiopathic dilatation
of the pulmonary artery, which was thought to
occur independently of associated lesions, could be
related to the presence of mild pulmonary valve
stenosis with poststenotic dilatation.

There are numerous reports of individuals with
mild pulmonary stenosis who have survived to late
adult life with no evidence of any serious hemody-
namic or clinical disturbance. However, some have
questioned whether persistent slight elevation in
right ventricular pressure may, over many years,
cause fibrosis of the right ventricular myocardium,
resulting in cardiac failure in the fourth or fifth
decade. It is difficult to assess whether this is due 
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Figure 15.8 Mild pulmonary stenosis in a newborn infant:
course of the circulation, oxygen saturations (circled), and
pressures. m, mean pressure.
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to the pulmonary stenosis or to coronary artery 
disease.

Clinical features

The onset of symptoms in patients with pulmonary
stenosis and atresia is related to the severity of the
obstruction. Infants with pulmonary atresia or
severe pulmonary stenosis may present with seri-
ous difficulties within 24–48 hours after birth but
patients with mild stenosis may never have symp-
toms. The clinical features are also markedly
affected by the presence of tricuspid regurgitation.

Pulmonary atresia and severe
pulmonary stenosis
Neonatal period
Infants with pulmonary atresia or severe stenosis
are usually normal and well developed at birth.
Cyanosis may be present at birth, but even with
pulmonary atresia it may be mild, because pul-
monary blood flow is provided by the ductus arte-
riosus. Cyanosis may increase progressively during
the first 7–10 days, but may suddenly become

severe if the ductus closes rapidly. Apart from 
the cyanosis, the baby is usually asymptomatic.
Only when hypoxemia is severe, with arterial Po2

usually below 25 mmHg and arterial oxygen satu-
ration below 45%, do symptoms occur. Metabolic
acidemia develops due to tissue hypoxemia and
increased anaerobic glycolysis. Stimulation of
carotid chemoreceptors causes tachypnea, but par-
ticularly hyperpnea. With progressive acidemia,
pallor due to peripheral vasoconstriction ensues
and the skin becomes mottled and cold. Urgent treat-
ment of the hypoxia is indicated (see Chapter 15).

In infants with little or no tricuspid insufficiency,
the precordial impulse is not hyperactive and it is
thus difficult to assess whether the right or left ven-
tricle is prominent. In the presence of tricuspid
insufficiency, the cardiac impulse is hyperactive
over the whole precordium. The first heart sound is
usually normal, but may be soft if tricuspid regurgi-
tation is present. In infants with pulmonary atresia,
the second sound is not heard or is soft at the upper
left sternal border, but may be normal in intensity
and single at the lower left sternal border (due 
to aortic valve closure). In infants with severe 
pulmonary stenosis, the second sound in the pul-
monary area is of low intensity but may be widely
split. A prominent atrial or fourth sound may also
be heard at the mid-left sternal border in infants
with severe stenosis, and also in those who have
associated Ebstein malformation.

In infants with pulmonary atresia, ejection mur-
murs are not audible at the upper left sternal bor-
der, but a systolic murmur of grade 2–3/6 intensity
and blowing in character may be heard over the
lower portion of the sternum, probably due to 
the presence of tricuspid regurgitation. A medium-
frequency continuous murmur may be present at
the upper left sternal border due to flow from aorta
to pulmonary artery through a narrow patent ductus
arteriosus, but this is unusual. In infants with
severe pulmonary stenosis, a systolic ejection mur-
mur may be heard at the upper left sternal border.
The murmur is of variable duration, sometimes
occupying about two-thirds of systole and occa-
sionally the whole of systole. It may appear to
extend into diastole, because it extends beyond the
second sound. This is explained by the fact that
only the aortic component of the second sound is
heard and the murmur extends to the end of right
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Figure 15.9 Mild pulmonary stenosis in a child: course of
the circulation, oxygen saturations (circled), and pressures
indicate that there is little effect on cardiovascular
dynamics. m, mean pressure.
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ventricular systole, but the pulmonary component
of the second sound is inaudible. The absence of an
ejection murmur does not exclude the possibility
that stenosis rather than atresia is present. Blood
flow through the valve may be so reduced that no
murmur is audible. Systolic ejection clicks are not
heard in infants with pulmonary atresia, but are
occasionally heard at the lower left sternal border in
infants with severe stenosis.

In infants with tricuspid regurgitation, no ejection
murmur is usually audible over the upper left sternal
border, but a decrescendo medium-frequency systolic
murmur is heard at the lower left sternal border,
with radiation to the right side of the sternum.

The main presenting feature in the newborn
period is hypoxemia; cardiac failure does not occur
in infants with normal or small right ventricles. In
infants with marked tricuspid regurgitation, in
addition to the hypoxemia, hepatomegaly, weak
pulses, pallor, and mottling are common. Generally,
the prognosis is poor in these infants.

Child and adult
With less severe stenosis, the infant may be asymp-
tomatic. If the foramen ovale remains patent, cyanosis
may be evident with crying. With growth, cyanosis,
not present at rest, may appear with exercise. The
age at which cyanosis appears varies considerably:
10–20% have cyanosis at or soon after birth, 30–
40% develop cyanosis within a year, and 60–70%
manifest cyanosis by about 5 years of age. Indi-
viduals who have cyanosis also develop limitation of
exercise tolerance; this becomes progressively more
severe as cyanosis increases with age. However,
unlike patients with tetralogy of Fallot, these indi-
viduals rarely squat with exertion (see Chapter 14). 

If the foramen ovale closes, cyanosis does not
occur. No symptoms are usually evident during
childhood, even with stenosis severe enough to
induce pressures greater than 200 mmHg. Although
some limitation of exercise may be noted, many
patients have no exercise intolerance. There is 
little information regarding the clinical course of
patients with severe pulmonary stenosis beyond
childhood. It has generally been assumed that the
right ventricular myocardium develops progressive
fibrosis and that increasing limitation with even-
tual cardiac failure will occur, but this has not 
been well documented. Some adults with severe

pulmonary stenosis have been observed to develop
cardiac failure, and this has been the basis for
relieving the stenosis at an early age. 

In the patient who does not have cardiac failure,
the heart is not clinically enlarged but there is a
prominent right ventricular impulse at the lower
right sternal border. Because there is no volume
overload on the right ventricle, the impulse is tap-
ping rather than heaving. No chest deformity is 
evident. In older children a prominent a wave may
be noted in the jugular pulse. The arterial pulses are
normal. A systolic thrill is often palpable at the
upper left sternal border.

The first heart sound is usually normal but may
be moderately accentuated at the lower left sternal
border. A systolic ejection click is frequently heard
along the left sternal border. The ejection click
tends to be louder in patients with less severe
degrees of stenosis; in those with severe stenosis
with a thick immobile valve, a click may not be
heard. The disappearance of an ejection click over
several months or years may indicate the develop-
ment of secondary infundibular stenosis. The time
interval between the first heart sound and the ejec-
tion click or between the Q wave of the electrocar-
diogram and the ejection click has been shown to
be related to the severity of pulmonary valve steno-
sis. The interval tends to be shorter with more
severe degrees of stenosis.

The aortic component of the second heart sound
is usually normal but the intensity of the second, or
pulmonary, component is decreased. The loudness
of the pulmonary sound is related to the severity of
the stenosis; it is absent, or very soft, in severe
stenosis. The second sound is also split more widely
than normal in patients with pulmonary stenosis,
and the width of splitting of the sound is related to
the severity of the stenosis. In severe stenosis, the
second sound is very widely split, but this may not
be appreciated because the pulmonary component
may be so soft that it is difficult to hear, particularly
in the presence of the loud murmur.

A systolic murmur of ejection or crescendo–
decrescendo configuration and grade 4–6/6 inten-
sity is heard at the upper left sternal border; it radi-
ates to the left infraclavicular area, the suprasternal
region, and often both lung fields. The loudness of
the murmur does not correlate well with the sever-
ity of the stenosis, but usually the peak intensity of
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the murmur occurs later in the systolic cycle with
more severe degrees of stenosis. Because right ven-
tricular ejection is prolonged when stenosis is severe,
the systolic murmur may extend beyond the aortic
second sound. This may give the impression that
there is an early diastolic murmur at the upper left
sternal border, but the murmur does not extend
beyond the pulmonary component of the second
sound.

Mild and moderate pulmonary stenosis
Patients with mild or moderate degrees of pul-
monary stenosis do not manifest symptoms. They
usually have normal exercise tolerance during
childhood, but with moderate stenosis and a patent
foramen ovale mild cyanosis may appear with exer-
tion and exercise tolerance may be limited. This
progresses with age. As with severe stenosis, it has
been assumed that moderate stenosis may induce
right ventricular myocardial fibrosis over years,
and that cardiac failure may develop in adult life. As
mentioned above, there is little documentation of
this with severe stenosis, and even less with mild
and moderate stenosis.

The clinical findings are similar in infants and
children. The heart is not clinically enlarged. An
increased right ventricular impulse may be pal-
pated at the lower left sternal border and a systolic
thrill may be detected at the upper left sternal bor-
der. The first sound is normal. The second sound is
normal with mild stenosis, but the second compon-
ent may be delayed and soft with moderate steno-
sis. A systolic ejection click is commonly heard
along the left sternal border in children and adults,
but is less frequently noted in infants. A systolic
crescendo–decrescendo murmur of grade 3–5/6
intensity is heard maximally at the upper left sternal
border. The murmur radiates to the infraclavicular
area and may be transmitted to the right chest.

Investigations

Electrocardiography
The electrocardiographic findings vary depending
on the severity of the pulmonary stenosis and the
size of the right ventricle. With mild pulmonary
stenosis, the electrocardiogram may be normal,
although frequently there is delayed right ventricu-
lar conduction, with an rsr′ pattern in the right pre-

cordial leads, with no increase in voltage. More
severe stenosis is associated with right axis devi-
ation to 90–150° and right ventricular hypertrophy.
The P waves in limb leads II and III, aVR, and the
right precordial leads may be peaked and the ampli-
tude may be increased slightly.

In infants with severe stenosis, the T waves in the
right precordial leads are upright, reflecting right
ventricular hypertrophy, but in children and adults
the T waves are often deeply inverted in these leads.
It has been suggested that this reflects myocardial
ischemia, but there is no reliable evidence support-
ing this concept. R-wave amplitude in V4R and V1
is increased to 10–35 mm. In children and adoles-
cents in whom there is an R wave with minimal S
wave in the right precordial leads, the level of right
ventricular systolic pressure is roughly correlated
with the amplitude of the R wave. When the elec-
trocardiogram is calibrated so that 1 mV equals 
10 mm of deflection, multiplying the R-wave
amplitude in millimeters by 5 provides an estimate
of right ventricular systolic pressure. Thus an R
wave of 15 mm indicates a right ventricular systolic
pressure of 75 mmHg. This relationship may not be
applicable in infants or adults. The S wave in the left
precordial leads is often prominent. When Ebstein
malformation is associated with pulmonary atresia,
right ventricular conduction is delayed, but the
amplitude of the R wave is not usually greatly
increased.

In infants with pulmonary atresia, the electro-
cardiographic changes are related to the size of the
right ventricle. With a large ventricle, the changes
are similar to those seen with severe stenosis. If the
ventricle is markedly hypoplastic, the electrical 
axis is often 0–30° and may be slightly negative. 
The right precordial R waves may be markedly
increased in infants with large right ventricles, but
may be in the normal range for neonates. In infants
with pulmonary atresia with small right ventricles,
there may be dominance of left forces with small or
absent R waves in the right precordial leads. The
degrees of axis deviation and right ventricular
hypertrophy are not reliable indicators of the size of
the right ventricle. 

Chest radiography
Radiographic changes are influenced by the sever-
ity of the lesion and age. In infants with pulmonary

c15.qxd  12/22/08  11:37  Page 405



406 CHAPTER 15

atresia or severe stenosis and a large right ventricle,
the cardiac shadow is large; the right atrium may be
prominent and the right ventricle enlarged. In
those with a hypoplastic ventricle, the heart is 
not enlarged and occasionally appears to be small.
The pulmonary artery segment is not prominent 
in infants with atresia, but may show mild post-
stenotic dilatation in those with severe stenosis.
Pulmonary vascular markings are determined by
the patency of the ductus arteriosus. While the duc-
tus is open, pulmonary vascular markings appear to
be normal or slightly reduced, but they become
reduced when the ductus constricts.

Infants with mild or moderate stenosis have
hearts of normal size, but with more severe stenosis
the right ventricle may be prominent. Poststenotic
dilatation of the main pulmonary artery may be
noted in infants, but it is usually mild in degree.
Children and adults with mild or moderate stenosis
also have hearts of normal size, but right ventricu-
lar prominence may be evident. Poststenotic dilata-
tion of the main pulmonary artery is a prominent
feature; it is not related to severity of the stenosis.
Some patients with small pressure gradients of
10–15 mmHg across the valve may have marked
poststenotic dilatation. In adolescents and adults
with severe stenosis, the heart may demonstrate
enlargement, with right ventricular prominence.
This probably represents the onset of right ven-
tricular failure.

Echocardiography
Ultrasound has greatly facilitated the diagnosis, as
well as the assessment of severity, of pulmonary
stenosis. It has been invaluable in differentiating
the various congenital cardiac lesions causing
cyanosis in the newborn infant. The combined use
of two-dimensional echocardiography and color
flow Doppler ultrasound has made it possible to
evaluate most of the features necessary for making
decisions about management of infants with severe
pulmonary stenosis or atresia. 

Infant with cyanosis
The morphology of the pulmonary valve should be
assessed to determine whether the valve is membra-
nous and domes during systole, or if it is thickened,
dysplastic and immobile; whether there is any flow
through the valve from the right ventricle; and the

diameter of the valve annulus. In neonates the valve
is frequently myxomatous and thickened and the
annulus may be small, especially when the ventricle
is monopartite. The right ventricle should be assessed
to determine its size and whether it is tripartite,
bipartite, or monopartite. The degree of separa-
tion between the right ventricular cavity and the
pulmonary valve should be examined. The size of
the tricuspid valve should be measured and the
presence and magnitude of insufficiency assessed.
In addition, the morphology of the valve should 
be defined to exclude the presence of Ebstein 
malformation.

Ventricular–coronary communications connect-
ing with the right ventricular cavity can be identified.
Although it has been noted that blood in the sinu-
soids flows away from the right ventricle during
systole, it has not usually been possible to assess
whether there is constriction or obstruction of dis-
tal coronary arteries, and thus whether coronary
flow is right ventricular dependent. It is therefore
still necessary to perform angiography to define
coronary blood flow patterns more precisely.

The pressure in the right ventricle can be assessed
from the velocity of a tricuspid valve insufficiency
jet. Right-to-left flow across the foramen ovale and
left-to-right shunt through the ductus arteriosus
should also be assessed by color flow Doppler
study. The position of the atrial septum may be
helpful in deciding whether to perform balloon
atrial septostomy. If the septum shows significant
bulging into the left atrium, it is likely that the fora-
men ovale is somewhat restrictive. If it is decided to
introduce an aortopulmonary arterial shunt, left
atrial pressure could increase sufficiently to further
restrict flow from the right to the left atrium and
result in right-sided congestion. A balloon atrial
septostomy would therefore be indicated prior to
introducing the shunt.

The diagnosis of pulmonary atresia may be made
inappropriately under circumstances when right
ventricular function is poor and the ductus arterio-
sus widely patent. The pressure in the pulmonary
artery is raised by the open ductus, and the right
ventricle is not capable of generating a pressure
high enough to open the valve. Therefore no flow
through the valve is recorded in Doppler study of
the right ventricular outflow or pulmonary artery.
It is important to recognize the occurrence of 
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functional pulmonary atresia in some infants 
with Ebstein malformation, because morphological
pulmonary atresia is occasionally associated with
Ebstein malformation. The possibility of functional
atresia should be considered when the pulmonary
valve is thin and membranous and is flat during
systole, rather than doming into the pulmonary
artery.

Older infant and child
Before the use of Doppler techniques for assess-
ing blood flow patterns, M-mode and even two-
dimensional echocardiography were not always
totally reliable in diagnosing pulmonary stenosis.
Normally, the pulmonary valve leaflets are thin and
during systole are not visible because they are
flattened against the wall of the pulmonary artery.
In the presence of stenosis, the pulmonary valve
leaflets do not open fully and are visible in systole,
showing doming into the pulmonary artery. With
mild stenosis, the valve motion may not be restricted
greatly and the presence of stenosis may not be
appreciated; also, the pulmonary valve leaflets are
not always well visualized. For these reasons, in the
past, pulmonary stenosis was not recognized in
almost 25% of patients with pulmonary stenosis.
With better imaging and the use of Doppler tech-
niques, the diagnosis is now made routinely. 

Although the pulmonary valve leaflets are fre-
quently thick and immobile in newborn infants, in
older infants and children they are usually mem-
branous but sometimes quite thick. Very thickened
dysplastic pulmonary valves may be observed in
those patients with Noonan syndrome who have
pulmonary stenosis.

The size of the right ventricle should be deter-
mined and its wall thickness measured to assess
right ventricular pressure, as an indication of the
degree of hypertrophy and severity of stenosis. The
right ventricular cavity should be examined for 
evidence of abnormal muscle bands and for the
presence of muscle hypertrophy causing stenosis in
the outflow tract. The size of the pulmonary artery
should be determined, but the degree of post-
stenotic dilatation is not a useful index of the sever-
ity of stenosis. Mild stenosis may be associated with
marked dilation of the pulmonary artery and, par-
ticularly in infants, little dilation may occur with
severe stenosis.

Doppler ultrasound has greatly enhanced the
evaluation of patients with pulmonary stenosis.
Applying the Bernoulli equation, it is possible to
estimate the pressure gradient across the valve from
the flow velocity recording. The relationship of pres-
sure gradient (P) to peak flow velocity is expressed
by the equation P (mmHg) = 4V2, where V repre-
sents peak velocity (m/s). Although the pressure
gradients estimated by this method compare favor-
ably with those measured by catheterization tech-
niques, they tend to be somewhat higher. This is
related to the fact that peak velocity measured by
Doppler techniques occurs early in systole and pro-
vides an instantaneous measure of the pressure 
gradient at that moment. However, the pressure
gradient measured by catheter techniques is the dif-
ference between the peaks of pressure, which occur
later in systole and not usually simultaneously. The
differences in transvalvar pressure gradients meas-
ured by the two techniques are relatively small in
patients with pulmonary stenosis, but are greater in
those with aortic stenosis. It should be appreciated
that the Doppler technique cannot be applied to
measuring the pressure gradient reliably if stenosis
of the subvalvar region is present.

Ventricular–coronary artery communications
can be identified by ultrasound techniques. Blood
can be seen to flow from the ventricular cavity into
large sinusoids, but it is not possible to obtain pre-
cise information about myocardial perfusion or
about the presence of stenoses or other anomalies
in the smaller arteries. It is therefore necessary to
perform cardiac catheterization and angiography
to define coronary blood flow patterns and coro-
nary artery stenoses.

Cardiac catheterization and
angiocardiography
General considerations
Cardiac catheterization and angiocardiography
were essential for confirming the diagnosis of pul-
monary atresia in the cyanotic newborn infant and
for defining the size of the right ventricle, tricuspid
valve, pulmonary valve annulus, and pulmonary
arteries. It was also important in defining the dis-
tance between the right ventricular cavity and the
pulmonary artery. In older infants and children,
cardiac catheterization was the only method for
accurately determining the severity of pulmonary
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stenosis. Since the introduction of ultrasound 
techniques, the morphological features of the 
right ventricle, tricuspid valve, and pulmonary
valve and arteries can be defined, and the right 
ventricular pressure and gradient across the pul-
monary valve estimated, so that the indications for
catheterization have changed. If it is planned to
perform a systemic-to-pulmonary artery shunt in
the cyanotic newborn infant, catheterization is not
indicated. The main indications for catheteriza-
tion and angiography currently are to define 
the presence of ventricular–coronary communica-
tions, delineate the pattern of coronary blood flow, 
and perform therapeutic procedures to relieve
obstruction.

Pulmonary atresia and severe pulmonary
stenosis in infants
Catheterization was performed as an emergency 
in the cyanotic infant before the availability of pro-
staglandin (PG)E1. It is now advisable to delay 
the procedure and administer PGE1 to improve
oxygenation and relieve metabolic acidemia. The
infant should be placed in an optimal environmen-
tal temperature, and glucose administered to cor-
rect hypoglycemia.

Approach and catheter manipulation
From the groin approach, the catheter is passed
through the IVC to the right atrium. Often the
catheter passes preferentially across the foramen
ovale into the left atrium. It may be difficult to
maneuver the catheter through the tricuspid valve
into the right ventricle, particularly when the ven-
tricle is hypoplastic or when there is marked tri-
cuspid regurgitation. The cardiac rhythm should be
carefully monitored during manipulations to enter
the right ventricle because serious cardiac arrhyth-
mias, predominantly supraventricular tachycar-
dias, may result. These are especially likely to occur
if there is associated Ebstein malformation. How-
ever, entering the right ventricle is desirable, particu-
larly in the infant with a small right ventricle,
because ventricular–coronary communications are
likely to be present and it is important that flow
patterns be determined. An angiogram should be
performed in the right ventricle to confirm the
ultrasound assessment of its size and the distance
from the cavity to the region of the pulmonary

valve. If it is evident that the ventricle has no
infundibular region, no attempts should be made
to pass the catheter to the pulmonary valve. If the
ventricle is tripartite, an attempt can be made to
place the catheter just beneath the valve, where an
angiogram with a small amount of contrast mat-
erial can be done to determine whether the valve 
is atretic or severely stenosed.

Prior to the availability of PGE1 there was con-
siderable risk in passing the catheter across a
severely stenotic pulmonary valve, because even the
small area occupied by the catheter was sufficient to
accentuate the obstruction and induce rapidly pro-
gressive hypoxemia. Providing pulmonary blood
flow by dilating the ductus arteriosus has overcome
this risk.

A catheter can be passed across the foramen
ovale into the left atrium and left ventricle. The 
pulmonary arteries will fill from flow through the
ductus arteriosus when an angiogram is performed
in this site, and the position of the valve in relation
to the right ventricular cavity will be further
defined. However, it is important to perform an
angiogram in the ascending aorta to define the left
and right coronary arteries. This can be accom-
plished by manipulating a flow-directed (balloon)
catheter passed from the vein, through the left 
ventricle, and across the aortic valve. The balloon 
is inflated to occlude the ascending aorta; injec-
tion of contrast medium proximal to the balloon
provides excellent filling of the coronary vessels.
Simultaneous injections of contrast medium into
the right ventricle and the aorta close to the ductus
arteriosus have been recommended to provide pre-
cise information about the degree of separation 
of the right ventricular cavity from the pulmonary
artery. If it is not possible to pass the venous catheter
into the aorta, a retrograde arterial catheter should
be passed into the aorta either via the umbilical
artery or from the femoral artery. Prior to the use 
of PGE1, passing the arterial catheter across the
ductus arteriosus was contraindicated, because the
ductus could possibly be stimulated to constrict
and thus limit pulmonary blood flow. Even with
the use of PGE1, it is probably not advisable to
attempt to manipulate the catheter through the
ductus; entering the pulmonary artery does not
provide additional useful information in these
infants.
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Oxygen saturation and partial pressure
The SVC, IVC, right atrial, and right ventricular
oxygen saturations are similar and decreased. Levels
below 30% are quite common when systemic arte-
rial oxygen saturation is very low. Oxygen satura-
tions in the left atrium, left ventricle, and aorta also
are similar, although there may be small differences
between left atrial and left ventricular oxygen 
saturations due to streaming of pulmonary venous
blood and blood shunted through the foramen
ovale in the left atrium. Pulmonary venous oxygen
saturation is high, usually above 95%; if the infant
is receiving oxygen, it is 100%. Pulmonary venous
blood gases reflect the decrease in pulmonary blood
flow. When the infant is breathing air, pulmonary
venous Po2 is often above 100 mmHg, sometimes
reaching 110–115 mmHg. Pulmonary venous Pco2

is reduced to 15–20 mmHg and pH raised to
7.45–7.48. These blood gas values are related to the
relative hyperventilation associated with reduced
pulmonary blood flow but normal or increased
alveolar ventilation (see Chapter 4).

Systemic arterial Pco2 is usually normal or
slightly decreased, sometimes to 30–35 mmHg.
This is related to reduced carbon dioxide produc-
tion if hypoxia is severe (see Chapter 3). Arterial pH
may be normal if oxygenation is adequate, but is
reduced, sometimes to below 7.0, if hypoxemia 
is severe. The levels of arterial oxygen saturation 
and Po2 are determined by the magnitude of pul-
monary blood flow; a Po2 of 20–25 mmHg is not
unusual. 

With complete pulmonary atresia, the oxygen
saturation in pulmonary arterial blood is similar to
systemic arterial oxygen saturation; this is helpful
in calculation of flows and shunts.

Blood flows and shunts
Systemic blood flow is normal or increased in most
infants with pulmonary atresia or severe pul-
monary stenosis, whereas pulmonary blood flow is
reduced considerably, sometimes to as low as 
0.5 L/min per m2. Infants who have marked tricuspid
regurgitation often have low systemic blood flows.
Calculation of systemic blood flow by the Fick
method is usually possible, but there may be
difficulty in calculating pulmonary blood flow. If
samples cannot be obtained, pulmonary venous
oxygen saturation will have to be assumed, because

there is right-to-left shunting at the atrial level.
Oxygen saturation in the pulmonary artery is the
same as that in the aorta if pulmonary atresia is pre-
sent. However, with severe pulmonary stenosis, 
it is difficult to estimate pulmonary arterial oxygen 
saturation, because the contribution from flows
through the pulmonary valve and the ductus arte-
riosus varies. Passing the catheter distally into the
left or right pulmonary artery may not provide a
mixed pulmonary arterial blood sample, because
blood flowing through the ductus may be dis-
tributed preferentially to the left pulmonary artery.

In infants with pulmonary atresia, pulmonary
and systemic blood flows may be calculated using
the following equations:

Ap =

As =

where Ap indicates pulmonary blood flow and 
As systemic blood flow. Because complete admix-
ture of pulmonary and systemic blood flows occurs
in the left atrium, the ratio of pulmonary to sys-
temic blood flow determines the level of oxygen
saturation in the systemic arterial circulation (see
Chapter 4).

The anatomical right-to-left shunt represents the
total volume of blood that passes from the right
atrium to the left atrium and is equal to the sys-
temic blood flow. The anatomical left-to-right
shunt is the volume of blood passing from the aorta
to the pulmonary artery through the ductus arte-
riosus, and in pulmonary atresia it represents pul-
monary blood flow.

Physiological left-to-right shunt is the propor-
tion of oxygenated blood that recirculates through
the lungs and is calculated from:

AL–R = Ap − Aep

where Aep indicates effective pulmonary blood
flow. Physiological right-to-left shunt represents
the volume of venous blood that enters the systemic
arterial circulation without passing through the
lungs and is calculated from:

AR–L = As − Aep

Bo2

Systemic arterial
oxygen content

Systemic mixed venous
 oxygen content

  −

Bo2

Pulmonary venous
oxygen content

Systemic arterial
oxygen content

  −
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Pressures
The right atrial pressure usually shows a tall a wave,
which may reach 15–20 mmHg, but right atrial
mean pressure may be only moderately increased to
8–10 mmHg. Left atrial mean pressure is usually
2–3 mmHg lower than right atrial mean pressure;
the dominant v wave usually noted in the left atrial
pressure pulse is not present if pulmonary venous
return is decreased, in which case a and v waves are
equal. Left ventricular and systemic arterial pres-
sures are in the normal range. Right ventricular 
systolic pressure is markedly elevated to above sys-
temic systolic levels, and may reach 120–160 mmHg.
The pressure contour is usually triangular in shape,
with a relatively slow upstroke and downstroke.
Right ventricular end-diastolic pressure is raised to
15–20 mmHg.

Infants with tricuspid insufficiency usually have
right ventricular systolic pressures below left ven-
tricular and systemic arterial systolic pressures:
they usually range from 40 to 60 mmHg, but occa-
sionally are lower. Also, these infants often have
systemic arterial hypotension, related to decreased
cardiac output. In infants with tricuspid regurgita-
tion, it is important to consider the possibility that
the apparent pulmonary atresia is functional.

Functional pulmonary atresia is not infrequently
encountered in infants with Ebstein malformation.
The right ventricle is unable to achieve a systolic
pressure similar to that in the systemic circulation,
either because a major portion of the wall is very
thin or because there is marked tricuspid regurgita-
tion. If the ductus arteriosus is patent, aortic pres-
sure is transmitted to the pulmonary artery. The
aortic pressure then exceeds right ventricular pres-
sure and the pulmonary valve does not open during
systole. Infusion of PGE1 may induce the phe-
nomenon by opening the ductus widely. It may also
occur in infants with Ebstein malformation when
the displaced tricuspid valve leaflet obstructs the
right ventricular outflow, thus reducing pressure
proximal to the pulmonary valve. It is important to
recognize that the atresia is functional, so that no
attempt is made to open the outflow tract. The con-
dition should be suspected when the pulmonary
valve annulus is wide and the pulmonary valve is
identified as a thin membrane. In organic atresia,
the valve is often dysmorphic and thickened and
the annulus narrowed. Also the region just proximal

to the valve should be examined carefully by ultra-
sound and angiography to detect regurgitation.

Angiocardiography
Angiograms are most important in providing
details of the precise anatomy of the right ventricle
and the pulmonary arteries. A right atrial angio-
gram is not usually helpful, because a large amount
of contrast medium crosses the foramen ovale.
Occasionally it is performed when it is difficult to
pass the catheter into the right ventricle and the
diagnosis of tricuspid atresia is being considered.
The right ventricle usually fills, but the procedure is
not completely reliable in excluding the possibility
of tricuspid atresia, because a small ventricle may
not fill. If Ebstein anomaly is associated, a large
atrial chamber and atrialized portion of the ventric-
ular chamber is seen. With severe tricuspid regurgi-
tation, contrast medium may not be ejected from
the right ventricle into the pulmonary artery
because, as mentioned above, there may be func-
tional pulmonary atresia. The right ventricular
injection demonstrates chamber size and the dia-
meter of the tricuspid valve and whether there is any
opening between the right ventricle and the pul-
monary artery. The size of both the right ventricu-
lar cavity and the tricuspid valve should be assessed
and the distance between the right ventricular cav-
ity and the pulmonary artery measured. In some
infants, particularly those with severe stenosis, the
ventricular size is normal, the three portions of the
chamber are present, and tricuspid valve diameter
is normal. Only a small amount of tricuspid regur-
gitation is evident.

In the majority of infants with pulmonary atre-
sia, the right ventricular cavity is quite small and the
diameter of the tricuspid valve orifice is reduced.
Right ventricular volume and tricuspid valve dia-
meter should be calculated. Ventricular–coronary
communications fill with contrast medium injected
into the right ventricle; the large sinusoids are seen
to connect with coronary arteries, usually the right
or left anterior descending vessels, but rarely to the
left circumflex artery. Contrast material usually
then flows retrograde in the artery to fill the aorta. If
the aorta does not fill, it should be suspected that
the proximal connection of the artery to the aorta is
missing or is stenosed and the filling of vessels from
the aortic angiogram should be examined carefully.

c15.qxd  12/22/08  11:37  Page 410



Pulmonary stenosis and atresia with intact ventricular septum 411

An attempt should also be made to evaluate per-
fusion of the myocardium from the ventricular–
coronary artery communications. A left ventricular
injection is not especially helpful; before the avail-
ability of ultrasound, it was useful in excluding a
ventricular septal defect. The left ventricular cham-
ber is somewhat enlarged but otherwise normal. 

As mentioned above, a contrast injection into
the aorta is important in defining the coronary
arteries. Excellent visualization of the coronary
arteries can usually be obtained by passing a flow-
directed catheter from the femoral vein through the
foramen ovale into the left atrium and through the
left ventricle to the ascending aorta. The balloon on
the catheter is inflated to occlude the aorta distal to
the coronary artery origins; contrast injected proxi-
mal to the balloon produces excellent definition of
the coronary arteries. It should be determined if
both coronary arteries are filled from the aorta and
they should be examined carefully for areas of
stenosis. When the balloon is deflated contrast
medium will be seen to pass from the aorta through
the ductus arteriosus to the pulmonary artery. The
main pulmonary artery is usually smaller than nor-
mal, as are the left and right branches.

If the right ventricular cavity is small, it is often
helpful to perform angiograms simultaneously in
the right ventricle and the aorta just proximal to the
connection of the ductus arteriosus. Simultaneous
visualization of the right ventricular cavity and the
pulmonary artery, which fills through the ductus,
will define the distance between them.

Pulmonary stenosis in older infants 
and children
Before the advent of ultrasound techniques, car-
diac catheterization was frequently performed in
children and adults with pulmonary stenosis to
confirm the diagnosis, assess the severity of the
lesion, and define the site(s) of obstruction. These
features can now usually be defined by ultrasound
study. Cardiac catheterization is now performed
mainly for purposes of treatment by balloon angio-
plasty. Occasionally diagnostic procedures are still
indicated to clarify sites of intraventricular and
peripheral pulmonary arterial obstruction.

Approach and catheter manipulation
An approach is made percutaneously through the

femoral vein; the catheter is advanced through the
IVC to the right atrium, right ventricle, and pulmo-
nary artery. The site(s) of obstruction are identified
by continuous pressure monitoring as the catheter
is advanced or withdrawn. If right ventricular pres-
sure is markedly elevated and there is a history of
cyanosis, the child’s condition should be carefully
monitored when the catheter is advanced through
the pulmonary valve. Restlessness, anxiety, or increas-
ing cyanosis may indicate critical obstruction of the
valve orifice; the catheter should be withdrawn
promptly to the right ventricle. The foramen is
patent in a number of infants and children with
pulmonary stenosis, and the venous catheter can be
passed into the left atrium and ventricle.

Oxygen saturation
The oxygen saturations in the right heart chambers
are usually similar, indicating the absence of shunts.
Mixed venous oxygen saturation may be reduced in
infants with pulmonary atresia with large right-to-
left shunts through the foramen ovale resulting in
systemic arterial hypoxemia. It may also be reduced
in patients who have severe pulmonary stenosis
with cardiac failure, due to increased oxygen ex-
traction associated with reduced cardiac output.
When the foramen ovale is widely patent or a fossa
ovalis atrial septal defect is present and the pul-
monary stenosis is mild, an increase in oxygen 
saturation may occur at the right atrial level due to
left-to-right shunting. Oxygen saturation in the 
left atrium and ventricle and in the aorta may 
be reduced by right-to-left shunting through the
foramen ovale.

Blood flows
The cardiac output is usually in the normal range 
in children with pulmonary stenosis unless cardiac
failure is present, in which case it is reduced.
Pulmonary blood flow is usually normal. Exercise
in patients with mild pulmonary stenosis results in
a normal rise in cardiac output and an increase in
stroke volume. In severe stenosis, the rise in cardiac
output is restricted and stroke volume is limited to
the resting level or frequently it decreases.

Pressures
The right atrial pressure is normal in the presence
of mild pulmonary stenosis; with severe stenosis
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there is a prominent a wave reaching pressures of
up to 15–20 mmHg and mean pressure may be
increased to 8–10 mmHg. Right ventricular systolic
pressure is related to the severity of the stenosis;
with mild stenosis, it may be as low as 25–30 mmHg,
with a pressure drop of as little as 5–10 mmHg
across the pulmonary valve. Right ventricular pres-
sure may be elevated to 280–300 mmHg in patients
with severe pulmonary stenosis. Characteristically,
there is a slow upstroke and slow descent of the
pressure, producing a rather triangular contour of
the pressure tracing. In patients with severe steno-
sis, alternans of the right ventricular pressure may
occur, with systolic pressure differences of as much
as 20–30 mmHg. When ectopic beats occur or are
induced there is a striking postectopic potentiation
of right ventricular systolic pressure; in patients
with mild stenosis, this may be only 5–10 mmHg
above the control, but with severe stenosis it may be
as high as 30–50 mmHg. Right ventricular end-
diastolic pressure is normal in individuals with
mild stenosis but elevated up to 15–20 mmHg in
severe stenosis.

In patients with severe valvar pulmonary steno-
sis, secondary hypertrophy of the right ventricular
outflow may develop, resulting in a pressure differ-
ence between the body of the right ventricle and the
infundibular region. The exact site of the stenosis
may be difficult to appreciate on the pressure 
tracing because the pulmonary arterial and infun-
dibular pressures are quite low and do not have
contours characteristic of normal pressure tracings.
One helpful point is to carefully examine the 
diastolic portion of the pressure pulse; when the
catheter is in the right ventricle, the pressure falls
sharply in early diastole and then rises to the a
wave, whereas in the pulmonary artery, pressure
falls slowly through diastole. However, the exact
site of the stenosis should always be confirmed by
right ventricular angiography.

Pulmonary arterial mean pressure is usually nor-
mal, but there is often a reduction in the pulsatile
pressure contour and a dicrotic notch is not well
seen. In patients with moderate or severe stenosis, a
reduction in systolic pressure or an actual negative
pressure may be recorded just distal to the pul-
monary valve as the catheter is withdrawn from the
pulmonary artery into the right ventricle; this is due
to the Bernoulli phenomenon (see Chapter 4).

Pressures in the left atrium, left ventricle, and sys-
temic artery are normal in children with pul-
monary stenosis.

Valve area
The normal pulmonary valve area is about 
2 cm2/m2 body surface area. In patients with mild
stenosis, the calculated valve area ranges from 1 to 
2 cm2/m2. When stenosis is severe, the pulmonary
valve area may be reduced to as little as 0.2 cm2/m2.
Application of the Gorlin formula to calculate valve
area cannot be considered valid when all or part of
the pressure difference across the right ventricular
outflow is due to subvalvar stenosis. The formula
was derived for flow across an orifice, and it cannot
be used when there is a long area of stenosis or
when there is more than one site of obstruction.

Angiocardiography
The most useful information is obtained from
injections of contrast medium into the right ventri-
cle. The cavity is usually of normal size and has
prominent trabeculations. In patients with severe
stenosis, the cavity may be smaller than normal and
the wall of the ventricle is markedly thickened. 
In the rare instances in which cardiac failure is 
present, the ventricle is moderately enlarged, end-
diastolic volume is increased, and ejection fraction
is decreased.

In patients with severe stenosis, the pulmonary
valve is often thickened and its motion may be
restricted. During systole, it domes into the pul-
monary artery and a jet of contrast medium is
noted to flow through the orifice during the whole
of systole; the jet is usually central in position, but
may be peripheral. The main pulmonary artery and
often the left branch are dilated, and contrast
medium is often seen to swirl as the jet enters the
dilated vessel. It is important to assess the size of the
pulmonary annulus; the diameter is usually normal
and the sinuses of Valsalva are well developed.
However, in young children with severe stenosis,
the annulus may be narrow and the sinuses poorly
developed. In rare instances, the valve may be
markedly thickened and irregular due to myxoma-
tous degeneration.

When mild stenosis is present, the valve leaflets
are also observed to be thickened and do not have a
full range of motion in systole. A jet is not observed
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during systole when stenosis is very mild, and it
may be difficult to document any abnormality of
valve function or thickening of the valve. Often the
only evidence of abnormality is a jerky motion of
the valve.

The infundibular region of the right ventricle
should be examined carefully in both the frontal
and lateral projections. In patients with mild steno-
sis, the action of the infundibular region is quite
normal, but in some patients with severe stenosis
the infundibulum contracts actively and frequently
almost completely occludes the lumen during sys-
tole. The systolic narrowing of the infundibulum is
usually best observed in the lateral projection. The
narrowing may be so severe as to produce a very
small string-like channel during peak systole. The
extent of infundibular narrowing varies consider-
ably, from a long area extending from the body 
of the ventricle to the subvalvar area to a short 
segment in the immediate subvalvar region. The
behavior of the infundibulum during diastole varies.
In milder degrees of stenosis, it usually opens to
provide a wide channel, but in severe grades of 
valvar stenosis, especially in older children, the
muscle hypertrophy is marked and the infundibu-
lum is narrowed even during diastole.

Left ventricular angiograms usually show nor-
mal left ventricular appearance and behavior and
normal aortic anatomy. In cases of severe stenosis,
the ventricular septum may bulge into the left ven-
tricular cavity.

Differential diagnosis

Although pulmonary stenosis may be confused
with several cardiac lesions, three clinical situations
in which pulmonary stenosis with intact ventricu-
lar septum must be considered in the differential
diagnosis are presented.

Infants with marked cyanosis
The diagnosis of pulmonary stenosis or atresia with
intact ventricular septum must be considered in
any infant who has cyanosis. When atresia is pre-
sent, a murmur may not be audible, and the lesions
that must be considered are aortopulmonary trans-
position, pulmonary atresia with ventricular septal
defect, tricuspid atresia, total anomalous pul-
monary venous drainage with obstruction of pul-

monary venous drainage, and more complicated
conditions such as atrioventricular septal defects,
double-outlet right ventricle and single ventricle
with severe pulmonary stenosis or atresia.

Since the introduction of ultrasound, the differ-
ential diagnosis of the cardiac lesions causing
cyanosis in the newborn infant can be made readily,
but clinical assessment is often useful. A prominent
second heart sound at the upper left sternal border
is not heard with pulmonary stenosis or atresia, but
is usually audible in infants with aortopulmonary
transposition and total pulmonary venous return.
Although systolic murmurs are often not heard
with pulmonary atresia, the presence of tricuspid
regurgitation may be associated with a systolic
murmur over the lower precordium. Many of the
other lesions may or may not be associated with
systolic murmurs. Chest radiographs help to distin-
guish between lesions with normal or increased
pulmonary blood flow and those with reduced
flow. With aortopulmonary transposition, the
heart size is usually normal, but there is often a nar-
row superior mediastinum and pulmonary vascu-
lar markings are normal or increased. With total
anomalous pulmonary venous connection and
obstructed venous return, the heart is usually of
normal size, but pulmonary vascular markings are
prominent and pulmonary edema is often evident.
Pulmonary atresia with intact ventricular septum
with no significant tricuspid regurgitation is asso-
ciated with normal heart size and reduced pul-
monary vascular markings. Similar findings occur
with pulmonary stenosis or atresia with ventricular
septal defect and with tricuspid atresia without
ventricular septal defect. When Ebstein malforma-
tion is associated, the heart is enlarged, often
markedly. The electrocardiogram is often helpful;
in infants with atrioventricular septal defect with
pulmonary stenosis, there is left axis deviation and
usually marked right ventricular hypertrophy. Left
axis deviation is often present in infants with tricus-
pid atresia, but it may also occur in infants with
pulmonary atresia with intact ventricular septum.
Other lesions are usually associated with right axis
deviation in infancy, but if right ventricular
hypoplasia complicates other lesions, such as aorto-
pulmonary transposition, left axis deviation may
result. In the precordial leads, there are prominent
right forces in infants with most of the lesions 
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mentioned above. Exceptions are infants with 
tricuspid atresia and those with pulmonary atresia
with intact ventricular septum with very hypoplas-
tic right ventricles. Although ultrasound studies
usually readily distinguish between the lesions,
occasionally it may be difficult to identify the small
tricuspid valve and flow through it into the ventri-
cle in the infant with a hypoplastic ventricle, and
the diagnosis of tricuspid atresia is considered.

Differentiation between pulmonary
stenosis with intact ventricular septum
and patent foramen ovale and
pulmonary stenosis with ventricular
septal defect in older infants and
children
Patients with pulmonary stenosis may be cyanotic
if there is a right-to-left shunt through either a ven-
tricular septal defect or an atrial septal defect or
patent foramen ovale. It is important to distinguish
between patients with and without a ventricular
septal defect, because the management is different.

Although the infant with pulmonary stenosis
and ventricular septal defect (tetralogy of Fallot)
usually manifests cyanosis in early infancy, it may
not appear for several months or even years after
birth. The onset of cyanosis may also be delayed in
the child with moderate pulmonary stenosis and a
patent foramen ovale. Squatting is unusual when
the ventricular septum is intact but is common in
children with tetralogy of Fallot. The heart is not
enlarged in either group and there is a prominent
lower left sternal impulse in both. The second heart
sound is usually narrowly split or single with tetral-
ogy of Fallot; it is soft at the upper left sternal bor-
der but is heard accentuated at the lower left sternal
border. With intact ventricular septum, the second
sound is soft throughout the precordium and is
widely split, although the pulmonary component
may be difficult to hear. A systolic ejection click is
usually heard at the mid-left sternal border in
patients with pulmonary stenosis with intact ven-
tricular septum but is rare in tetralogy of Fallot. The
systolic murmur is crescendo–decrescendo in qual-
ity and occupies the whole of systole in patients
with intact ventricular septum, whereas in those
with ventricular septal defect the murmur starts
immediately after the first sound, is of even inten-
sity, and often ends some time before the second

sound. Although the effect of peripheral vasodila-
tion is no longer examined in these patients, the
response is interesting because it indicates the
physiological differences. Inhalation of amyl nitrite
results in a reduction in intensity and shortening 
of the duration of the murmur in patients with
tetralogy of Fallot, but an increase in intensity 
of the murmur in patients with pulmonary steno-
sis and intact ventricular septum. The peripheral
vasodilatation produced by amyl nitrite produces a
decrease in both systemic arterial and right ventric-
ular pressures in patients with large ventricular sep-
tal defects; this results in a decrease in ejection from
the right ventricle and thus a decrease in the mur-
mur. The increase in cardiac output associated with
amyl nitrite inhalation produces increased venous
return to the right atrium and right ventricle (in the
patient with intact ventricular septum), the right
ventricular end-diastolic and systolic pressures are
raised, and stroke volume is increased, resulting in
a louder murmur. This test is interesting but no
longer used because amyl nitrite causes a disturbing
sensation in children and is also potentially risky.

The radiograph may be helpful; in most patients
with tetralogy of Fallot, the pulmonary artery seg-
ment is small and the pulmonary vasculature often
decreased. The aortic arch is right-sided in about
25%, and persistence of the left SVC may be observed.
When the ventricular septum is intact, the pul-
monary artery is usually prominent due to post-
stenotic dilatation and the peripheral pulmonary
vessels are normal. The size of the pulmonary artery
is largely related to the site of the stenosis rather
than to the presence or absence of a ventricular sep-
tal defect. When the stenosis is predominantly
infundibular, as in tetralogy of Fallot, the pul-
monary artery is usually not prominent, but valvar
or immediate subvalvar stenosis occurring in
patients with tetralogy of Fallot may cause pul-
monary arterial enlargement.

Usually, the electrocardiogram is not conclusive.
Right ventricular hypertrophy is present in both
lesions. Right atrial hypertrophy reflected by tall
peaked P waves in leads II and III is more frequent
when the ventricular septum is intact. Severe
degrees of right ventricular hypertrophy with R
waves greater than 30 mm in the right precordial
leads are more common when the ventricular sep-
tum is intact; however, in patients in whom the
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ventricular septal defect is restrictive (see Chapter 14),
very tall R waves may be observed.

Ultrasound studies are usually conclusive in
demonstrating the ventricular septal defect and the
infundibular stenosis in the right ventricle in chil-
dren with tetralogy of Fallot. The stenosis is usually
valvar when the ventricular septum is intact, but
secondary subvalvar stenosis can develop in chil-
dren with severe pulmonary stenosis and intact
ventricular septum.

Cardiac catheterization is currently not neces-
sary to differentiate the two lesions. However, the
features are presented because they demonstrate
interesting differences in physiology. Patients with
pulmonary stenosis and patent foramen ovale, who
have right-to-left shunting, will demonstrate a
decrease in oxygen saturation in the left atrium.
Most patients with tetralogy of Fallot shunt at the
ventricular level; however, the patient with tetral-
ogy of Fallot may have a patent foramen ovale with
shunting through it as well as through the ventricu-
lar septal defect. The right atrial a wave is usually
more prominent when the ventricular septum is
intact. In tetralogy of Fallot, systolic pressure in the
right ventricle is equal to that in the left ventricle or
aorta and has a rapid upstroke, a rather squared-off
top, and a rapid descent. If ectopic beats are
induced by advancing the catheter against the wall
of the ventricle, the left and right ventricular pres-
sures remain equal with all increases and decreases,
and it is also noted that there is little postectopic
potentiation of right ventricular systolic pressure.
When the ventricular septum is intact, right ven-
tricular systolic pressure may be considerably lower
or higher than left ventricular or aortic pressure,
unless there is a small ventricular septal defect.
Frequently, the left and right ventricular pressures
are quite similar at rest, but they separate when
ectopic beats are induced; right ventricular pres-
sure shows marked postectopic potentiation, not
observed in the left ventricle. The right ventricular
pressure contour is also different, showing a slow
rise and descent, giving it a triangular appearance.

Differentiation between pulmonary
stenosis and ventricular septal defect
A loud systolic murmur at the mid-left sternal bor-
der may be due to either pulmonary stenosis or
ventricular septal defect. Differentiation is usually

not difficult because the locations of the murmurs
are typical; the murmur of ventricular septal defect
is usually most prominent at the lower left sternal
border and xiphoid region. The murmur of pul-
monary stenosis is most prominent at the upper 
left sternal border and left infraclavicular area.
However, confusion may arise, especially with a
doubly committed subarterial (subpulmonary)
ventricular septal defect, because the murmur in
this lesion is heard best at the mid and upper left
sternal border. The murmur of pulmonary stenosis
has a crescendo–decrescendo configuration, whereas
the murmur of ventricular septal defect is of even
intensity. The second heart sound is usually soft at
the upper left sternal border with pulmonary steno-
sis, but is normal or increased in intensity at this
site with ventricular septal defect. The radiograph
may show poststenotic dilatation of the pulmonary
artery with pulmonary stenosis. Also, pulmonary
vascular markings may be increased with ventricu-
lar septal defect if there is a moderate or large left-
to-right shunt, but are normal if the shunt is small;
they are normal with pulmonary stenosis. The elec-
trocardiogram shows right ventricular hypertrophy
in pulmonary stenosis, but may show combined
ventricular hypertrophy with ventricular septal
defect. However, with either mild pulmonary
stenosis or a small ventricular septal defect, the
electrocardiogram is often normal.

Differentiation between mild
pulmonary stenosis and atrial 
septal defect
It may be difficult to distinguish between mild pul-
monary stenosis and atrial septal defect. With both
lesions a systolic crescendo–decrescendo murmur
is heard at the upper left sternal border. It is usually
harsher in quality in patients with pulmonary
stenosis. The second heart sound at the upper left
sternal border is well split with atrial septal defect,
and does not narrow significantly during expira-
tion. With pulmonary stenosis, the sound is also
often split, but does narrow or become single 
during expiration. The presence of a prominent
ejection click is supportive of the diagnosis of pul-
monary stenosis. The chest radiograph may be
helpful; with atrial septal defect, cardiomegaly 
may be present if the left-to-right shunt is large. 
The heart is not usually enlarged with pulmonary
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stenosis. The pulmonary vascular markings may be
increased with atrial septal defect, but are normal
with pulmonary stenosis. Right ventricular hyper-
trophy may be present on electrocardiography with
both lesions, but with atrial septal defect the right
precordial voltages are not usually greatly increased
and right ventricular conduction delay is usually
present. However, with small atrial septal defects
and with mild pulmonary stenosis, the electrocar-
diogram may be normal. Some children with large
atrial left-to-right shunts have been found at car-
diac catheterization to have a systolic pressure 
difference of up to 30–40 mmHg across the pul-
monary valve in the absence of evidence of pul-
monary valve disease. It is related to high flow
across the orifice, and results in a murmur with all
the characteristics of pulmonary stenosis.

Principles of management

Pulmonary stenosis in the fetus
The ability to recognize the presence of pulmonary
stenosis in the fetus by ultrasound examination has
raised questions about attempts to relieve the
obstruction in utero. There are only a few published
reports of balloon dilation of the pulmonary valve
by transabdominal approach in fetuses with valvar
pulmonary stenosis with intact ventricular septum.
The procedures were performed for perceived 
cardiac failure at 28–30 weeks’ gestation and were 
successful. Cardiac failure was relieved and right
ventricular size increased after the procedure
[3,13]. As discussed in Chapter 11, several centers
have been performing aortic balloon valvulo-
plasty to attempt to prevent the development of
hypoplastic left ventricle in fetuses with aortic
stenosis. Interest is now being directed to relieving
pulmonary stenosis in utero, in the hope that pre-
natal relief of the stenosis may allow the right ven-
tricle to grow and improve the likelihood that there
will be two functional ventricles after birth. No
published reports of this procedure are available,
but verbal reports of the procedure in a small num-
ber of fetuses have come to my attention. The indi-
cations for performing dilation of the pulmonary
valve in the fetus are not yet defined. Several studies
have examined the influence of morphological
findings in the fetus with pulmonary stenosis on
the likelihood of achieving a biventricular heart

after birth. A small tricuspid valve orifice, a small
pulmonary valve annulus, and the presence of
coronary sinusoids were all indicators of the
unlikelihood of achieving a functional right ventri-
cle postnatally [14,15]. Whether balloon angio-
plasty of the pulmonary valve in the fetus will
improve the chances of achieving a biventricular
circulation is yet to be explored.

Infants with cyanosis
The presence of severe cyanosis in the newborn
infant with suspected pulmonary stenosis or atresia
is an indication for urgent treatment. The infant
should be maintained in a neutral thermal environ-
ment to minimize oxygen consumption (see Chap-
ter 3). Oxygen should be administered; although it
may not be particularly beneficial when pulmonary
blood flow is markedly reduced, it will still result 
in some improvement in arterial oxygen content
(see Chapter 3). If possible, an umbilical arterial
catheter should be inserted to monitor blood gas
status. Also, because it is very likely that PGE1

will be indicated, it is advisable to intubate the tra-
chea to provide assisted ventilation if necessary. If
the umbilical artery cannot be catheterized, an 
arterial sample should be obtained by radial artery
puncture. Arterial blood pH, Po2, Pco2, and glu-
cose levels should be measured. Acidemia and
hypoglycemia should be treated promptly and 
electrocardiography, echocardiography, and chest
radiography obtained as soon as possible. Prior to
the introduction of prostaglandin treatment,
urgent surgery to improve pulmonary blood flow
was indicated, but opening the ductus arteriosus
with PGE1 infusion has eliminated the urgency for
operation.

The important decision will have to be made
regarding the administration of PGE1 to dilate the
ductus arteriosus, particularly in the infant who is
to be transported to a cardiac center. PGE1 infusion
would be contraindicated in only few cyanotic con-
genital cardiac lesions; it could possibly produce
adverse effects in some infants with total anoma-
lous pulmonary venous drainage (see Chapter 13)
or with aortopulmonary transposition (see Chapter
18). It is also not indicated in infants who have lung
disease as the primary cause of cyanosis. Lung dis-
ease causing severe cyanosis would be associated
with marked respiratory distress, including chest
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retraction. Also, the arterial Pco2 would most likely
be elevated. Therefore, if the Po2 is very low and the
Pco2 normal, and particularly if the pH is reduced,
it would be reasonable to administer PGE1 prior to
making a definitive diagnosis. As soon as the stud-
ies have been obtained, the situation can be
reassessed. If the infant is already in a tertiary care
center, it would be reasonable to delay PGE1 ther-
apy until the results of diagnostic studies can be
performed, unless metabolic acidemia is evident
from blood gas measurements.

PGE1 may be administered by intravenous infu-
sion or through an umbilical arterial catheter. The
recommended initial infusion rate is 0.05 μg/kg per
min. This dose is usually effective and results in
improvement in arterial oxygen saturation and
metabolic acidemia, but the dose can be increased if
necessary to 0.1 μg/kg per min. After 2–3 hours, if
blood pH has returned to normal, the dose can be
reduced progressively to 0.002–0.005 μg/kg per
min. The infant’s blood oxygen status should 
be carefully monitored while the dose is being
reduced; should there be any deterioration, the
infusion rate should be increased promptly. The
important immediate adverse effects of PGE1 are
respiratory depression leading to apnea, particu-
larly in premature infants, and systemic arterial
hypotension. It is thus recommended to intubate
the trachea, especially in preterm infants, and to be
prepared to provide mechanical ventilation.
Reduction in infusion rate often eliminates the
need for assisted respiration. Similarly, reducing
the infusion rate usually allows blood pressure to
return to normal levels, but if necessary cate-
cholamines such as dopamine or dobutamine can
be added. Other adverse effects include flushing
due to peripheral vasodilatation; fever due to a cen-
tral hypothalamic effect; and irritability, sometimes
with myoclonic jerks, also due to a central nervous
system effect.

The lower the arterial oxygen saturation and Po2,
the more dramatic the effects of PGE1 in raising
arterial oxygen levels. This is explained by the rela-
tionship between the pulmonary to systemic blood
flow ratio and arterial oxygen saturation when
complete mixing of pulmonary and systemic blood
flow occurs (see Chapter 4). If arterial Po2 is above
about 40 mmHg, PGE1 has little effect in further
increasing the level.

Considerations for surgery or
interventional procedures
The mortality and morbidity following surgery for
pulmonary atresia and severe stenosis has varied
considerably in different centers, but in general has
been very high. In a number of reports, mortality
was greater than 50%. It is often difficult to com-
pare results of various approaches in different series
because of the many factors influencing survival
and success of procedures, including (i) size of the
right ventricle and tricuspid valve orifice; (ii) mor-
phology of the pulmonary valve; (iii) presence of
coronary sinusoids; (iv) dependence of coronary
perfusion on right ventricular pressure; and (v) tri-
cuspid valve anomalies.

The options available include the following.
• Surgical opening of the pulmonary valve and, if
necessary, the right ventricular outflow tract.
• Introducing a systemic arterial to pulmonary
arterial shunt surgically.
• A combination of the above two procedures.
• Transcatheter opening of the pulmonary valve.
• Maintaining ductus arteriosus patency.
• Introducing a systemic venous to pulmonary
arterial shunt.
• Closing the tricuspid valve.
• Inserting a shunt from the aorta to the right 
ventricle.
Although there is currently no consensus on the
specific procedures recommended for these infants,
I present what seem to be the most rational
approaches in different circumstances.

Severe pulmonary stenosis or pulmonary
atresia with well-developed right ventricle 
and mild or no tricuspid regurgitation
This group of infants is the most favorable with
regard to achieving relief of obstruction and a right
ventricle with normal size and function. The right
ventricle is usually tripartite in these infants; the
right ventricle and pulmonary artery are separated
by the valve tissue. The tricuspid valve orifice is
normal or may have a somewhat increased dia-
meter. Until the advent of balloon valvuloplasty by
transcatheter approach, the pulmonary valve was
opened surgically from an incision in the pul-
monary artery. It was often difficult to define the
anatomy of the valve because it was dysplastic. In
addition, the valve annulus was often small, so that
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stenosis could not be adequately relieved by the
procedure. It was therefore common practice to
make an incision across the annulus and insert a
patch extending from the right ventricular outflow
tract to the main pulmonary artery across the
annulus. Experience indicated that if a transannu-
lar patch was not inserted at the original procedure,
it would be required within 2–3 years in a high per-
centage of infants.

Following this procedure, in many infants 
adequate pulmonary blood flow was established,
right ventricular pressure decreased, and arterial
oxygen saturation increased to near normal levels.
However, in some, mild to moderate cyanosis per-
sisted. It was noted that although the pulmonary
stenosis was relieved and right ventricular systolic
pressure was quite low, the end-diastolic pressure
was increased; this was thought to be related to
decreased right ventricular compliance resulting
from myocardial hypertrophy or fibrosis. The high
diastolic pressure resulted in elevated right atrial
pressure, with right-to-left shunt through the fora-
men ovale.

Over the past 15–20 years, the pulmonary valve
has been opened successfully by transcatheter tech-
niques. With severe pulmonary valve stenosis, a
wire and then a balloon angioplasty catheter can be
manipulated through the orifice. With complete
atresia, it is necessary to create an opening. This has
been achieved by both laser and radiofrequency
techniques. The laser technique consists of place-
ment of an end-hole catheter just beneath the pul-
monary valve. A fiberoptic guidewire attached to a
laser is passed through the catheter to the tip and
after making an opening in the valve, a guidewire 
is passed through it, followed by balloon angio-
plasty to 6–8 mm. A 2F ring-tipped radiofrequency
catheter (Coe) has been developed. It is passed to
the valve and after an opening is made, a guidewire
can be passed through the end-hole of the catheter
to be used for balloon angioplasty.

Following balloon angioplasty of the pulmonary
valve, the infant may continue to have moderate to
severe hypoxemia. In a few patients, the ductus
arteriosus has been kept open by inserting a stent
into its lumen by transcatheter techniques. In my
opinion, it is preferable to maintain patency by
means of PGE1 because the infant may tolerate clos-
ure of the ductus within days or a few weeks. If a

stent has been inserted, another procedure will be
required to close the ductus arteriosus.

If the obstruction is not adequately relieved, it
may be necessary to provide additional pulmonary
blood flow. In the past, the only means available
was to introduce a systemic artery to pulmonary
artery shunt. Various shunt techniques have been
used, including Blalock–Taussig (subclavian artery
to pulmonary artery), Potts (descending aorta to
left pulmonary artery), and Waterston (ascending
aorta to right pulmonary artery) shunts). Because
relief of the right ventricular outflow obstruction
was not pursued aggressively, a second surgical
procedure to introduce a shunt was often neces-
sary. It therefore became common practice to per-
form a shunt procedure at the same time as the
relief of stenosis was attempted. It is now evident
that, even with good relief of obstruction, adequate
pulmonary blood flow may not be achieved for sev-
eral days or weeks, probably because establishment
of normal right ventricular function is delayed. It
would be unfortunate if a shunt was introduced
unnecessarily in this situation.

Recently, therefore, it has become common
practice to continue PGE1 administration in a low
dose to maintain ductus patency for some days. The
infusion is gradually reduced and stopped if the
baby does not show increasing cyanosis. Should
cyanosis become more severe, the infusion can be
restarted. Only in those infants in whom it appears
that adequate pulmonary blood flow cannot even-
tually be attained through the pulmonary valve is
an aortopulmonary shunt introduced. The Potts
and Waterston shunts are currently not favored,
because it is difficult to judge their size and exces-
sive pulmonary blood flow with cardiac failure may
result. Either a Blalock–Taussig or a modified
Blalock–Taussig shunt is performed. The Blalock–
Taussig shunt has the disadvantage that the sub-
clavian artery is disconnected from its supply to 
the upper extremity and impaired growth and
decreased power have occasionally resulted. The
modified procedure consists of interposing a tube
graft (such as GoreTex) between the subclavian and
pulmonary arteries. It has the advantage that the
subclavian artery is not separated, but the disad-
vantage that it does not grow. Some have preferred
to introduce a tube graft between the aorta and the
main pulmonary artery.
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Pulmonary atresia with well-developed 
right ventricle and marked tricuspid
regurgitation
As mentioned on p. 410, this combination of defects 
is frequently associated with Ebstein malforma-
tion of the tricuspid valve. These infants are diffi-
cult to manage and have a high mortality. Several
approaches have been recommended. Systemic
arterial to pulmonary arterial shunts may relieve
cyanosis, but the combination of increased left ven-
tricular volume load and high right ventricular 
volume load often induces cardiac failure. Opening
the pulmonary valve by balloon valvuloplasty may
reduce right ventricular pressure and thus reduce
the severity of tricuspid regurgitation. However, 
if the ductus arteriosus is still patent, the high 
pulmonary arterial pressure may result in severe 
pulmonary regurgitation, which could aggravate
the tricuspid regurgitation and precipitate right
ventricular failure. 

One is confronted with a difficult decision
regarding the use of PGE1 in the early neonatal
period. Infusion would be indicated to provide
adequate pulmonary blood flow through the 
ductus arteriosus in the presence of pulmonary
valve obstruction. However, if ballon valvulo-
plasty achieves excellent relief of pulmonary 
stenosis, the patent ductus arteriosus could have 
an adverse effect by increasing tricuspid regur-
gitation, as discussed above. Under these cir-
cumstances, it may be advisable to administer
indomethacin or ibuprofen to close the ductus 
and, if necessary, to attempt to reduce pulmonary
vascular resistance (by nitric oxide inhalation or
other agents). However, if the pulmonary valve
cannot be opened sufficiently to provide adequate
pulmonary blood flow, PGE1 infusion could be
continued and, if necessary, an aortopulmonary
shunt could be introduced. Beyond the age of 
about 3 months, it is suggested that an SVC to 
pulmonary artery communication (bidirectional
Glenn procedure) be performed. In addition to
providing adequate pulmonary blood flow, this
may relieve some of the volume load on the right
ventricle by reducing the total volume entering 
the right ventricle. At a later stage, the tricuspid
valve can be closed and the IVC can be connected 
to the pulmonary artery to complete the Fontan
type of procedure.

Pulmonary atresia with hypoplastic right
ventricle and tricuspid valve
It is important to assess the size of the right ventri-
cle and tricuspid valve in considering the approach
to management. It is desirable to retain the right
ventricle in the circulation if it is capable of main-
taining the total, or even part of, pulmonary blood
flow. Numerous indices have been proposed to
decide whether the tricuspid valve and right ventri-
cle are of adequate size to accommodate the total
cardiac output. Unfortunately, none of these is
totally predictable and thus different values have
been used in various centers. A right ventricular
volume of less than 35–40% has been considered
unlikely to sustain total cardiac output, but because
estimates of right ventricular volumes are not very
reliable in infants, particularly those with pul-
monary atresia, I recommend that tricuspid valve
size be used in decision-making. It is very likely that
if the tricuspid valve is too small, one can assume
that no significant benefit will be derived from
opening the pulmonary outflow. Values that have
been considered inadequate include:
• tricuspid valve diameter less than 8 mm in a new-
born infant;
• tricuspid to mitral valve diameter ratio less 
than 0.7;
• tricuspid valve diameter Z-scores of –3 or smaller.

Another factor important in the decision to re-
commend a particular approach is the morphology
of the ventricle, i.e., whether it is tripartite, bipar-
tite, or monopartite. The degree of separation of
the pulmonary artery from the right ventricular
cavity is also a consideration. If the ventricle is tri-
partite and the pulmonary artery is separated from
the right ventricle by a short distance, usually the
right ventricular outflow is opened. If the ventricle
is monopartite, consisting only of a small inlet 
portion, and there is a wide separation between 
the ventricular cavity and the pulmonary artery,
attempts to provide an adequate output by the right
ventricle are usually not successful. Instead, either 
a systemic-to-pulmonary arterial shunt is intro-
duced or PGE1 is infused until such time as a bidi-
rectional Glenn procedure is performed. However,
as mentioned above, a false impression of the
potential size of the right ventricular cavity can be
obtained from both echocardiographic and angio-
graphic studies. Marked hypertrophy of the right
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ventricular wall may obliterate the cavity in the tra-
becular, and especially the infundibular, regions. It
is therefore probably advisable to seriously con-
sider attempts to maintain the right ventricle in the
circulation.

Based on the fact that it is occasionally possible
to achieve adequate output by a small ventricle after
opening the outflow, I recommend that an attempt
be made in all patients to relieve the obstruction as
effectively as possible, unless there are other con-
traindications (see section on coronary sinusoids
Chapter 15). The pulmonary valve is opened by bal-
loon valvuloplasty; following the procedure, PGE1

is infused. If it appears from ultrasound study that
there is reasonably good flow across the right ven-
tricular outflow and there is not a large flow across
the foramen ovale, an attempt can be made to stop
the infusion. The dose is gradually reduced while
systemic arterial oxygenation is monitored closely.
If arterial oxygen saturation falls significantly, the
dosage should be immediately increased. If the
infant cannot tolerate cessation of PGE1 infusion,
two options are available. As mentioned above, a
systemic-to-pulmonary arterial shunt can be intro-
duced or PGE1 can be continued until 3–4 months
of age, at which time a cavopulmonary anastomosis
(bidirectional Glenn procedure) is performed.

Chronic intravenous infusion of PGE1 does cre-
ate problems. The infant requires hospitalization
and technical difficulties may arise with venous
access. Although oral administration of PGE1 has
been used successfully, it also usually requires hos-
pitalization because it must be given frequently. In
addition, persistent and often severe diarrhea may
prevent administration via this route. It has also
been suggested that it may result in morphological
changes in the ductus arteriosus, but no con-
sequences have been noted, and the ductus closes
normally after PGE1 is discontinued. Prolonged
infusion has also been noted to cause cortical
hyperostosis, but this bone complication has not
had any long-term adverse effects. It is unfortunate
that PGE1 is not available as a long-acting or intra-
muscular/subcutaneous preparation.

A systemic venous to pulmonary artery connec-
tion is not generally recommended before the age
of 3–4 months, because adequate pulmonary blood
flow is not usually established. This is probably
because the postnatal changes in the pulmonary

circulation have not progressed to the point where
resistance is low enough for adequate perfusion to
occur at low venous pressures. It is for these reasons
that an arterial shunt is frequently performed. A
disadvantage of arterial shunts is that distortion of
the pulmonary artery at the site of the anastomosis
may result in obstruction, which will complicate
later attempts to introduce a venous shunt. If an
arterial shunt is performed, as mentioned above,
currently a modified Blalock–Taussig procedure
(interposition of a tube graft between the suclavian
artery or aorta and the pulmonary artery) is 
recommended.

Venous to pulmonary arterial shunts include the
following.
• Glenn procedure: end-to-end anastomosis of the
SVC to the left pulmonary artery.
• Cavopulmonary anastomosis or bidirectional
Glenn procedure: anastomosis of the SVC to the
pulmonary artery so that both lungs can be per-
fused by SVC blood.
• Atriopulmonary connection or Fontan proced-
ure: anastomosis of the right atrial appendage to
the pulmonary artery to divert all venous return
into the pulmonary artery.
• Modified Fontan procedure: SVC–pulmonary
anastomosis and extracardiac conduit connection
of IVC to the pulmonary artery.
None of these procedures are recommended in
early infancy, as pulmonary perfusion is likely to be
inadequate because pulmonary vascular resistance
may not have fallen sufficiently.

The Glenn procedure has not generally been re-
commended before the age of 2–3 years, because
direction of total SVC flow into one lung may not
create adequate perfusion. SVC pressure may be
markedly elevated and adequate relief of cyanosis
may not occur. A distinct disadvantage of the pro-
cedure is that, after a variable period, pulmonary
arteriovenous fistulae are likely to develop in the
right lung, This will result in a progressive increase
in cyanosis.

The Fontan procedure is also not usually well
tolerated in infancy. It was generally not performed
before the age of 4 years, although recently, with
better selection and improvement in technique,
some success has been achieved at younger ages,
but not usually below 2 years of age. Systemic
venous pressure may increase to 15–20 mmHg or
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higher for several reasons, including pulmonary
vascular resistance above 2 mmHg/L per min per
m2, pulmonary arterial mean pressure above 15–
18 mmHg, and poor left ventricular function. This
may be associated with persistent ascites, chylotho-
rax, protein-losing enteropathy, or a combination
of these problems. Protein-losing enteropathy is
associated with a high mortality of near 50%.

Cavopulmonary anastomosis (bidirectional Glenn
shunt) is now generally considered the procedure
of choice. Initially it was recommended that it be
performed beyond the age of 6 months and it is
usually well tolerated at that age. Usually arterial
oxygen saturation increases to 85–88% and the
infant is mildly cyanosed, but otherwise asymp-
tomatic. Recently, the procedure has been per-
formed in infants as young as 1 month of age, but
results are not consistently as favorable and often
oxygen saturation does not increase to more than
75–78%; also, the infant may show alarming
cyanosis with crying. Currently, I consider 3 months
of age the lower limit for performing the procedure.

The caval to right pulmonary artery and bidirec-
tional caval to pulmonary artery anastomoses are
associated with the development of pulmonary
arteriovenous fistulae in the right lung, or with the
bidirectional shunt in both lungs. When the caval
to right pulmonary arterial connection is done in
early childhood, the fistulae are not usually evident
for several years. However, the bidirectional shunt
may be associated with significant development 
of pulmonary arteriovenous fistulae within a few
months. This results in a progressive increase in the
degree of cyanosis. The early onset of pulmonary
arteriovenous fistulae is much more likely to occur
in early infancy, and the impression is that they are
more likely to occur in infants with atrial iso-
merism. This requires further analysis to assess
whether this is related to associated venous anoma-
lies, such as absence of the IVC.

The mechanism responsible for these fistulae has
not been defined, but it appears to be related to
exclusion of direct perfusion of the lung by blood
from the IVC, which includes hepatic venous
blood. It has been shown that after development of
pulmonary arteriovenous fistulae, considerable
improvement can be achieved by redirecting some
hepatic venous blood into the pulmonary artery.
Therefore, in infants with pulmonary atresia, if it is

possible to open the right ventricular outflow to
provide some pulmonary blood flow from the IVC
return, the likelihood for fistula formation should
be reduced. If the fistulae can be well localized by
catheterization and angiography, it may be possible
to occlude them by embolization. However, it may
be advisable to complete the systemic venous con-
nection to the pulmonary artery by connecting the
IVC with an extracardiac conduit and thus provide
hepatic venous blood to the pulmonary circulation.

An important issue in those infants in whom
prolonged PGE1 infusion is administered, or a 
systemic-to-pulmonary arterial shunt is introduced,
is whether balloon atrial septostomy should be per-
formed to maintain patency of the foramen ovale.
Increasing pulmonary blood flow may increase left
atrial pressure sufficiently to tend to close the fora-
men ovale if the valve is competent. This would
result in an increase in right atrial pressure, because
all or most of the systemic venous blood has to pass
across the foramen ovale, and venous congestion
could result. Also, total output from the left ventri-
cle could possibly be reduced. If it is evident from
the ultrasound examination prior to introducing
the shunt that there is considerable bulge of the
atrial septum into the left atrium and that the fora-
men ovale appears to be small, then atrial septo-
stomy should probably be performed prior to the
shunt procedure. If this is not obvious, it would be
reasonable to first perform the procedure and
assess the need for atrial septostomy subsequently.

In those patients in whom a shunt has been
introduced or long-term PGE1 administered, in
addition to opening the pulmonary outflow, there
is an argument against routinely performing atrial
septostomy. If the right ventricle is hypoplastic, it 
is hoped that increasing blood flow by opening 
the valve would enhance its growth. A somewhat
restrictive foramen ovale would facilitate blood
flow through the right ventricle, whereas atrial sep-
tostomy may favor flow across the atrial septum
and thus limit development of the right ventricle.

Pulmonary atresia with hypoplastic right
ventricle and coronary sinusoids
The presence of coronary sinusoids may drastic-
ally influence decisions regarding management. 
If small, sinusoids will not significantly affect
hemodynamics, but if large they could influence
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myocardial perfusion. The presence of large sinu-
soids dramatically decreases survival of infants with
pulmonary atresia. It is therefore important to
assess the patterns of flow in the sinusoids before
instituting any procedures; this is accomplished by
right ventricular and aortic angiography. As men-
tioned above, the sinusoids may be the only or
dominant source of coronary blood flow to some
areas of the left ventricular myocardium and perfu-
sion is dependent on maintaining a high right ven-
tricular pressure. Therefore, attempts to open the
outflow tract, thus possibly reducing right ventric-
ular pressure, are contraindicated. In the neonatal
period, a systemic-to-pulmonary arterial shunt or
prolonged PGE1 infusion is recommended. After
the age of 3–4 months, cavopulmonary anastomo-
sis could be performed. Tricuspid regurgitation of
significant degree would have a deleterious effect
on these individuals because it could affect the level
of systolic pressure achieved by the right ventricle.
A procedure that has been performed to assure
coronary perfusion by the right ventricle is to close
the tricuspid valve and introduce a tube graft from
the aorta to the right ventricular cavity.

If it is evident that the flow pattern in the sinu-
soids is from the coronary arteries to the right ven-
tricular cavity during diastole, perfusion of the left
ventricular myocardium could be impaired, with
eventual development of left ventricular ischemia
and failure. Successful opening of the right ventric-
ular outflow tract could reduce right ventricular
systolic and diastolic pressures and aggravate
runoff from the coronary circulation into the right
ventricle via the sinusoids. Introducing a systemic-
to-pulmonary arterial shunt could also have
adverse effects because it may reduce systemic arte-
rial diastolic pressure and thus interfere with coro-
nary perfusion. Furthermore, it creates a greater
demand for left ventricular coronary blood flow,
because it increases left ventricular volume load.
Beyond the age of 3–4 months a cavopulmonary
anastomosis can be performed, but in the early
neonatal period either prolonged PGE1 infusion or
a systemic-to-pulmonary arterial shunt would be
necessary to provide adequate pulmonary blood
flow. The likelihood for left ventricular failure
increases progressively with age, with few surviving
beyond 3–4 years of age. It has been suggested that
this may be due to the fact that the coronary 

sinusoids divert a large volume of blood away from
the left ventricular myocardium. It has therefore
been recommended that the procedure of closing
the tricuspid valve, with thrombo-occlusion of 
the right ventricular cavity, should be performed
before the age of 10–12 months. Another approach
that has been reported in a few infants is to attempt
to close the sinusoids. The pulmonary outflow was
opened and the sinusoids ligated; some good
results were achieved, but the procedure needs to
be studied more carefully with regard to feasibility
and success. There is no convincing evidence to
support the effectiveness of these procedures. The
problem of left ventricular dysfunction could pos-
sibly be related to intrinsic abnormalities in coro-
nary vascular development rather than to coronary
steal (see Chapter 12).

Pulmonary valvar stenosis in older infants 
and children
These patients may have presented in early infancy
with evidence of mild stenosis or of moderate
stenosis with mild degrees of cyanosis during cry-
ing. The infant may develop increasing cyanosis
over the first few months associated with a rise in
the pressure gradient resulting from an increase in
cardiac output. Relief of valvar obstruction is rec-
ommended in those infants with intermittent or
persistent cyanosis.

Prior to the introduction of transcatheter proced-
ures for relieving pulmonary valve obstruction, 
valvar stenosis could be treated surgically with 
low mortality and morbidity. The right ventricle is
usually well developed in these infants, and the 
procedure involved opening the pulmonary valve
through an incision in the pulmonary artery. If the
stenosis was not severe enough to produce cyanosis,
the child was carefully followed with repeated
ultrasound studies, first at 3-monthly and then at 
6-month intervals, to monitor changes in pressure
gradient across the valve. A systolic pressure gradi-
ent across the pulmonary valve of greater than 
80 mmHg at rest was considered an indication for
surgery. Surgery was not recommended for those
with pressure gradients at rest of less than about 
60 mmHg. Recommendations varied for those
with gradients of 60–100 mmHg.

As mentioned on p. 388, in older children who
have had moderate to severe stenosis, infundibular
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or subvalvar stenosis may develop. In some of these
individuals, relief of pulmonary valvar stenosis was
associated with no reduction, or even a rise, in right
ventricular pressure due to severe contraction 
of infundibular muscle. This resulted in decreased
right ventricular output with reduction in left ven-
tricular filling and poor systemic perfusion. Also,
right-sided failure with congestion occurred. This
development after surgery has been referred to as
“suicidal right ventricle.” It was often difficult to
decide whether hypertrophied infundibular muscle
should be resected or whether the infundibular area
should be widened with a patch. If the angiogram
showed a moderate degree of narrowing of the
infundibulum during systole with complete relax-
ation during diastole, there was little indication to
resect any muscle in the infundibulum. However,
when there was marked hypertrophy with persis-
tent narrowing throughout the cardiac cycle, the
need for removal of some infundibular muscle
through the pulmonary valve was reassessed. After
closing the pulmonary artery and allowing the cir-
culation to be reestablished, right ventricular sys-
tolic pressure was measured. If it was below about
70–80 mmHg when systemic arterial systolic pres-
sure was at least 70–80 mmHg, the patient usually
did not require infundibular resection. However, if
right ventricular systolic pressure was very high,
resection of infundibular muscle was recommended.
If this did not adequately open the outflow tract, a
patch was inserted. If the patient survived the surgi-
cal procedure without the need for infundibular
resection, the hypertrophy resolved spontaneously
over several months and right ventricular pressure
fell to near normal levels.

Surgery has now been largely replaced by 
transcatheter balloon angioplasty. Because the pro-
cedure does not require major surgery with thora-
cotomy, there has been a considerable change of
opinion regarding indications for relief of stenosis.
Currently, the consensus is that balloon valvulo-
plasty should be performed in all infants who have
a systolic pressure gradient above 80 mmHg, or
who have cyanosis due to atrial right-to-left shunt-
ing. If the infant has a gradient less than 80 mmHg,
the procedure can be delayed until about 9–12
months. Ultrasound studies should be repeated
every 3 months to ensure that the stenosis does not
become more severe with growth. The advantage of

delaying the procedure is that the valve may be
myxomatous and thickened in early infancy, and
valvuloplasty may not be as effective as when per-
formed later, when the valve may have become
more membranous. Not infrequently, a second
procedure is required at a later age when it is first
performed in early infancy.

In children above about 1 year of age, many cen-
ters are recommending that balloon valvuloplasty
should be performed if the resting systolic pressure
gradient is above 50 mmHg. The rationale for
relieving obstruction is to prevent the development
of right ventricular infundibular hypertrophy with
secondary stenosis and to avoid myocardial fibrosis
in later life. However, there is no convincing evid-
ence to indicate that this is a significant problem. 
In fact, the recommendations are based largely 
on the impression that myocardial fibrosis may
develop, rather than on authentic factual informa-
tion. There is some evidence that a slow mild
increase in right ventricular pressure may occur
when pressure is above 50 mmHg [10], but this
does not appear to be associated with clinical dete-
rioration. Although I was inclined to recommend
relief of stenosis if right ventricular pressure at rest
is 50–80 mmHg, I am now of the opinion that these
children be observed and a procedure performed
only if there is a significant increase in the pressure
with repeat observations or if there is evidence of
right ventricular enlargement.

Some centers now advise balloon valvuloplasty
in children with peak systolic pressure gradients,
measured by ultrasound, below 40 mmHg at rest or
even less, but there is no evidence that the stenosis
progresses in these individuals [11,12] nor is there
evidence for the development of myocardial fibro-
sis. It is difficult to decide at what level of pressure
gradient balloon valvuloplasty should be performed.
Because the procedure has a low morbidity and 
few late adverse effects, the tendency has been to
perform it at lower pressure gradients. If the peak
systolic pressure gradient is below 40 mmHg, 
isoproterenol or dobutamine infusion has been
used to increase cardiac output and valvuloplasty
has been recommended if the pressure gradient
reaches 40–50 mmHg during the infusion. As
mentioned above, altering heart rate and cardiac
output will influence the gradient. Basing the 
decision for the procedure on the gradient during
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isoproterenol infusion is not justified, because all
studies of natural history have been based on stud-
ies at rest. Currently, my recommendation is that
valvuloplasty should not be considered if the rest-
ing gradient is below 50 mmHg.

Prognosis and long-term results after
procedures
Infants with well-developed right ventricles who
have the pulmonary valve opened surgically usually
have immediate improvement of cyanosis, but it is
not unusual that some degree of cyanosis persists
for several days or even weeks after surgery. This is
related to persistence of some right-to-left shunt at
the atrial level and is probably the result of reduced
compliance of the hypertrophied right ventricle,
with a high atrial a wave. The cyanosis disappears in
association with regression of right ventricular
hypertrophy. Balloon valvuloplasty performed in
the neonatal period may not be as effective in
relieving stenosis, because the valve is often dys-
plastic during this period. Thus cyanosis is likely to
persist and repeat valvuloplasty may be necessary
within 6–9 months.

Infants with pulmonary atresia and hypoplastic
right ventricles who have had surgical opening of
the outflow tract frequently do not immediately
develop adequate pulmonary blood flow and
require either PGE1 infusion or a systemic-to-
pulmonary arterial shunt procedure. Although
flow through the right ventricular outflow may
improve, so that the PGE1 infusion can be stopped,
mild to moderate degrees of cyanosis persist
because the hypoplastic right ventricle, as well as
the small tricuspid valve, are associated with ele-
vated right atrial pressures. An important issue in
these patients is whether closure of the atrial com-
munication will eliminate the cyanosis, increase
flow into the right ventricle, and promote its
growth. However, closure of the atrial communica-
tion could result in marked increase in right atrial
and systemic venous pressures and reduce systemic
blood flow. If closure of the atrial communication
is considered, an attempt should be made to assess
the ability of the tricuspid valve and right ventricle
to accommodate total systemic venous return by
closing the atrial septal opening. A balloon catheter
is passed across the defect into the left atrium and
the inflated balloon is pulled against the septum to

close the defect. Atrial and systemic arterial pres-
sures should be monitored for a period of at least 15
min to determine whether closure of the communi-
cation can be tolerated. If systemic arterial pressure
falls and does not quickly recover, or if right atrial
mean pressure rises to more than 10 mmHg, the
balloon should be deflated. It would then be advis-
able to perform SVC to pulmonary connection at
4–6 months of age. At a later date, balloon closure
of the atrial communication can be attempted
again. It is quite possible that it could be well toler-
ated because SVC return passes directly into the
pulmonary artery. Only IVC blood would have to
be accommodated by the tricuspid valve and right
ventricle.

Residual pulmonary valve insufficiency
The development of pulmonary valve insufficiency
after surgical opening of the pulmonary valve is
common. When the procedure is performed in
older infants and children and the valve alone is
opened without incision into the outflow tract or
annulus, insufficiency is usually only mild and
infrequently results in significant right ventricular
enlargement. However, in infants who have had
surgical opening of the right ventricular infundibu-
lum and the annulus of the valve, marked insuffi-
ciency may ensue. In fact, because it was thought
that pulmonary insufficiency was not a serious
problem, many surgeons created a wide opening
and sometimes even excised a dysplastic pulmonary
valve. We now know that even though severe pul-
monary insufficiency is well tolerated for some
years, the large volume load results in marked right
ventricular enlargement and progressive right car-
diac failure. Furthermore, when failure occurs, pul-
monary valve replacement does not usually result
in much improvement, presumably because severe
right ventricular dysfunction has resulted from
myocardial fibrosis.

The presence of pulmonary insufficiency after
balloon valvuloplasty is also common. Long-term
observations in several series showed that 30–90%
of patients exhibited pulmonary insufficiency
[16–18]. Although in most individuals the insuffi-
ciency was mild and not associated with significant
right ventricular enlargement, in a considerable
proportion the insufficiency was moderate or
severe. The younger the child at the time of balloon
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valvuloplasty, the more likely moderate to severe
insufficiency developed. However, even in older
children and adolescents, pulmonary insufficiency
was noted. Also, the insufficiency on some occasions
increased progressively over time. These observa-
tions are disturbing and provide further support to
the recommendation that patients with peak sys-
tolic pressure gradients below 40–50 mmHg should
not be subjected to the procedure, because poten-
tially the treatment could be worse than the disease.

If marked pulmonary insufficiency does develop,
the size of the right ventricle and its contractility
should be assessed at first every 3 months and then
every 6 months by ultrasound techniques. No
specific criteria have been developed regarding
indications for pulmonary valve replacement, but if
there is progressive right ventricular enlargement
and reduced contractility, surgery should not be
delayed. Some attempts to construct a pulmonary
valve from pericardium or other materials have
been made, with varying success. Currently, the
recommended approach is to insert a valved aortic
homograft between the right ventricle and pul-
monary artery, but recently considerable success
has been achieved by percutaneous implantation of
a pulmonary valve in patients with severe pul-
monary insufficiency [19].

Right ventricular development
Although attention has largely been directed
toward ventricular development, of equal import-
ance is the capacity for tricuspid valve growth.
Hypoplasia of the tricuspid valve is usually propor-
tionate to ventricular size. However, occasionally
the tricuspid valve orifice appears to be larger than
might be expected in relation to the ventricular size.
It is likely that this occurs when the chamber size is
reduced by marked hypertrophy. Tricuspid valve
diameter may therefore be a better index of capa-
city for development of the right ventricle after relief
of obstruction. Currently, the predominant view is
that the tricuspid valve grows only in proportion
with body size, i.e., that the Z-score does not change
with age, even if obstruction is relieved. However,
more extensive long-term studies are crucial.

Growth of the right ventricular chamber has
received most attention, but little thought has been
given to right ventricular function. If the ventricle is
small, the total number of myocytes at birth will be

reduced, unless there is marked increase in myocar-
dial thickness. Because postnatal increase in muscle
mass is accomplished largely by hypertrophy 
of individual myocytes, rather than by increase in
cell numbers, development of the right ventricle 
may be restricted and functional capacity limited.
Furthermore, the hypoplastic right ventricle has
been shown to have considerable disarray of muscle
fibers and abnormality of relationships between
capillaries and myocytes [8]. Whether these abnor-
malities can be resolved by early postnatal relief of
obstruction has yet to be determined. Relief of pul-
monary stenosis during fetal life is most likely to be
beneficial in those fetuses in whom the pulmonary
valve obstruction is acquired fairly late in gestation.
If pulmonary atresia is acquired early in gestation,
major technical hurdles would have to be overcome
to relieve obstruction in very small fetuses.
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ventricular chamber. The inflow or sinus portion of
the ventricle is absent, but the body or trabecular
portion and the outflow or conus region are often
quite well developed. The size of these portions of
the ventricle varies, probably as a result of the size
and position of the ventricular septal defect. The
trabecular portion may be prominent, but when
the ventricular septal defect is small at birth, only
the conus is present. The ventricular septal defect
may be of the perimembranous or malalignment
types and occasionally is in the muscular septum
(see Chapter 7). The defect varies in size from a
large unrestrictive communication to a pinpoint
opening. There is a tendency for the defect size to
decrease postnatally, usually within the first 2–3 years
after birth.

An atrial septal communication is necessary for
both fetal and postnatal survival. The foramen
ovale is usually of normal size or large and some-
times a fossa ovalis or ostium secundum type of defect
is present. Prominent eustachian valves are also a
common finding in individuals with tricuspid atre-
sia. It has been suggested that these valves could
possibly play a role in the etiology by modifying
flow patterns during embryological development,
but it is more likely that the alterations in flow dur-
ing fetal life are responsible for their persistence.

Aortopulmonary transposition is commonly asso-
ciated with tricuspid atresia, occurring in about
one-quarter of all patients. The presence of trans-
position has formed the basis for one classification
of tricuspid atresia.

Tricuspid atresia with normal
aortopulmonary relationship
This group, also known as type 1, comprises 70–
75% of patients. They may have no ventricular septal
defect (type 1A), have a moderate-sized defect

CHAPTER 16

Tricuspid atresia and hypoplastic
right ventricle

427

Tricuspid atresia represents complete absence of an
opening between the right atrium and right ven-
tricle. An associated ventricular septal defect is very
common with tricuspid atresia, being present in
about 90% of these individuals during infancy. The
cardiac morphology in some patients is very similar
to that described for one form of single ventricle: 
in the so-called Holmes heart, generally classified as
single ventricle, the atrioventricular connection to
the ventricles is that of a double-inlet left ventricle
and a rudimentary chamber, which has some of the
features of a right ventricle, gives rise to the pul-
monary artery. There has been considerable con-
troversy about whether tricuspid atresia should be
considered one of the forms of single ventricle, but
this has not been resolved. Functionally, the hemo-
dynamic disturbances are the same and the thera-
peutic approach is the same, whatever the eventual
decision regarding classification.

Morphological considerations

The morphology of the tricuspid valve varies con-
siderably. Usually there is no vestige of a tricuspid
valve and the portion of the right atrium overlying
the right ventricle is purely muscular in composi-
tion. Occasionally, the tissue separating the atrium
and ventricle is membranous, or partly membran-
ous and partly muscular. Less frequently there is a
small structure that has features of a valve with a pit
or depression but no orifice.

The size of the right ventricle varies. In the
majority of patients, the presence of a ventricular
septal defect permits some blood flow into the right

16
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which is restrictive (type 1B), or have a large defect
(type 1C). About half of all individuals with tricus-
pid atresia have the type 1B form. In the absence 
of a ventricular septal defect, a small amount of
muscle tissue, sometimes with a small slit or area of
fibrosis, just below the pulmonary valve may repre-
sent the right ventricle. The pulmonary valve and
main pulmonary artery are small; pulmonary 
valvar stenosis is not uncommon, or there may be
pulmonary atresia, but the left and right pulmonary
arteries may be reasonably well developed. A patent
ductus arteriosus is present; it may be small and
often arises from the aorta at an acute inferior angle.
The right atrium is large, with prominent pectinate
muscles. The foramen ovale is patent and may be
larger than normal. The left ventricle is slightly to
moderately enlarged and hypertrophied and the
aorta is dilated. The aortic isthmus is wider than
normal in the infant, and coarctation of the aorta is
not encountered.

When tricuspid atresia is associated with a ven-
tricular septal defect that imposes no restriction
between the ventricles, the right ventricle is usually
fairly well developed. Although the inlet portion is
absent, the trabecular and infundibular chambers
may be almost normal in size. The pulmonary
artery is large and this enlargement extends to the
intrapulmonary vessels. The left atrium and ventri-
cle are enlarged and the left ventricle is hypertro-
phied. The foramen ovale is open, but the orifice
may be small. Pulmonary stenosis is not usually
encountered when the ventricular septal defect is
large. The ductus arteriosus is usually present post-
natally but closes normally.

A small or medium-sized ventricular septal
defect imposes some restriction between the ven-
tricles. The degree of development of the right ven-
tricle varies; the trabecular portion may be of 
reasonable size but is usually small. The conus is
often normal, but may be small and narrow, with
subvalvar stenosis, and the pulmonary valve may be
stenosed. The pulmonary arteries are reasonably
well developed and postnatally a normal ductus
arteriosus is noted.

Tricuspid atresia with aortopulmonary
transposition
Tricuspid atresia associated with transposition of
the great arteries is known as type II; a ventricular

septal defect is almost always present. Although it 
is possible that systemic blood flow could be sup-
plied from the pulmonary artery through a ductus
arteriosus, it appears that this is unusual, if it 
occurs at all. Therefore, a ventricular septal defect 
is necessary to provide systemic blood flow. The
right ventricular infundibulum is usually quite well
developed and leads to an aorta, which is anterior,
with a valve that is quite cephalad in position. The
ascending aorta is usually smaller than normal and
there is a high incidence of aortic isthmus narrow-
ing, often of severe degree, and aortic coarctation
may be encountered. The pulmonary artery is
placed posteriorly and the main branch vessels are
large. The left atrium and ventricle show consider-
able enlargement and hypertrophy. Occasionally,
patients with tricuspid atresia, ventricular septal
defect, and aortopulmonary transposition also
have subpulmonary stenosis.

Other anatomical disturbances may be associ-
ated with tricuspid atresia, such as truncus arterio-
sus communis. Mitral regurgitation may occur in
association with left ventricular enlargement, usu-
ally when there is an associated ventricular septal
defect. About 10–15% of patients with tricuspid
atresia have a persistent left superior vena cava
(SVC) that flows into the coronary sinus. This is an
important consideration in performing an SVC to
pulmonary artery anastomosis.

Infrequently, tricuspid atresia is associated with
L-transposition or ventricular inversion and aorto-
pulmonary transposition. In this condition the
right atrium empties into the left ventricle through
a mitral valve and this ventricle ejects into the pul-
monary artery. The left atrium drains into the right
ventricle through a tricuspid valve and the ventricle
ejects into the aorta. Rarely, the tricuspid valve is
atretic and induces functional disturbances similar
to those of mitral atresia. This lesion is discussed in
Chapter 11.

Embryological considerations

The embryological disturbances responsible for tri-
cuspid atresia are not known, but possibly multiple
mechanisms could be responsible. It was proposed
that embryological development of pulmonary
atresia could cause right ventricular hypoplasia,
and tricuspid atresia resulted from diversion of
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flow away from the right side in early fetal life. This
is unlikely because many individuals with tricuspid
atresia and ventricular septal defect have a well-
developed right ventricular infundibulum and pul-
monary valve. Failure of ventricular alignment over
the atrioventricular orifice could explain the devel-
opment of tricuspid atresia. During cardiac devel-
opment, the cardiac tube forms a rightward loop.
The right ventricle develops from the bulbus cordis,
which connects proximally with the left ventricle.
The atrioventricular orifice leads into the left 
ventricle, but after looping, the ventricular septum
migrates to the left and the atrioventricular orifice
migrates to the right. This positions the right side of
the atrioventricular orifice over the right ventricle
to form the tricuspid valve. Failure of this migra-
tion could result in a double-inlet left ventricle if
the common atrioventricular valve remains com-
mitted to the left ventricle. A similar disturbance in
migration could affect positioning of the tricuspid
valve over the right ventricle by a yet unexplained
process. Another mechanism that has been sug-
gested is that an in utero infection occurring very
early in gestation could cause endocarditis of the
valve, resulting in fusion of the leaflets; right 
ventricular hypoplasia is explained by absence of
flow into the chamber.

Hemodynamic considerations

Fetal circulation
Tricuspid atresia is compatible with survival and
normal intrauterine development of the fetus, because
the infant born with tricuspid atresia usually has no
evidence of intrauterine distress or growth retarda-
tion. The total venous return from both the SVC
and inferior vena cava (IVC) must pass through the
foramen ovale. Thus, whereas normally only about
25% of combined ventricular output (CVO) traverses
the foramen ovale (see Chapter 1), with tricuspid
atresia the flow through the foramen ovale is four
times greater and the foramen is considerably
larger than normal. Blood from the SVC and IVC
and pulmonary veins all flows into the left atrium
and this results in complete admixture of all the sys-
temic and umbilical venous blood returning to the
heart in this chamber (Figure 16.1).

Assuming, as discussed in Chapter 1, that the
CVO in the human fetus is about 450 mL/min per

kg fetal body weight, that umbilical blood flow in
the latter trimester is about 130 mL/min per kg,
that umbilical venous oxygen saturation is about
85%, and that mixed systemic venous oxygen satu-
ration is about 40%, then oxygen saturation of the
mixed blood will be 52%. The usual difference in
the oxygen saturations of blood distributed to the
upper and lower parts of the fetal body is elimin-
ated and saturation of blood distributed to the 
systemic and pulmonary circulations will be the
same. The brain, which normally receives blood
with an oxygen saturation of about 65%, will receive
blood with a considerably lower oxygen saturation
of 52%. It is unlikely that oxygen delivery to the
brain is significantly reduced, because cerebral
vasodilation in response to the hypoxemia can
readily compensate to maintain oxygen supply. 
The oxygen saturation of blood delivered to the
lungs will be slightly higher than normal, but the
difference is probably not significant enough to
materially alter pulmonary vascular resistance or
pulmonary vascular development. In the fetus with
tricuspid atresia and an intact ventricular septum,
pulmonary blood flow is derived from the aorta
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Figure 16.1 Tricuspid atresia with intact ventricular septum
in a fetus: course of the circulation, oxygen saturations
(circled), and pressures. m, mean pressure.
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through the ductus arteriosus. When a ventricular
septal defect is present, blood flow to the lungs may
be provided either by flow of blood through the
ductus arteriosus or by passage of blood from 
the left ventricle through the ventricular septal
defect into the right ventricle and pulmonary artery
(Figure 16.2). In either event, the Po2 of blood 
perfusing the pulmonary circulation would be
slightly higher than that in the normal fetal circula-
tion. Possibly, it could result in some decrease in 
pulmonary vascular resistance and restrict devel-
opment of pulmonary vascular smooth muscle (see
Chapter 5). In view of the complete admixture of
systemic and umbilical venous blood in the left
atrium, there will also be no difference in the 
oxygen saturations of blood distributed to the 
various parts of the circulation in fetuses with tri-
cuspid atresia with aortopulmonary transposition
(Figure 16.3).

The slightly lower Po2 and oxygen saturation of
blood distributed to the heart and the brain do not
appear to have any adverse effect on the fetus. Most
fetuses with tricuspid atresia develop normally, but
in a study of the outcome of 88 fetuses diagnosed

with tricuspid atresia by ultrasound examination,
four died in utero [1]. The cause of death was not
apparent, but it has been suggested that constric-
tion of the foramen ovale resulting in elevated
venous pressure and hydrops could be responsible.

Tricuspid atresia with intact ventricular
septum
When the ventricular septum is intact, total 
pulmonary blood flow is derived from the aorta
through the ductus arteriosus. Whereas in the nor-
mal fetus a large proportion of passes across the
ductus arteriosus from the pulmonary artery to the
aorta, in the presence of tricuspid atresia with an
intact ventricular septum only pulmonary blood
flow traverses the ductus from the aorta to the pul-
monary artery. The diameter of the ductus arterio-
sus may therefore be smaller than normal. Also, 
the ductus joins the descending aorta at an acute
inferior angle compared with the normal oblique
angle (see Chapter 6). Whether the ductus arterio-
sus responds in the usual manner to the stimuli that
normally promote closure after birth has yet to be
determined. 
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Figure 16.2 Tricuspid atresia with ventricular septal defect
in a fetus: course of the circulation, oxygen saturations
(circled), and pressures. m, mean pressure.
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Figure 16.3 Tricuspid atresia associated with
aortopulmonary transposition and a ventricular septal
defect in a fetus: course of the circulation, oxygen
saturations (circled), and pressures. m, mean pressure.
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The aortic isthmus conducts about 10–15% of
CVO in the normal fetus. In the fetus with tricuspid
atresia and intact ventricular septum, the total car-
diac output is ejected by the left ventricle into the
ascending aorta, and the aortic isthmus carries the
total blood flow to the descending aorta as well as
pulmonary blood flow. This represents about 75%
of CVO or about five to six times the normal flow.
This probably accounts for the fact that the ascend-
ing aorta is large and the aortic isthmus has a wide
diameter in the newborn infant with tricuspid atre-
sia. The narrowed isthmus segment normally seen
is not present in these infants; also, coarctation of
the aorta has not been described in infants with 
tricuspid atresia and intact ventricular septum with
normal origin of the aorta and pulmonary artery
(see Chapter 12).

Tricuspid atresia with ventricular septal defect
Normal aortic and pulmonary artery relations
In the presence of a ventricular septal defect, it is
difficult to predict the amount of blood that would
flow through the defect into the right ventricle and
pulmonary artery. Also, the amounts of blood that
traverse the ductus arteriosus and the direction of
flow could vary considerably. Blood from the left
ventricle could pass through the right ventricle to
the main pulmonary artery and be distributed
either to the lungs, or through the ductus arteriosus
to the descending aorta. This pattern of flow is
likely to occur if the ventricular septal defect is
large. However, if the defect is small, only a small
volume of blood would pass to the right ventricle
and pulmonary artery and it is then likely that
blood would pass from the aorta through the duc-
tus to the pulmonary circulation. It is difficult to
predict which flow patterns prevail, but they are
probably determined by the size of the ventricular
septal defect and the degree of pulmonary stenosis
(see Figure 16.2). It is not likely that aortic arch
development would be affected.

With aortopulmonary transposition
When aortopulmonary transposition and a ven-
tricular septal defect are present, blood is ejected
from the left ventricle into the main pulmonary
artery. The flow from the pulmonary artery
through the ductus arteriosus to the descending
aorta is probably similar to that which occurs nor-

mally in the fetus. However, if the ventricular septal
defect is small and transmits little flow into the
right ventricle and ascending aorta, a greater than
normal flow must be carried by the ductus (see
Figure 16.3).

In the fetus with tricuspid atresia and aortopul-
monary transposition, the aorta arises from the
hypoplastic right ventricle. Blood flow into the
ascending aorta will be greatly affected by the size of
the ventricular septal defect. If it is large, a reason-
able amount of blood could enter the ascending
aorta and it could be of normal size. Also, if aortic
flow is not greatly reduced, flow across the isthmus
could be adequate and the isthmus diameter could
be normal. If the defect is smaller, flow into the
ascending aorta would be limited and the ascend-
ing aorta would be hypoplastic; in addition aortic
isthmus narrowing and aortic coarctation would be
expected to be common (see Chapter 12). About
30–50% of patients with tricuspid atresia and trans-
position have aortic arch obstructions. If ascending
aortic flow is restricted, an increased flow is carried
by the ductus arteriosus to the descending aorta; 
if flow is severely limited, blood may flow retro-
gradely across the isthmus to provide some of the
flow to the branches of the ascending aorta.

About one-third of individuals with tricuspid
atresia and transposition have, in addition to the
ventricular septal defect, some degree of pul-
monary stenosis. If the stenosis is mild, it may not
significantly influence the patterns of circulation. If
it is more severe, it is necessary that the ventricular
septal defect be large, because it will have to trans-
mit the blood supply to the systemic circulation,
umbilical circulation and, via the ductus arteriosus,
most of the blood to the lungs.

Postnatal circulatory changes
The hemodynamic adjustments and consequent
clinical features of tricuspid atresia after birth are
influenced by the associated congenital anomalies,
particularly the ventricular septal defect and aor-
topulmonary transposition. Three main hemo-
dynamic complexes are discussed: tricuspid atresia
with intact ventricular septum and hypoplastic
right ventricle; tricuspid atresia with ventricular
septal defect and normal origin of the great arteries;
and tricuspid atresia with ventricular septal defect
and aortopulmonary transposition.
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Tricuspid atresia with intact ventricular
septum
The course of the circulation after birth is essen-
tially similar to that in the fetus, in that systemic
and pulmonary venous admixture occurs at the left
atrial level (Figure 16.4), but oxygen and carbon
dioxide exchange must now take place in the lung
instead of the placenta. The pulmonary vascular
resistance may be expected to fall normally in
response to an increase in alveolar oxygen levels
associated with ventilation. If the medial muscle
layer in pulmonary arterioles is not as well devel-
oped as in the normal infant, resistance could drop
more rapidly than normal. Pulmonary blood flow
is dependent on patency of the ductus arteriosus.
As mentioned above, the ductus arteriosus tends to
be small, because it transmits only blood flow to the
lungs during fetal life. This is a relatively low flow
compared with the postnatal requirements for pul-
monary flow. The ductus may not be large enough
to provide an adequate pulmonary flow.

Complete admixture of pulmonary and systemic
venous returns occurs in the left atrium; the final

oxygen saturation is therefore related to the pul-
monary to systemic flow ratio (see Chapter 3).
While the ductus is still open, a reasonably good
pulmonary blood flow may be maintained. The
infant will be cyanosed, but as long as pulmonary
blood flow is adequate to provide oxygen uptake 
to satisfy tissue requirements, the infant will not
demonstrate any clinical difficulties apart from 
the cyanosis. As the ductus arteriosus constricts, 
pulmonary blood flow falls. Systemic blood flow 
is usually well maintained, if not increased in
response to the hypoxemia; with the decrease in
pulmonary to systemic flow ratio, arterial oxygen
saturation and Po2 fall markedly. Eventually oxy-
gen uptake falls below critical levels and anaerobic
metabolism ensues, resulting in lactic acid accumu-
lation and metabolic acidemia (see Chapter 3). The
clinical manifestations in these infants are related
to hypoxemia and acidemia rather than to cardiac
failure. Hyperventilation occurs as a result of arte-
rial and cerebral chemoreceptor stimulation by
hypoxemia and acidemia, and even though pul-
monary flow is low, adequate carbon dioxide elimi-
nation occurs, so that systemic arterial Pco2 does
not rise significantly.

The normal ductus arteriosus is relaxed when
Po2 falls to 35–45 mmHg. It is not known whether
the ductus in infants with tricuspid atresia responds
normally to Po2, but if it does a drop in arterial Po2

to below about 35 mmHg will tend to reopen the
ductus, thus improving pulmonary blood flow. A
balance may exist for some time after birth between
the size of the ductus, pulmonary blood flow, and
arterial Po2. Eventually, the ductus tends to close
even though Po2 remains low, but the mechanisms
responsible for the later closure are not known. 
The ductus arteriosus may close within a few days 
after birth, but its closure may be delayed for 
several weeks.

The size of the foramen ovale postnatally is
important in infants with tricuspid atresia, because
total systemic venous return must pass through it
to the left atrium. The foramen ovale is invariably
of adequate size and does not usually present any
difficulties in the immediate postnatal period.
During fetal life, except for pulmonary venous
return, total venous return to the heart including
umbilical–placental venous return passes through
the foramen. After birth, the volume traversing the
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Figure 16.4 Tricuspid atresia with intact ventricular septum
in a newborn infant: course of the circulation, oxygen
saturations (circled), and pressures. Pulmonary blood flow
is derived from the aorta through the ductus arteriosus. m,
mean pressure.
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foramen ovale is considerably reduced by elimina-
tion of umbilical blood flow. Normally, a large
increase in pulmonary blood flow occurs after
birth; this results in elevation of left atrial pressure
and functional closure of the foramen ovale. How-
ever, in infants with tricuspid atresia and intact
ventricular septum, or with a ventricular septal
defect and pulmonary stenosis, pulmonary blood
flow is restricted after birth and the rise in left atrial
pressure is limited. Passage of systemic venous
blood through the foramen ovale is achieved with
relatively small increases in right atrial pressure.
Although inadequate size of the foramen ovale 
is not a significant concern in these infants, it 
may become a serious consideration after surgical 
introduction of an aortopulmonary shunt. The
increased pulmonary venous return will elevate left
atrial pressure and tend to close the valve of the
foramen ovale; right atrial pressure will thus also
have to be raised in order to maintain flow of sys-
temic venous blood across the foramen ovale. A
wide opening of the foramen may be indicated to
reduce systemic venous pressure.

Tricuspid atresia with ventricular septal defect
Normal aortopulmonary relations
A wide spectrum of hemodynamic and clinical fea-
tures may be associated with tricuspid atresia and
ventricular septal defect depending on the size of
the defect and the presence of right ventricular
outflow tract stenosis. If the ventricular septal
defect is very small or if there is marked right ven-
tricular outflow obstruction, pulmonary blood
flow will be restricted and the hemodynamic fea-
tures will be similar to those described above for tri-
cuspid atresia with intact ventricular septum.

The ventricular septal defect may be large
enough so there is little or no restriction between
the left and right ventricles. The pressures in the
ventricles are similar and, in the absence of right
ventricular outflow obstruction, systolic pressures
in the aorta and pulmonary artery will be the same.
With the fall in pulmonary vascular resistance after
birth, pulmonary blood flow is readily established
by flow through the ventricular septal defect into
the right ventricular infundibulum and the pul-
monary artery. Complete admixture of pulmonary
and systemic venous returns occurs in the left
atrium. The pulmonary to systemic flow ratio is

determined by the relationship between systemic
and pulmonary vascular resistances. During the
first few days after birth, while pulmonary vascular
resistance is still somewhat elevated, the increase in
pulmonary blood flow is limited and systemic arte-
rial oxygen saturation will be moderately reduced.
With the subsequent fall in pulmonary vascular
resistance, pulmonary blood flow increases markedly
and, with the increase in pulmonary to systemic
flow ratio to levels above 2.5, arterial oxygen satura-
tion may reach levels as high as 88–92%. As men-
tioned above, it is possible that pulmonary vascular
resistance may drop more rapidly than normal, so
that a high pulmonary to systemic flow ratio could
be achieved within a few days after birth. The high
levels of pulmonary blood flow create an increased
volume load on the left ventricle, and an increase 
in left ventricular end-diastolic and left atrial pres-
sures. Left ventricular failure with pulmonary edema
frequently ensues (Figure 16.5).

The increase in left atrial pressure will result in 
a corresponding increase in right atrial pressure 
to produce flow of systemic venous blood across
the foramen. However, the elevation in left atrial 
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Figure 16.5 Tricuspid atresia with large ventricular septal
defect in a newborn infant: course of the circulation,
oxygen saturations (circled), and pressures. A large
pulmonary blood flow has developed and cardiac failure
often develops. m, mean pressure.
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pressure also tends to close the foramen ovale,
making the effective orifice smaller and thus 
causing a relatively greater increase in right atrial
pressure, with systemic venous congestion. It is
interesting to consider the phasic pressure relation-
ships between the atria. Normally, the v wave in the
left atrium is more prominent and the a wave in the
right atrium is larger. An increase in pulmonary
blood flow will increase the left atrial v wave, and
thus tend to close the foramen ovale during this
phase of the cardiac cycle. The flow of systemic
venous blood across the foramen will occur pre-
dominantly in late diastole associated with atrial
contraction and to a limited extent in early diastole.
The right atrial a wave is increased and the main
right-to-left atrial pressure difference is associated
with atrial contraction.

Cardiac failure is often noted within 2–3 weeks
after birth in these infants, whereas in ventricular
septal defect without tricuspid atresia it tends to
occur later (see Chapter 7 for discussion of cardiac
failure). This could be related to a more rapid drop
in pulmonary vascular resistance than occurs in the
presence of ventricular septal defect alone. However,
restriction of flow across the foramen ovale may be
an important factor in the early manifestations of
cardiac failure because systemic venous congestion
will occur. Treatment of the cardiac failure may
allow survival of the infant, and the subsequent
course is variable.

The size of the ventricular septal defect tends to
decrease with time in most of these patients, but 
the rate of closure varies greatly. This imposes 
an obstruction from the left ventricle to the pul-
monary circulation, effectively behaving like a right
ventricular outflow tract obstruction. Pulmonary
blood flow falls, and this will result in a decrease in
left atrial and left ventricular end-diastolic pres-
sures and relief from cardiac failure. The fall in 
pulmonary to systemic flow ratio results in a pro-
gressive decrease in systemic arterial oxygen satura-
tion, resulting in mild and later severe hypoxemia.
This progression may begin within a few months
after birth, but may be delayed for 3–4 years.
Associated with the decrease in size of the ventricu-
lar septal defect, the pressure in the right ventricle
falls progressively. A similar sequence of events
may occur if there is hypertrophy, or lack of growth
with age, of the infundibular region of the right

ventricle. Right ventricular systolic pressure remains
at left ventricular and aortic levels but pulmonary
arterial pressure falls. This phenomenon is much
less likely than ventricular septal defect closure. 
If the ventricular septal defect does not become
smaller, and right ventricular and pulmonary arte-
rial pressures remain high, there is a serious risk of
pulmonary vascular disease. The increase in pul-
monary vascular resistance also results in a decrease
in pulmonary blood flow and pulmonary to sys-
temic flow ratio, with a progressive decrease in arte-
rial oxygen saturation.

About 50% of all infants born with tricuspid
atresia have a moderately or severely restrictive
ventricular septal defect and the hemodynamic 
features are related to the size of the defect. If the
defect is severely restrictive, pulmonary blood flow
will be low and hypoxemia will be the dominant
feature, as in infants with an intact ventricular 
septum (see Chapter 16). If the defect is moderately
large, the features will be similar to those described
with nonrestrictive defects. However, the manifes-
tations of cardiac failure are less evident and the
infants have greater degrees of hypoxemia. Pul-
monary blood flow is moderately increased, with
pulmonary to systemic flow ratios of 1.5–2.5 and
mild cyanosis is evident. The ventricular septal
defect tends to become progressively smaller after
birth, so that pulmonary blood flow falls and the
degree of cyanosis increases.

With aortopulmonary transposition
When tricuspid atresia is associated with aortopul-
monary transposition, the ventricular septal defect
is usually large and there is no pressure difference
between the left and right ventricles at birth. After
birth, the course of the circulation is not very differ-
ent from that in fetal life. However, after removal of
the placental circulation and establishment of the
postnatal pulmonary circulation there is reorienta-
tion of vascular resistances. Pulmonary blood flow
is increased, and because all the pulmonary and sys-
temic venous blood mixes in the left atrium, the
final common arterial saturation is determined by
the pulmonary to systemic flow ratio. In the imme-
diate postnatal period, when pulmonary vascular
resistance has not yet fallen markedly, pulmonary
flow will not be very large and moderate arterial
oxygen desaturation with moderate cyanosis may
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be evident. Later, pulmonary vascular resistance
falls, perhaps more rapidly than usual. Pulmonary
blood flow increases markedly, resulting in volume
overload of the left ventricle and failure is common.
Arterial oxygen saturation may be decreased to
only 85–90% and thus mild cyanosis is noted.

Infants with tricuspid atresia and transposition
often have associated aortic isthmus narrowing or
aortic coarctation of moderate to severe degree.
Blood flow to the descending aorta may, as in fetal
life, be largely or wholly dependent on patency of
the ductus arteriosus postnatally if aortic obstruc-
tion is severe. Only blood distributed to the 
coronary circulation and upper body would pass
through the ventricular septal defect and into the
ascending aorta. The ventricular septal defect
would thus not have to be very large to accommo-
date this flow. This is an important consideration if
it is planned to correct the aortic obstruction and
close the ductus arteriosus, because total systemic
flow to the upper and lower body would now have
to traverse the ventricular septal defect. If it is too
small to accommodate this increased blood flow, 
a pressure gradient will develop between the ven-
tricles. The left ventricle may not be adequate to
generate a pressure high enough to provide an 
adequate systemic blood flow, and systemic output
will fall.

Flow to the descending aorta is maintained
through the ductus arteriosus when aortic isthmus
obstruction is severe. Descending aortic pressure
depends on the size of the ductus arteriosus and on
the relationship between pulmonary and systemic
vascular resistances. While the ductus is widely
dilated in the postnatal period, an adequate sys-
temic blood flow and systemic arterial pressure can
be maintained with pulmonary arterial pressure at
normal postnatal systemic arterial pressures. The
flow through the ductus arteriosus is lower than
during fetal life, because umbilical–placental flow is
eliminated. Therefore, it is possible that modest
degrees of constriction of the ductus arteriosus
could occur without a pressure gradient develop-
ing. Greater degrees of constriction will result in
development of a pressure gradient, and if pul-
monary arterial pressure is not maintained at ade-
quate levels, systemic blood flow to the lower body
will decrease, with a reduction in descending aortic
pressure and inadequate tissue perfusion. A lack of

oxygen supply to the tissues will result, with lactic
acid accumulation and metabolic acidemia (see
Chapter 3). Renal perfusion pressure and blood
flow will fall and oliguria or anuria result. One of
the factors inducing constriction of the ductus 
arteriosus is Po2 of systemic arterial blood. Mixed
arterial Po2 is usually maintained at relatively high
levels postnatally, so that the ductus may con-
strict, thus interfering with systemic blood flow 
to the lower body. In many lesions in which 
blood flow to the descending aorta is supplied 
by right-to-left shunting through the ductus 
arteriosus, oxygen saturations in the upper and 
lower body are different. However, with tricuspid
atresia, because there is complete admixture of pul-
monary and systemic venous blood in the left
atrium, oxygen saturations in the aorta and pul-
monary artery are the same, so no difference in 
saturation between the ascending and descending
aortae is noted.

The patterns of blood flow are affected by many
variables in infants with tricuspid atresia, ventricu-
lar septal defect, and aortopulmonary transposi-
tion (Figure 16.6). Flow of blood from the right 
to left atrium is affected by the size of the atrial
communication. The distribution of blood flow
from the left ventricle is determined by the relative
resistances of the pulmonary circulation, the ven-
tricular septal defect, and the right ventricular
infundibulum. With aortic arch obstruction, the
size of the ductus arteriosus and upper and lower
body vascular resistances also influence blood flow 
distribution.

Since pulmonary vascular resistance tends to
drop rapidly, pulmonary blood flow increases
markedly in the first few days postnatally. This
results in a high pulmonary to systemic flow ratio
and therefore a relatively high mixed arterial oxy-
gen saturation and Po2. The left ventricle increases
its stroke volume as a result of the increased pul-
monary venous return to the left atrium, and left
ventricular end-diastolic pressure increases. If the
left ventricular output is not large enough to main-
tain adequate systemic blood flow, some increase in
systemic vascular resistance will occur, with com-
promise of peripheral blood flow but maintenance
of adequate perfusion pressure. The high mixed
arterial oxygen saturation will tend to produce duc-
tus arteriosus constriction, resulting in an increase
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in outflow resistance to the lower body circulation.
Left ventricular output would thus be directed
preferentially, first to the pulmonary circulation,
then to the ascending aorta, and last to the descend-
ing aorta. With increasing ductus arteriosus con-
striction, descending aortic pressure falls, with the
consequences described above. Since systemic blood
flow, especially that to the lower body, is reduced,
total systemic venous return falls and this, with the
high pulmonary blood flow, further increases the
pulmonary to systemic flow ratio and mixed arte-
rial oxygen saturation. Ductus constriction may be
enhanced, aggravating the hemodynamic disturb-
ance. Death results from a combination of left 
ventricular failure associated with the high pul-
monary blood flow and metabolic acidemia due to
tissue hypoxia associated with inadequate perfu-
sion, particularly of the lower body.

The importance of the foramen ovale in this
lesion is similar to that described above in the sec-
tion on tricuspid atresia with ventricular septal
defect and normal origin of the great arteries.

Clinical features

The associated lesions and the resulting hemody-
namic disturbances determine the clinical features
of tricuspid atresia.

Tricuspid atresia with intact 
ventricular septum
As a result of the inadequate pulmonary blood 
flow the main presenting feature is hypoxemia with

cyanosis. The infant is usually cyanotic within a 
few hours after birth when the ductus arteriosus
constricts, but cyanosis may be mild for several
weeks after birth. Some infants present with severe
cyanosis, hyperventilation, and acidemia within the
first week after birth but others do quite well for
several months, although it is rare for them to 
survive more than 3–4 months without treatment.
The variability is almost certainly related to the
diameter of the ductus arteriosus and the rate at
which it closes. Occasionally, an infant who has
been only mildly cyanotic may suddenly develop a
marked increase in the degree of cyanosis and
become progressively hypoxemic and acidemic,
due to rapid closure of the ductus. When the infant
becomes severely cyanotic, hyperventilation and
peripheral pallor occur and unconsciousness fol-
lows; if resuscitative measures are not used, survival
is unlikely. The episodic hypoxic spells noted in
patients with pulmonary stenosis with ventricular
septal defect are occasionally encountered in
patients with tricuspid atresia.

On physical examination, cyanosis of varying
degree is evident. Clubbing of the fingers and toes,
common in older cyanosed children, is not usually
noted before 3–4 months of age. Resting hyperven-
tilation of moderate degree is common, but the
lungs are clear on auscultation. In older children
neck vein pulsation with a prominent a wave may
be noted. The liver often is palpable 2–3 cm below
the right costal margin and is not pulsatile; usually
it is not enlarged but is displaced downward by 
the hyperinflated lungs. The peripheral pulses are
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Figure 16.6 This circulation in a
newborn infant with tricuspid atresia,
aortopulmonary transposition, and a
large ventricular septal defect. The
circulatory distribution is influenced by
the resistances at different sites in the
circulation, as described in the text. LA,
left atrium; LV, left ventricle; MPA, main
pulmonary artery; RA, right atrium; RV,
right ventricle; VSD, ventricular septal
defect.
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usually prominent, particularly in the infant with
marked cyanosis, probably due to increased cardiac
output and stroke volume. The extremities are warm.

Examination of the heart is usually unremark-
able. The most striking feature is the decreased
impulse at the lower left sternal border related to
lack of the right ventricle. This finding on palpation
is particularly unusual in a newborn infant with
cyanosis and is very suggestive of the diagnosis of
tricuspid atresia. The cardiac impulse is predomin-
antly apical but is not hyperactive in most infants
and there is no clinical cardiomegaly. The first heart
sound is accentuated; the second heart sound is
invariably single and is often loud, particularly at
the lower left sternal border, associated with aortic
valve closure. In early infancy a grade 2–3/6 high-
frequency continuous murmur may be heard at the
upper left sternal border and under the left clavicle,
resulting from flow through a small patent ductus
arteriosus. It rarely has the rough quality of the
murmur in patients with isolated patent ductus
arteriosus because the ductus is narrow. In many
infants with tricuspid atresia, no murmurs are
audible. This may be related to the fact that the duc-
tus is very small or that it has closed and pulmonary
flow is provided by aortopulmonary collateral
arteries.

Tricuspid atresia with ventricular 
septal defect 
Normal aortopulmonary relations
As mentioned on p. 427, the size of the ventricular
defect varies from a very small opening to a large
hole with no restriction between the ventricles. If
the defect is small, the features are similar to those
with intact ventricular septum. However, a medium-
frequency systolic murmur is audible at the lower
left sternal border. The intensity and duration vary
from grade 2/6 occupying only one-third of systole
with a tiny defect, to grade 4/6 occupying most of
systole with a somewhat larger defect. The cyanosis
usually progresses rapidly within the first 3–4 months
due to spontaneous closure of the defect and as this
occurs, the murmur becomes softer and shorter.

Infants with unrestrictive ventricular septal
defects often have moderate cyanosis in the imme-
diate neonatal period but this usually becomes 
less prominent after the first week. By 2–3 weeks 
after birth, the arterial oxygen saturation is often

88–92%. Frequently there are no symptoms for 2–3
weeks after birth, but symptoms of cardiac failure,
with dyspnea and tachypnea and excessive per-
spiration, soon become manifest. The peripheral
pulses are initially normal but become weak when
the infant is in failure. Often there is also pallor due
to peripheral vasoconstriction. The liver is often
enlarged considerably, to as much as 4–6 cm below
the costal margin; occasionally the spleen may be
slightly enlarged. Rales may be heard in the lungs.
The heart is clinically enlarged and there is a hyper-
active apical impulse associated with left ventricu-
lar volume overload. The first heart sound is well
heard at the apex; the second sound may be of nor-
mal intensity but is often accentuated and may be
well split. A loud, harsh, pansystolic murmur of
grade 4–5/6 intensity is heard at the lower left ster-
nal border and a low-frequency mid-diastolic mur-
mur is often heard at the apex. These clinical
features are very similar to those encountered in
infants with a large isolated ventricular septal
defect, apart from the cyanosis. However, because
cyanosis is so mild, it may not be appreciated and
the diagnosis of a large ventricular septal defect, not
associated with other lesions, may be entertained
(see Chapter 16). The cardiac failure may be severe
and without medication or surgical treatment, the
infant will succumb.

Diuretic and digitalis therapy may control car-
diac failure and the subsequent course is variable,
depending on whether the size of the ventricular
septal defect decreases and whether right ventri-
cular outflow obstruction or pulmonary vascular 
disease develops. All these changes will decrease
pulmonary blood flow and result in similar changes
in the clinical signs. The respiratory rate decreases
and dyspnea improves, sweating is less prominent,
and feeding improves. However, after a period of
initial improvement the cyanosis increases, first
becoming more prominent with exertion and then
increasing progressively even at rest. This is associ-
ated with a progressive decrease in exercise toler-
ance. The heart size decreases and left ventricular
hyperactivity becomes less apparent. The apical
mid-diastolic murmur softens and later disappears.
There is no consistent change in the systolic mur-
mur, but it may become less harsh and shorter in
duration as flow across the defect decreases. The
second heart sound may be helpful in distinguishing
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between the fall in pulmonary blood flow resulting
from an increase in pulmonary vascular resistance
and that resulting from closure of the ventricular
septal defect. Closure of the defect may decrease the
intensity of the second sound, but it may become
louder and narrower with increased pulmonary
vascular resistance. The clinical course of patients
with high pulmonary vascular resistance is dis-
cussed in Chapter 5. In older children, progressive
clinical cardiomegaly occurs and a medium-
frequency decrescendo systolic murmur is heard at
the apex, radiating to the axilla, as a result of the
development of mitral regurgitation.

With aortopulmonary transposition
In the more common form of this lesion there is no
pulmonary or subpulmonary stenosis, so systolic
pressure in the pulmonary artery is equal to that in
the left ventricle. The clinical picture is variable and
depends on the relationship of the resistances (see
Figure 16.6). Most infants develop severe symp-
toms soon after birth. The main features are those
of cardiac failure and of inadequate systemic blood
flow; cyanosis is usually mild. When aortic isthmus
obstruction is present, the femoral pulses may be
normal after birth but are poorly felt or absent after
the ductus arteriosus constricts. Differential cyanosis
is not evident, as systemic and pulmonary venous
returns are mixed completely in the left atrium and
ventricle, so blood of similar oxygen saturation is
distributed to the aorta and pulmonary artery. As
pulmonary vascular resistance falls, evidence of left
ventricular failure appears, with dyspnea, sweating,
increasing cardiomegaly, and marked hyperactivity
of the left ventricular impulse. If the ventricular
septal defect is restrictive, the pulses in the upper
extremities also become weak. The diagnosis of
aortic isthmus obstruction may not be considered,
because pulses may be weak in both the upper and
lower extremities. If the ventricular septal defect is
very restrictive at birth, systemic blood flow may be
dependent on the ductus arteriosus and constric-
tion of the ductus will result in a fall in systemic
arterial pressure and blood flow.

The first heart sound is usually accentuated at the
apex and the second sound is accentuated at the
upper left sternal border and is usually only nar-
rowly split. A medium-frequency pansystolic mur-
mur of grade 3–4/6 intensity is heard at the mid and

lower left sternal border. A low-frequency mid-
diastolic murmur is often heard at the apex. Asso-
ciated with the left ventricular failure and elevation
in left atrial pressure, rales may be heard in both
lungs. The liver becomes enlarged, often to 4– 6 cm
below the costal margin, because right atrial pres-
sure becomes elevated considerably, and ascites
and peripheral edema may occur. If systemic blood
flow is markedly reduced, peripheral vasoconstric-
tion with generalized pallor occurs, and severe
metabolic acidemia may result due to inadequate
oxygenation of the tissues. The clinical picture 
may be very similar to that of aortic atresia (see
Chapter 11).

The current management in these infants is to
correct the aortic arch obstruction surgically and to
reduce pulmonary arterial pressure and blood flow
by banding the pulmonary artery. This will result in
improvement of cardiac failure, but will increase
the degree of cyanosis. Postoperatively, a major
concern is that progressive closure of the ventricu-
lar septal defect will induce functional subaortic
stenosis with increasing pressure loading of the left
ventricle. This is discussed in the section on man-
agement below.

Complications
The complications of most concern are those
resulting from right-to-left shunt through the fora-
men ovale. Systemic arterial emboli may occur, the
most serious of which is cerebral embolus. Cerebral
abscess is most likely initiated by small septic
emboli. Infective endocarditis is also a potential
complication and the importance of prophylaxis
must be stressed with parents and patients.

Investigations

Electrocardiography
The characteristic features of the electrocardiogram
in patients with tricuspid atresia are right atrial
hypertrophy, reflected by tall peaked P waves in
standard leads II and III and the right precordial
leads, left axis deviation, and left ventricular hyper-
trophy. Occasionally, atrioventricular conduction
time is prolonged. These features are invariably
present in patients with tricuspid atresia with 
intact ventricular septum and in the majority of
those with ventricular septal defect and normal
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aortopulmonary position. The R wave is usually
absent in the right precordial leads, but occasional
individuals with an associated ventricular septal
defect and a fairly well-developed right ventricle
will have right precordial R waves evident. I have
encountered several infants with ventricular septal
defect and normal aortopulmonary position in
whom the electrocardiogram showed pure R waves
of 4–8 mm in V4R and V1 in addition to evidence
of left ventricular hypertrophy. Some patients 
with tricuspid atresia, ventricular septal defect, and 
aortopulmonary transposition may have a frontal
axis in the normal range and also demonstrate R
waves in the right precordial leads.

Chest radiography
When pulmonary blood flow is reduced, the vascu-
lar markings in the lungs are poorly defined and the
cardiac diameter is normal. The main pulmonary
artery segment is not seen and the ascending aorta
and aortic arch may be prominent. The right heart
border may show a bulge at the lower edge, reflect-
ing right atrial enlargement. The cardiac apex may
be displaced downward and to the left, reflecting
dominance of the left ventricle.

When pulmonary blood flow is increased, pul-
monary vascular markings are increased; when car-
diac failure occurs the vessel margins become hazy,
particularly in the hilar regions, due to pulmonary
edema. The heart is enlarged and frequently the
apex is displaced downward to the left and poster-
iorly, reflecting left ventricular enlargement. The
pulmonary artery segment may be normal in size or
even prominent when there is normal aortopul-
monary position; usually it is not well seen in the
frontal projection when aortopulmonary transposi-
tion is present but the superior mediastinum may
be widened in the lateral view. In older patients the
heart nay be markedly enlarged and the left atrium
is also very large as a result of the presence of mitral
regurgitation.

Echocardiography
Ultrasound studies can usually define the morpho-
logical features of tricuspid atresia as well as the
associated anomalies. The important features to
evaluate include:
• size of the atrial septal communication;
• size of the right ventricle and pulmonary arteries;

• presence and severity of infundibular or pul-
monary stenosis;
• presence and size of a ventricular septal defect;
• relationship of the aorta and pulmonary artery;
• presence and size of the ductus arteriosus;
• presence of aortic isthmus narrowing or 
coarctation;
• degree of mitral regurgitation and left ventricular
function.
Following surgery, additional information should
be obtained relating to further management (dis-
cussed below).

The atrial septal opening can be imaged, and
with two-dimensional and color flow Doppler
techniques the size of the communication can be
determined. Bulging of the septum into the left
atrium suggests that the atrial opening is restrictive.
The position of the aorta and pulmonary artery
should be assessed to determine whether they are
normally related or transposed. Imaging of the
right ventricle will show the cavity size and whether
both outflow portions are present. It is important
to detect the presence of right ventricular infun-
dibular stenosis when the pulmonary artery arises
from the right ventricle, but especially if there is
transposition, because this creates subaortic steno-
sis. Although the pressure gradient can be esti-
mated from peak velocity in Doppler flow studies,
it may not be reliable, because the stenotic area may
have some length. The size of the ventricular septal
defect should be determined and the pressure 
gradient between the left and right ventricles 
estimated.

The aortic arch must be imaged carefully, particu-
larly if there is aortopulmonary transposition, for
the presence of aortic isthmus narrowing and aortic
coarctation. The patency and size of the ductus
arteriosus and pattern of flow in the ductus are
examined by color flow Doppler. Left ventricular
size in systole and diastole should be measured, 
and the presence and severity of mitral regurgita-
tion and ventricular function assessed. This is most
important if it is planned to perform cavopul-
monary anastomosis.

Cardiac catheterization and
angiocardiography
Cardiac catheterization was the mainstay of 
diagnosis of tricuspid atresia and the associated
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anomalies prior to the advent of ultrasonography.
Since these techniques were introduced, cardiac
catheterization is not often indicated in the initial
evaluation of infants with tricuspid atresia. It is
now mainly indicated prior to a procedure to
bypass the return of venous blood from the right
atrium to the pulmonary arteries directly. Cardiac
catheterization and angiography are important in
determining pulmonary arterial pressure and pul-
monary vascular resistance, and the presence of
constriction or kinking of pulmonary arteries. Left
ventricular end-diastolic pressure is measured and
the presence and degree of mitral regurgitation
assessed. In some centers, balloon atrial septostomy
is recommended in most infants with tricuspid
atresia because of concerns that the foramen ovale
may become restrictive (see Chapter 16).

From the groin approach the catheter can be
readily passed across the foramen ovale to the left
atrium and ventricle. From the left ventricle the
catheter can also be manipulated into the aorta or,
with transposition, into the pulmonary artery.
Unless the ventricular septal defect is very small, the
catheter can then be manipulated through the
defect into the right ventricle and pulmonary artery
or, with aortopulmonary transposition, into the
aorta.

Oxygen saturation
The most important finding in tricuspid atresia is
complete admixture of systemic and pulmonary
venous return in the left atrium.

In patients with decreased pulmonary blood
flow, systemic venous oxygen saturation is low. In
infants with intact ventricular septum, it may be
reduced to 20–30%. There is no significant differ-
ence in SVC, IVC, and right atrial blood samples.
Left atrial oxygen saturation is reduced consider-
ably, the amount of reduction depending on the
pulmonary to systemic flow ratio. When pul-
monary flow is markedly reduced, oxygen satura-
tion levels as low as 30–40% may be recorded. Left
ventricular and peripheral arterial oxygen satura-
tions are similar to oxygen saturations in the left
atrium, but commonly left atrial samples may be
variable due to inadequate mixing of pulmonary
venous and foramen ovale streams in the left
atrium. Pulmonary venous blood is usually fully
saturated with oxygen in these patients. Since there

is hyperventilation relative to the decreased pul-
monary blood flow, the Po2 of pulmonary venous
blood is often raised to above 100 mmHg while the
infant is breathing air. Pulmonary venous Pco2

may be decreased to 15–20 mmHg and pH
increased to 7.42–7.48.

In patients with increased pulmonary blood
flow, the oxygen saturations in the SVC, IVC, and
right atrium are normal or only slightly reduced
(50–70%). Left atrial, left ventricular, and systemic
arterial oxygen saturations are usually slightly or
moderately reduced, depending on the pulmonary
to systemic flow ratio; levels of 75–92% may be
recorded. The oxygen saturation data are similar
when there is normal aortopulmonary position or
aortopulmonary transposition, and also if aortic
isthmus obstruction is present. Oxygen saturation
in the pulmonary artery is identical to that in the
systemic arteries. Pulmonary venous saturation
may be normal, but when pulmonary congestion
and edema are present, it may be reduced and oxy-
gen saturation may vary in different pulmonary
veins, depending on local alveolar ventilation–
perfusion relationships.

Pressures
Infant with intact ventricular septum
Right atrial pressure exceeds left atrial pressure.
Usually there are prominent a waves in the vena
cava and right atrial pressure recordings, some-
times reaching 10–15 mmHg. The mean pressure
difference between the right and left atria is usually
not more than 3–5 mmHg in the newborn infant.
The left atrial pressure level is usually normal, with
a mean pressure of 2–5 mmHg, but the normal
prominent v wave is usually not present when pul-
monary blood flow is decreased; the a and v waves
are of similar height. Left ventricular and aortic sys-
tolic pressures are usually normal, as is left ventric-
ular end-diastolic pressure.

Ventricular septal defect and normal
aortopulmonary position
Right atrial pressure is increased, with mean levels
up to 15 mmHg, but it may be higher if left ventric-
ular failure has developed. Left atrial mean pressure
is also increased, and there may be a mean pressure
difference of as much as 8–10 mmHg between the
right and left atria. The right atrial a wave may be
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very tall and may reach 25–30 mmHg. The left
atrial v wave is prominent, particularly when there is
a large pulmonary venous return. Left ventricular
end-diastolic pressure is increased, especially if
there is cardiac failure. Left ventricular and aortic
pressures are usually normal.

The pressures in the right ventricle and pul-
monary artery are related to the degree of obstruc-
tion at the ventricular septal defect and the right
ventricular infundibulum. It is unusual that the
ventricular septal defect is unrestrictive. With large
defects, pressures in the right ventricle and pul-
monary artery are usually slightly lower than those
on the left side in the young infant. Right ventricu-
lar and pulmonary arterial systolic pressures are
often 40–60 mmHg, whereas left ventricular and
aortic systolic levels are 80–90 mmHg. However,
right and left ventricular pressures may be equal. A
pressure difference may also be recorded between
the right ventricle and the pulmonary artery. In
older children pulmonary arterial pressure is usu-
ally considerably lower than systemic arterial pres-
sure, because the ventricular septal defect becomes
restrictive or outflow tract stenosis of the right ven-
tricle develops.

Tricuspid atresia, ventricular septal defect, and
aortopulmonary transposition
The atrial pressure relationships are similar to those
in patients with normal aortopulmonary position.
Systolic pressures in the left ventricle and the pul-
monary artery are usually equal but there may be a
pressure gradient of mild degree. Systolic pressure
in the right ventricle and ascending aorta are usu-
ally equal to that in the left ventricle in the newborn
infant; left ventricular pressure is normal. However,
systolic pressure in the right ventricle and aorta
may be 10–15 mmHg lower than that in the left
ventricle in the presence of restriction of the ven-
tricular septal defect or right ventricular infundibu-
lar stenosis. In children who undergo banding 
of the pulmonary artery, left ventricular systolic
pressure may be markedly elevated and there is a
large systolic gradient across the ventricular septal
defect, which may increase progressively. In the
presence of aortic isthmus obstruction, pressure in
the descending aorta may be considerably lower
than that in the pulmonary artery and pulse pres-
sure be reduced. If the ductus arteriosus constricts

markedly, descending aortic pressure may be
reduced to 30–40 mmHg, with a very narrow pulse
pressure.

Blood flows
In patients with tricuspid atresia, the pulmonary
and systemic blood flows can be readily calculated
if oxygen consumption is known, and pulmonary
to systemic flow ratios can be determined easily.
Systemic arterial and mixed systemic venous oxygen
saturations can be measured to provide the sys-
temic arteriovenous difference. Pulmonary venous
blood can usually be sampled, but it may not be
possible to obtain a pulmonary arterial sample.
However, because systemic and pulmonary arterial
saturations are identical, pulmonary arteriovenous
difference can be calculated from the difference
between pulmonary venous and systemic arterial
oxygen content.

The equations for calculating flow are as follows:

Systemic blood flow (As) =

Pulmonary blood flow (Ap) =

Pulmonary to systemic flow ratio (Ap/As)

=

where Bo2 represents oxygen consumption, Csao2

systemic arterial oxygen content, Cmvo2 mixed
venous (right atrial) oxygen content, and Cpvo2 pul-
monary venous oxygen content. Effective pulmonary
flow (Aep) represents that portion of the mixed
venous return that eventually reaches the lung for
oxygenation and is calculated from the equation:

Aep =

Systemic blood flow is increased in children with
marked systemic arterial hypoxemia but is decreased
in those with large ventricular septal defects and
cardiac failure. Pulmonary blood flow is decreased
in patients with hypoxemia and increased in those
with ventricular septal defects and relatively low
pulmonary vascular resistance.

The presence of aortic isthmus narrowing or
interruption usually interferes with the ability to
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calculate systemic blood flow when the descending
aorta receives some of its blood supply from the
pulmonary artery, because ascending and descend-
ing aortic oxygen content differs. This is not
the case in patients with tricuspid atresia, because 
aortic and pulmonary arterial oxygen contents are
the same.

The pulmonary to systemic flow ratio determines
the systemic arterial oxygen saturation, because
there is complete admixture of systemic and pul-
monary venous bloods. The relationship between
systemic arterial oxygen saturation and pulmonary
to systemic flow ratio is discussed in Chapter 2.

Shunts
Calculation of shunts is complicated by the fact 
that there is admixture of pulmonary and systemic
venous returns. Shunts cannot be calculated in the
usual manner, because the actual amounts of blood
passing from the systemic to the pulmonary and
from the pulmonary to the systemic circulations
are different from those that recirculate. Therefore,
it is helpful to introduce the concept of anatomical
and physiological shunts discussed in Chapter 4.

Because the total systemic venous return passes
across the foramen ovale, the anatomical right-to-
left shunt is equal to systemic blood flow. The phys-
iological right-to-left shunt reflects that portion of
the systemic venous return that does not pass to the
lungs and is represented by the equation:

Physiological right-to-left shunt = As − Aep

Anatomical left-to-right shunt is represented by the
total pulmonary blood flow, because this is derived
from flow to the right from the left ventricle, or 
to the pulmonary artery from the aorta through a
patent ductus arteriosus. Physiological left-to-right
shunt reflects the proportion of blood oxygenated
in the lungs that recirculates to the lungs and can be
calculated from the equation:

Physiological left-to-right shunt = Ap − Aep

Angiocardiography
Angiography is an important part of the study of
patients with tricuspid atresia. Most details of mor-
phology are now usually clearly resolved by ultra-
sound studies. The most important information to
be obtained by angiocardiography is the presence

and degree of mitral regurgitation and the detailed
morphology of the pulmonary arteries. This infor-
mation is important if it is planned to refer the child
for caval or atrial to pulmonary artery anastomosis
(Fontan or modified Fontan procedure). Left ven-
tricular injection of contrast material provides in-
formation about mitral valve insufficiency, as well
as presence or absence of a ventricular septal defect
and the size of the right ventricle. It also delineates
the position of the great arteries and whether there
is aortopulmonary transposition. The pulmonary
arteries can be best visualized if an injection of con-
trast material is made directly into the arteries.
Efforts should therefore be made to manipulate the
catheter into the vessel. This may be done from the
right atrium to left atrium and left ventricle and
through the ventricular septal defect into the right
ventricle and pulmonary artery. With aortopul-
monary transposition, attempts should be made to
enter the pulmonary artery from the left ventricle.
If a systemic-to-pulmonary arterial shunt has been
introduced, it may be possible to catheterize the
pulmonary artery through the shunt from a retro-
grade arterial approach. Catheterization of the 
pulmonary artery is also important for measur-
ing pressure. When aortopulmonary transposi-
tion is present, an angiogram into the ascending
aorta will demonstrate aortic arch obstruction or 
coarctation.

Differential diagnosis

The differential diagnosis of tricuspid atresia may
be considered with regard to the clinical presenta-
tions outlined above.

Infant with severe cyanosis
In the young infant, tricuspid atresia has to be dif-
ferentiated from other lesions producing cyanosis
with decreased pulmonary blood flow. The more
important lesions to consider are pulmonary atresia
with intact ventricular septum, severe pulmonary
stenosis or atresia with ventricular septal defect,
and single ventricle with severe pulmonary steno-
sis. The clinical features in these lesions are usually
not helpful in distinguishing among these lesions.
There may be a systolic ejection murmur when pul-
monary stenosis rather than atresia is present but,
apart from this, physical examination is similar in
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all the lesions. The radiograph is also not helpful, 
as it shows a heart of relatively normal size with
decreased pulmonary vascular markings in all in-
stances. The electrocardiogram is most helpful, as
in tricuspid atresia there is left axis deviation and a
left ventricular dominance pattern, whereas in severe
pulmonary stenosis with or without a ventricular
septal defect there is right ventricular hypertrophy.

The distinction between pulmonary atresia with
intact ventricular septum and tricuspid atresia may
be difficult when the tricuspid valve is very small
and the right ventricle markedly hypoplastic in an
infant with pulmonary atresia. The electrocardio-
gram may show absence of right ventricular forces
but there is usually a normal or right frontal axis.
The diagnosis is usually readily made by ultrasound
studies.

Although aortopulmonary transposition is asso-
ciated with a normal or increased pulmonary blood
flow, it is a lesion that must be considered in the 
differential diagnosis in the immediate neonatal
period, because the infant may also present with
severe cyanosis and no significant cardiac murmurs.
The electrocardiogram shows right rather than left
ventricular dominance and the radiograph shows a
narrow superior mediastinal shadow in the antero-
posterior view in transposition and pulmonary 
vascular markings that are more prominent than in
tricuspid atresia. The differentiation is obvious
with ultrasound examination.

The lesion of double-inlet left ventricle and pul-
monary stenosis may be very difficult to differenti-
ate from tricuspid atresia. With hypoplastic right
ventricle, the electrocardiogram may show domin-
ant left ventricular forces. Even with ultrasound
examination, the differential diagnosis may be
difficult. As mentioned above, it has been proposed
by some that tricuspid atresia represents one form
of double-inlet left ventricle. It is not too important
to make this differential, because the approach to
management is similar.

Infant with cardiac failure
The infant with tricuspid atresia and a large ven-
tricular septal defect usually presents in cardiac fail-
ure within the first few weeks after birth. The heart
is hyperactive and there is a loud murmur typical of
ventricular septal defect and an apical mid-diastolic
flow rumble. Because these infants often have a

high pulmonary to systemic flow ratio, arterial oxy-
gen saturation may be as high as 88–92%. The usual
initial clinical impression is that the infant has an
isolated large ventricular septal defect. The left ven-
tricular impulse is usually more prominent and the
right ventricular impulse may not be increased in
the infant with tricuspid atresia. The electrocardio-
gram shows right axis deviation and prominent
right and left ventricular forces with a large ventricu-
lar defect. The diagnosis is differentiated readily by
cardiac catheterization and angiography.

Tricuspid atresia with ventricular septal defect
and aortopulmonary transposition also presents
with cardiac failure in early infancy. It is difficult to
differentiate this complex from tricuspid atresia
with ventricular septal defect and normal aorto-
pulmonary relationship. The clinical features 
are usually similar. Cyanosis is mild in both con-
ditions and the physical findings of an active
enlarged heart, with a loud pansystolic murmur
and an apical mid-diastolic murmur, are similar to
both complexes. The radiograph is quite similar,
showing a large heart with increased pulmonary
vascular markings. A narrow superior mediastinal
shadow in the frontal view may be evident in aorto-
pulmonary transposition. The electrocardiogram
occasionally demonstrates a right axis shift with
transposition, but usually shows a left axis with
dominant left ventricular forces. Frequently infants
with tricuspid atresia and transposition also have
weak femoral pulses due to associated aortic arch
obstructions. The diagnosis of tricuspid atresia is
apparent from ultrasound studies.

Aortopulmonary transposition with a large ven-
tricular septal defect without tricuspid atresia also
presents with severe cardiac failure in infancy. Most
of the clinical features are similar to those in infants
who also have tricuspid atresia, but the electrocar-
diogram usually shows marked right axis devi-
ation with prominent right ventricular forces on the 
precordial leads. In infants who have associated tri-
cuspid atresia, the electrocardiogram usually shows
dominant left ventricular forces and left axis devi-
ation is more likely, although right axis deviation
may be present. Aortic arch obstructions are also
much more common in infants with associated 
tricuspid atresia.

Infants with double-outlet right ventricle of 
the Taussig–Bing type usually present with cardiac
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failure in early infancy. The presence of mild
cyanosis and physical findings of increased precor-
dial activity, prominent second heart sound, and
precordial murmur are similar to those of tricuspid
atresia with ventricular septal defect with either
normal or transposed great vessels. Furthermore,
aortic arch obstructions are not infrequently asso-
ciated with Taussig–Bing anomaly. An additional
finding that may make clinical differentiation
difficult is the occasional finding of left axis devia-
tion on the electrocardiogram in Taussig–Bing
anomaly, although usually right ventricular forces
are very prominent. The differentiation usually has
to be made by ultrasound examination.

Principles of management

Currently, there is no means of providing an ade-
quate replacement tricuspid valve and right ventri-
cle, so all treatment must be considered palliative.
Approaches to management depend on the pre-
senting clinical features, including the following:
• increase pulmonary blood flow if it is markedly
reduced;
• decrease pulmonary blood flow if it is markedly
increased to manage cardiac failure and prevent
pulmonary vascular obstruction;
• relieve aortic arch obstruction;
• provide an adequate atrial septal communica-
tion;
• reduce volume load on the left ventricle;
• maintain an adequate systemic blood flow;
• prevent complications of infective endocarditis
and cerebral embolism.

Tricuspid atresia with intact ventricular
septum and decreased pulmonary blood
flow
In the infant, the immediate concern is to treat the
hypoxemia and the resultant acidemia. The infant
should be maintained at optimal environmental
temperature to avoid increasing oxygen consump-
tion by exposure. It was common practice to treat
lactic acidemia resulting from hypoxia by adminis-
tration of sodium bicarbonate or amine buffers.
Many centers still recommend this therapy, but
there is no convincing evidence to support this
approach and it could in fact be harmful [2,3].
Although oxygen may be administered in high 

concentrations in inspired air, it may not provide
much benefit in improving arterial oxygen satura-
tion if pulmonary blood flow is greatly reduced (see
Chapter 3). An intravenous infusion of prosta-
glandin (PG)E1 should be started without delay to
dilate or maintain patency of the ductus arteriosus
in order to provide optimal pulmonary blood flow.
Subsequent to this initial management, a surgical
procedure is indicated to establish pulmonary blood
flow. The early procedures all involved a connec-
tion between the systemic and pulmonary arterial
circulation. The advantages and disadvantages of
the Blalock–Taussig, Potts, and Waterston shunts
are discussed in Chapter 14.

The particular concern with all systemic-to-
pulmonary arterial shunts in tricuspid atresia is that
the volume load on the single left ventricle is greatly
increased, because it has to provide both systemic
and pulmonary outputs. If the shunt volume is
small, pulmonary blood flow will be low and 
arterial oxygen saturation will be relatively low. 
To maintain a higher oxygen saturation, the shunt
flow would have to be considerably larger and left
ventricular work would be greatly increased. There
is increasing evidence to suggest that left ventricular
myocardial function becomes impaired over time
in patients with tricuspid atresia with systemic-to-
pulmonary arterial shunts [4]. Furthermore, stud-
ies of left ventricular morphology have shown an
increase in fibrous tissue in the myocardium in
patients with tricuspid atresia [5,6]. The increased
volume load on the ventricle induces enlarge-
ment and mitral valvar regurgitation may develop.
Systemic-to-pulmonary arterial shunts may also
have adverse effects with regard to plans for subse-
quent surgical procedures. The kinking and distor-
tion of the right pulmonary artery resulting from a
Waterston anastomosis may complicate the perform-
ance of a Fontan type of procedure (see Chapter 16).
The left pulmonary artery may be distorted by the
Potts shunt and disassembling the shunt involves
extensive and often risky surgery. For these reasons, 
the shunt currently most favored is a modified
Blalock–Taussig shunt, which involves interposing
a conduit, such as a GoreTex tube, of appropriate
diameter between a subclavian and a pulmonary
artery. This has the advantages that the size of 
the conduit can be selected to avoid the risks of
excessively increasing pulmonary arterial flow or
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pressure, and it can also be readily eliminated at the
time of subsequent surgery without extensive dis-
section. It is recognized that the shunt will become
restrictive as the child grows, but usually it is anticip-
ated that a systemic venous to pulmonary arterial
connection will be performed.

Systemic venous to right atrial communica-
tions have several advantages over arterial shunts.
Pulmonary blood flow is provided by direct flow of
venous blood into the pulmonary arteries. This
reduces the volume load on the left ventricle. Also,
because the systemic venous blood that passes
directly into the pulmonary arteries is oxygenated
in the lungs before it returns to the left ventricle,
arterial oxygen saturation will increase. The follow-
ing example demonstrates these issues.

incidence of complications. It was generally assumed
that the pulmonary vascular resistance, although
not significantly increased above the normal range
for infants, had not dropped adequately to accommo-
date the SVC flow at venous pressures, as compared
with that achieved by right ventricular contraction.
Following a venous shunt, blood flow to the right is
markedly affected by respiratory patterns. It is thus
markedly reduced by Valsalva forced expiration or
prolonged crying. Also, pulmonary disease such as
atelectasis or pneumonia may seriously affect oxy-
genation. Increasing pulmonary vascular resistance
could cause a profound decrease in pulmonary
blood flow. Recently, reduction in arterial oxygen
saturation has been reported when patients ascend
to altitudes above about 2450 m (8000 feet). Also,
because most commercial flights are not pressur-
ized to maintain altitudes equivalent to less than
about 2450 m, consideration should be given to
providing supplemental oxygen to these individuals
during air travel. It is possible that this degree of
hypoxemia could induce a mild increase in pul-
monary vascular resistance that could interfere
with lung perfusion by the pressure of the systemic
veins.

Early complications of the Glenn procedure are
related to elevation of SVC pressure resulting in
suffusion and edema of the face and upper extremi-
ties. The concern is that these patients may develop
cerebral congestion and edema, with the manifesta-
tions of benign intracranial hypertension. Usually
the manifestations of SVC hypertension gradually
subside. Later complications include the develop-
ment of SVC to IVC collateral anastomoses and
pulmonary arteriovenous fistulae. Collateral venous
connections from the SVC to the IVC will decrease
the blood flow to the right lung and also increase
the return of blood with relatively low oxygen 
saturation to the left atrium and ventricle. This will
result in a decrease in arterial oxygen saturation. 
In recent years the Glenn procedure has been
modified so that the SVC is connected to the main
pulmonary artery rather than the right pulmonary
artery, the so-called bidirectional Glenn procedure.
This has greatly reduced the likelihood for venous
congestion in the upper body, presumably because
the resistance to SVC flow is lower.

Pulmonary arteriovenous shunts frequently
develop in the dependent portions of the right lung

Assume an infant has a systemic blood flow of
1000 mL/min, that 40% returns to the SVC and
60% to the IVC, and that oxygen saturation 
is 60% in both SVC and IVC and 100% in the
pulmonary vein. If SVC blood (400 mL/min)
passes directly to the pulmonary artery, the final
oxygen saturation of arterial blood will be 76%.
The volume ejected by the left ventricle will be
1000 mL/min. If all systemic venous blood
passes through the foramen ovale to the left ven-
tricle and pulmonary flow is provided by an
arterial shunt, pulmonary blood flow would
have to be 700 mL/min and left ventricular out-
put 1700 mL/min to provide an arterial oxygen
saturation of 76%.

The first systemic venous to pulmonary arterial
procedure developed was an SVC to pulmonary
arterial anastomosis (Glenn procedure) performed
by severing the SVC just above its connection with
the right atrium. The SVC was anastomosed end to
side to the right pulmonary artery. The right atrium
at the SVC junction was sutured and the azygous
vein and the right pulmonary artery proximal to
the anastomosis ligated.

The Glenn shunt produced considerable improve-
ment in arterial oxygen saturation, but it could be
performed successfully in older children, usually
above 3–4 years of age. Occasional success was
achieved in younger infants but there was a high
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a few years after the Glenn procedure, but their
presence may not be appreciated for 10–15 years.
They result in increasing cyanosis and mounting
limitation of exercise tolerance, because oxygen
uptake in the lung is reduced. It is thought that the
fistulae are due to exclusion of a factor released
from the liver, which appears to protect against
their development. This factor would have to have a
very short half-life or be removed by passage of blood
through the systemic circulation, because hepatic
venous blood would eventually be distributed to
the right lung through the SVC. The possibility 
that the liver removes a substance that induces 
arteriovenous fistulae has to be considered. This is
unlikely because recent evidence indicates that
inclusion of hepatic venous blood in perfusion of
the lung reduces the likelihood for arteriovenous
fistula formation and also appears to limit progres-
sion of fistulae that are already present. Little is
known about the natural history of these shunts.
Small fistulae may occur within a few months, par-
ticularly in younger patients, and they do appear to
progress. Recently, it has been suggested that small
shunts may be present in the lungs of some infants
with atrial isomerism syndromes and congenital
heart disease. The presence of aneurysms may be
demonstrated by ultrasound techniques. A so-called
contrast study is performed using saline solution
that has been shaken with air and which therefore
contains microbubbles. While injecting the saline
into an arm vein, the rapid appearance of the micro-
bubbles in the left atrium confirms the presence of
rapid transit through fistulae. If the microbubbles
all pass through the pulmonary microcirculation,
they will be eliminated in the lung. It is important
to appreciate that microbubbles may appear in the
left atrium if there are SVC to IVC collateral veins.
This is recognized by the fact that microbubbles
will be seen in the IVC and cross the foramen ovale
into the left atrium; their appearance may also be
delayed. 

Fontan and Baudet introduced the concept of
complete redirection of systemic venous return to
the pulmonary arteries directly. After performing a
Glenn procedure, the right atrium was connected
to the left pulmonary artery to direct IVC blood to
the left lung. Subsequently the procedure was
modified to connect the right atrium to the main
pulmonary artery, which was obliterated proximal

to the anastomosis. Some surgeons connected the
right atrium to the right ventricle if the cavity was of
reasonable size. More recently, the procedure has
undergone further modifications. To bypass the
right atrium, Kreutzer constructed an external tun-
nel along the lateral wall of the right atrium to
direct IVC blood into the pulmonary artery. In the
early experience with the Fontan procedure, the
mortality was high, particularly in infants. It was
therefore recommended that atriopulmonary or
atrioventricular connections should not be per-
formed below the age of 3–4 years. Other factors
contributing to a high risk of serious complications
and mortality are pulmonary vascular resistance
greater than 4.0 units/m2, pulmonary arterial mean
pressure greater than 15 mmHg, significant mitral
insufficiency, poor left ventricular function and
elevated ventricular end-diastolic pressure, and
small or distorted pulmonary arteries. The postop-
erative complications are related to elevated venous
pressure; fluid retention with ascites and pleural
effusion may persist for several months or longer.
The most serious complication is protein-losing
enteropathy, which may appear some time after the
procedure and is associated with a high mortality.
SVC pressure elevation may result in suffusion and
edema of the face and upper extremities and benign
intracranial hypertension. Experience has shown
that if right atrial pressure is greater than 20 mmHg
postoperatively, the outcome is usually poor, with a
mortality of about 40%. Because the major post-
operative concerns are related to the high venous
pressure, the practice was developed of creating a
fenestration either between the right and left atria
or between the lateral tunnel and the left atrium to
attempt to reduce venous pressures by permitting
venous blood to enter the left side of the heart. 
This does cause mild postoperative cyanosis, but 
if venous pressure falls over time, the defect can
usually be closed by interventional techniques.

Another important complication of the Fontan
procedure is the development of atrial tachy-
arrhythmias. These may occur in the early post-
operative period in about 20%, but may have a later
onset in 15–20% of patients who have had an atrio-
pulmonary connection. The incidence of serious
arrhythmias has been reduced considerably by per-
forming total cavopulmonary anastomosis. Atrial
flutter following the procedure is often difficult to
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control. It may not respond to many of the drugs
usually recommended and more drastic procedures
such as radiofrequency ablation have been used,
but success is variable.

A very important advantage of total diversion of
systemic venous return to the pulmonary artery is
the prevention of cerebral emboli and reduction in
the risk for cerebral abscess. These are serious com-
plications associated with right-to-left shunting
through the foramen ovale and provide justifica-
tion for proceeding with inferior cavopulmonary
connection soon after the superior cavopulmonary
anastomosis has been performed.

Current approach to management
The dilemma with these previous therapeutic tech-
niques was that the venous anastomoses could not
be performed until at least 2–3 years of age. There-
fore arterial shunts were introduced. This placed an
excessive volume load on the left ventricle and
often left ventricular dysfunction or mitral insuffi-
ciency, or an increase in pulmonary vascular resis-
tance had occurred by the time the venous shunt
was contemplated. This greatly increased the risk of
the procedure. In recent years, it has been recog-
nized that a bidirectional superior cavopulmonary
anastomosis is well tolerated in infancy. The SVC is
anastomosed to the pulmonary artery to permit
perfusion of both lungs. Arterial hypoxemia is
greatly improved by this procedure and the child
may do well for several years with the partial diver-
sion of systemic venous blood directly to the 
pulmonary artery. Furthermore, the subsequent
complete diversion can be accomplished with con-
siderably lower risk than if the complete Fontan
procedure is performed as a single operation. It is
therefore now recommended that superior cavopul-
monary anastomosis be performed in infancy in
these patients. Although the procedure has been
performed within 2–3 weeks after birth, it is gener-
ally believed that fewer postoperative problems
develop if it is delayed until about 8–10 weeks after
birth. Thus if it is possible to maintain the infant’s
arterial oxygen saturation above about 70% by
PGE1 infusion, it would be reasonable to delay until
about 8 weeks before recommending cavopul-
monary anastomosis. If arterial oxygen saturation
cannot be maintained at that level, it is probably
advisable to perform a modified Blalock–Taussig

shunt initially and to consider a superior cavopul-
monary diversion at about 6 months of age. One
disadvantage of the use of PGE1 is that by maintain-
ing patency of the ductus, pulmonary blood flow
could be too high and cause left ventricular volume
overload and failure. Also, pulmonary arterial pres-
sure could be maintained at relatively high levels
and interfere with the maturation of pulmonary
arterioles. However, as mentioned above, the duc-
tus arteriosus is usually small in these patients and
the likelihood of producing an excessive shunt or
pulmonary hypertension is small. It is important to
avoid introducing an excessively large left-to-right
shunt by the use of a large tube for the Blalock–
Taussig procedure or by maintaining wide patency
of the ductus arteriosus. The patient should be
monitored clinically and by ultrasound examina-
tion to ensure this is not occurring.

One concern with the superior cavopulmonary
anastomosis is that pulmonary arteriovenous fistu-
lae may develop in both lungs. It appears that when
the diversion is done early in infancy, the fistulae
may develop much sooner after surgery than in
older individuals [7]. It is therefore important to
monitor the patient for the presence of arterio-
venous fistulae regularly after surgery by contrast
ultrasound study. Should extensive fistulae be
detected, completion of the total cavopulmonary
diversion should be considered sooner than might
otherwise be planned. As mentioned above, when
hepatic venous blood is directed into the pul-
monary circulation, it appears that progression of
the fistulae is slowed and possible improvement
may occur. It is usually recommended that the 
second stage be performed at 18–24 months of age.

In the past, many centers recommended that a
balloon or blade atrial septostomy be performed
routinely if an arterial shunt procedure was to be
performed. It was thought that the increased pul-
monary venous return would increase left atrial
pressure and tend to close the foramen ovale. This
would reduce systemic output and also result in
systemic venous congestion. This was probably an
important issue when the size of the shunt could
not be carefully controlled. Currently, use of a graft
of specific diameter as a modified Blalock–Taussig
shunt limits the magnitude of pulmonary blood
flow. Foramen ovale restriction is less likely to occur.
If inadequate systemic cardiac output, or venous
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congestion, is evident after the procedure, the
infant should be assessed by catheterization and an
atrial septostomy can be performed if indicated.

Tricuspid atresia with ventricular 
septal defect
Decreased pulmonary blood flow
The infant who has tricuspid atresia with a ventric-
ular septal defect and reduced pulmonary blood
flow should be treated in the same manner as
infants with intact ventricular septum. Many of
these infants will maintain an adequate arterial
oxygen saturation without PGE1 infusion and the
cavopulmonary anastomosis can be performed as
the initial procedure after 2–3 months. The ventric-
ular septal defect tends to close spontaneously.

Increased pulmonary blood flow
The main feature of this combination of lesions is
increased pulmonary blood flow with cardiac fail-
ure in infancy. Immediate therapy is to treat cardiac
failure. If the failure can be controlled by medical
measures, it is probably advisable not to perform
pulmonary artery banding, because in the majority
of these infants the defect tends to become smaller
and often closes spontaneously. The main concern
is that, prior to the defect becoming small, pul-
monary arterial hypertension may induce pul-
monary vascular changes. The high pulmonary
vascular resistance would preclude subsequent
cavopulmonary anastomosis.

If the ventricular septal defect appears to be still
fairly large by clinical examination and ultrasound
study at about 3 months of age, cardiac catheteriza-
tion should be performed to measure pulmonary
arterial pressure and pulmonary vascular resis-
tance. If the resistance exceeds 3–4 units, banding
of the pulmonary artery should be performed to 
try to reduce the resistance in preparation for a
cavopulmonary anastomosis at a later date.

Tricuspid atresia with ventricular septal
defect and transposition with normal
aortic isthmus
These patients present with severe cardiac failure 
as pulmonary resistance falls after birth. Cardiac
failure should be treated with medical measures. If
failure cannot be controlled, two approaches are
possible. Banding of the pulmonary artery can be

performed to reduce pulmonary arterial pressure
and pulmonary blood flow. It has been noted that
pulmonary arterial banding must be quite tight to
avoid pulmonary vascular resistance reaching levels
above 4 units/m2. This is important with regard to
the possibility of performing cavopulmonary anas-
tomosis at a later date. Although there is a tendency
for functional subaortic stenosis to develop spontan-
eously in these patients as a result of decrease in 
the size of the ventricular septal defect, it appears 
that banding tends to hasten the process. The 
subsequent procedure will have to be performed
sooner than anticipated if this occurs. The com-
bined increase in outflow resistance through the
ventricular septal defect and outflow resistance into
the banded pulmonary artery results in left ventric-
ular pressure overload and enlargement and thus
cardiac failure is likely to develop. The procedure
requires that the outflow from the left ventricle into
the aorta be relieved. Some success has been
achieved by enlarging the ventricular septal defect
surgically, but the procedure now being favored is
bypass of the right ventricle by connecting the 
pulmonary artery, which is severed above the pul-
monary valve, to the ascending aorta by an end-to-
side anastomosis (Damus–Kaye–Stansel procedure).
At the same procedure a superior cavopulmonary
anastomosis is performed to the distal segment of
pulmonary artery to provide pulmonary blood
flow. The complete cavopulmonary connection is
performed at a later date. The ability to accomplish
this at one operation has prompted some centers to
perform this procedure in infancy with no consid-
eration of pulmonary artery banding. Considerable
success has been achieved even in neonates, with
mortality as low as about 10%.

Tricuspid atresia with ventricular 
septal defect and transposition with
aortic isthmus obstruction or aortic
coarctation
When this lesion is associated there is, in addition
to the problem of cardiac failure due to high pul-
monary blood flow, interference in blood flow 
to the descending aorta when ductus arteriosus
constriction occurs. The initial therapy is to treat
acidemia and cardiac failure. Infusion of PGE1

should be started to maintain flow to the lower
body. In the past surgical procedures were directed
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to relieving the aortic arch obstruction and decreas-
ing pulmonary arterial blood flow by banding the
pulmonary artery. A very high mortality was associ-
ated with this procedure, because in many individ-
uals the ventricular septal defect was restrictive and
systemic output was poor after surgery. Recently,
an approach similar to that described above has
been used. In a single procedure in the neonatal
period, the aortic arch is repaired, a pulmonary
arterial to aorta anastomosis (Damus–Kaye–Stansel)
is performed, and then a bidirectional superior
cavopulmonary connection is completed. Relatively
few procedures of this type have been done, but the
mortality is probably about 10–20%. A modifica-
tion of the procedure consists of connecting the
pulmonary artery to the descending aorta as an
end-to-side anastomosis at the site of the aortic
arch correction.

Long-term results
Systemic venous to pulmonary artery commun-
ication has greatly improved the outlook for indi-
viduals with tricuspid atresia. The 5-year survival
following the Fontan procedure was about 80%,
but with improvements in technique and the use 
of cavopulmonary anastomosis the outlook has
improved further. Most patients have reasonably
good exercise tolerance with regard to daily activi-
ties. However, their ability to perform is consider-
ably less than the norm. Although the incidence 
of late-onset arrhythmias appears to have been
reduced since the use of cavopulmonary anastomo-
sis, serious arrhythmias are still a concern.

Protein-losing enteropathy is a serious compli-
cation following the Fontan atriopulmonary artery
anastomosis; although the mechanism responsible
has not been delineated, it appears to be associated
with high systemic venous pressure. There is some
evidence to suggest it occurs less frequently after
anastomosis of the SVC and IVC to the pulmonary
artery compared with the traditional Fontan pro-
cedure. Conversion of a traditional Fontan connec-
tion to a complete extracardiac cavopulmonary
anastomosis has been successful in improving 
protein-losing enteropathy [8].

After initial improvement in exercise tolerance
related to increased arterial oxygen saturation,
patients who have had Fontan atriopulmonary
connections show progressive decrease in perfor-

mance. As discussed above the decreasing exercise
capacity could be related to progressive left ventric-
ular dysfunction, probably related to increasing left
ventricular myocardial fibrosis. Left ventricular
failure may become severe enough to require car-
diac transplantation.

Although there is not as yet adequate long-term
observation of individuals who have had total
cavopulmonary anastomosis, there is some evid-
ence to suggest that their prognosis is better than
those who have had an atriopulmonary connection
[9]. In a report of 261 patients who had either pro-
cedure, over a median period of 12.2 years about
30% had died and about 2% required cardiac trans-
plantation [10].

An important complication is thromboembolism,
which was considered to account for about 8% of
deaths. The importance of providing antiplatelet or
anticoagulant therapy to avoid this complication
has been stressed [10].

It is apparent that although total cavopulmonary
anastomosis is a procedure that can provide a rea-
sonable lifestyle to patients with single ventricle
physiology, the long-term outlook is not optimal
and increasing numbers of these individuals are
becoming candidates for cardiac transplantation.
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to the atrioventricular annulus and is large and 
frequently redundant and has been described as
sail-like. It is usually thickened, and muscular or
fibrous bands may course through it. The anterior
leaflet may also be abnormally attached distally to a
muscular shelf at the junction of the inlet and tra-
becular portions of the right ventricle. The leaflet
may be attached to produce complete obstruction
between the inlet and trabecular portions of the
ventricle, simulating tricuspid atresia. Occasionally
one or more fenestrae are present in the anterior
leaflet, allowing some passage of blood, but effec-
tively causing tricuspid stenosis. When the anterior
leaflet is very redundant, it may bulge into the out-
flow tract of the right ventricle, causing obstruction
and making the functional size of the right ventricle
exceedingly small. Displacement of the valve leaf-
lets moves the orifice of the tricuspid valve distal 
to the atrioventricular sulcus to a varying degree.
When the posterior and septal leaflets are markedly
displaced and the anterosuperior leaflet bulges dis-
tally, the cavity of the right ventricle may be repre-
sented only by the outflow tract and it is unlikely to
be capable of providing an adequate pulmonary
blood flow. Atresia of the pulmonary valve is fairly
frequent, occurring in almost 10% of infants with
Ebstein anomaly [1].

The right ventricular wall is composed of two
segments. The trabecular portion and the out-
flow, beyond the attachments of the tricuspid valve,
have the appearance of normal right ventricular
wall, but the wall of the ventricle between the 
atrioventricular junction and the displaced tricus-
pid valve leaflets is markedly thinned. This portion
of the ventricle has been said to be atrialized and
functionally is an extension of the right atrial cavity.
The right atrium is enlarged by the distal displace-
ment of the tricuspid valve, but may become

CHAPTER 17

Ebstein malformation of the
tricuspid valve
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Ebstein anomaly is a rare congenital abnormality of
the tricuspid valve and the adjacent right ventricu-
lar wall. The physiological effects and clinical mani-
festations are extremely variable. The condition
may result in death in utero, present with severe
cyanosis in the newborn, or cause no symptoms
until late adult life. The anomaly is also encoun-
tered with L-transposition (corrected transposi-
tion) and then involves the tricuspid valve, which is
functioning as the mitral valve in the left atrioven-
tricular sulcus.

Morphological and embryological
features

Ebstein malformation is characterized by down-
ward displacement of the attachments of the septal
and posterior leaflets of the tricuspid valve away
from the atrioventricular junction toward the 
trabecular portion of the right ventricle. The degree 
of displacement varies and the leaflets are usually
adherent to the wall of the right ventricle, as well as
being dysplastic. Normally, the septal leaflet of the
tricuspid valve is attached to the ventricular septum
slightly distal to the attachment of the septal leaflet
of the mitral valve. In Ebstein anomaly, this separa-
tion is considerably increased. The morphological
features of the leaflets that determine the functional
disturbance, in addition to the degree of displace-
ment, are the length of valve tissue that is not
adherent, and the amount of thickening and dys-
plasia. When the leaflets are displaced, attached to
the wall and thick and short, severe regurgitation is
likely. The anterior leaflet has normal attachment

17
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extremely dilated as a result of severe tricuspid
regurgitation.

The eustachian valve is often prominent in infants
with Ebstein anomaly. In addition, abnormalities
of the conduction system have been observed. The
right bundle may be involved by fibrosis and, occa-
sionally, accessory bundles have been noted in indi-
viduals with preexcitation syndrome. Atrial septal
communications are present in about 90% of 
individuals with Ebstein anomaly; either a patent
foramen ovale or a true fossa ovalis defect may be
present. A small proportion of individuals has a
ventricular septal defect, which is usually small.
Rarely, Ebstein anomaly may be associated with
atrioventricular septal defect. 

Abnormalities of the left ventricle are commonly
noted with Ebstein malformation. If the right ven-
tricle and atrium are greatly enlarged, the ventricu-
lar septum may bulge to the left, reducing left
ventricular cavity size. This may reduce ventricular
filling and interfere with the ability of the ventricle
to sustain an adequate output [2]. The left ventricu-
lar myocardium may also show variable degrees of
fibrosis, usually beyond childhood.

Ebstein anomaly appears to arise fairly late in
prenatal development. The tricuspid valve is formed
from the endocardial surface of the right ventricle
by a process known as delamination. The inner sur-
face of the ventricle is undermined distal to the atri-
oventricular sulcus and the leaflets are lifted off the
ventricular wall. The chordae tendineae are formed
by the same process. Of interest is the fact that 
the anterosuperior leaflet is formed very early, but
development of the septal and anteroinferior lea-
flets is delayed until the third to fourth month of
gestational age. This wide interval separating the
time at which the leaflets form helps to explain 
the discrepancy in their development. Although the
exact cause of the anomaly is not known, Ebstein
malformation has been observed in several infants
born to mothers treated with lithium for psychi-
atric disorders early in pregnancy. It is not known
whether the abnormality of the anterior leaflet is
the primary abnormality and the involvement of
the septal and posterior leaflets is secondary.
Possibly abnormal development of the septal and
posterior leaflets is the initial disturbance and this
results in abnormal development of the already
formed anterior leaflet. Perhaps development of all

three leaflets is the result of a common underlying
etiology.

Hemodynamic considerations

Fetal circulation
The majority of fetuses with Ebstein anomaly do
not experience any difficulties in utero. Mild to
moderate displacement of the tricuspid valve does
not significantly alter the course of the circulation.
However, severe forms of the anomaly may have
serious adverse effects. Although there are several
reports of Ebstein malformation in fetuses, little
has been mentioned of the hemodynamic disturb-
ances associated with the anomaly. The frequent
association of right ventricular outflow obstruction
has been noted [3,4]. This may occur if the antero-
superior leaflet is large and attached to the ventric-
ular wall so that the right atrium is completely
separated from the right ventricle. However, in most
instances, the obstruction is due to pulmonary
stenosis or atresia; although this could be a com-
ponent of the embryological disturbance, it is very
likely that it is the result of reduced right ventricular
output. In the fetus, it is necessary for the right ven-
tricle to develop a pressure as high as that in the 
systemic circulation to achieve flow across the pul-
monary valve. Pulmonary vascular resistance is
high in the fetus and the ductus arteriosus permits
pressure in the pulmonary artery to be at systemic
arterial levels. Decreased right ventricular output
may be due to the fact that the functional portion of
the right ventricle is so small that it cannot develop
a pressure high enough to eject into the pulmonary
artery. If the functional portion of the right ventri-
cle is of reasonable size, the presence of severe tri-
cuspid regurgitation may limit the volume of blood
ejected across the right ventricular outflow into 
the pulmonary artery. With a very small functional
ventricle or severe tricuspid regurgitation, the pul-
monary valve would remain closed throughout the
cardiac cycle and pulmonary blood flow would be
provided by flow through the ductus arteriosus
from the aorta. It is possible that persistent closure
of the pulmonary valve for an extended period dur-
ing fetal development may result in morphological
atresia of the pulmonary valve.

If there is no flow across the pulmonary valve,
the combined ventricular output of the heart will
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have to be achieved by the left ventricle. Venous
return to the heart from systemic and umbilical
veins must pass through the foramen ovale into the
left atrium and ventricle to be distributed to the
fetal body, lungs, and umbilical–placental circula-
tion. Complete admixture of systemic and umbilical
venous blood will occur and the oxygen saturation
of mixed blood, based on assumptions of umbilical
and systemic venous blood flows and oxygen satu-
rations in human fetuses, will be about 55% (see
Chapters 11 and 16). Thus the pulmonary circula-
tion may receive blood of higher oxygen satura-
tion than normal and this could lower pulmonary 
vascular resistance and limit pulmonary vascular
smooth muscle development. Blood distributed to
the ascending aorta and brain would have an oxy-
gen saturation lower than the normal of about 65%
and thus cerebral oxygen supply could be comprom-
ised under conditions of stress.

Several other factors could have important roles
in affecting circulatory dynamics in fetuses with
Ebstein malformation, including the severity of tri-
cuspid regurgitation, left ventricular output, size of
the foramen ovale, and the pulmonary circulation.

Tricuspid regurgitation
The magnitude of tricuspid regurgitation is prob-
ably dependent on the size of the functional right
ventricle. If the ventricle is small, even if the tricus-
pid valve is quite incompetent, the volume of blood
regurgitated will be small. Most of the blood will
flow through the foramen ovale and the flow pat-
terns will simulate those of tricuspid atresia (see
Chapter 16). With a larger functional right ventri-
cle the regurgitant volume can be large if the tricus-
pid valve is grossly incompetent. The more severe
the regurgitation, the less likely that blood will be
ejected into the pulmonary artery. If valvar regur-
gitation is marked, the right ventricle and right
atrium will become markedly enlarged; right atrial
and systemic and umbilical venous pressures will
be increased. Tricuspid regurgitation may be asso-
ciated with several consequences.

The turbulence in the right atrium and vena
cavae could disrupt the preferential flow pattern of
umbilical venous blood through the foramen ovale
and of distal inferior vena cava and superior vena
cava blood through the tricuspid valve. Thus, even
if some right ventricular blood is ejected into the

pulmonary artery, there would be a variable degree
of mixing of the venous streams, so that the prefer-
ential flow of well-oxygenated blood from the duc-
tus venosus through the foramen ovale would be
disrupted. This could alter the oxygen saturations
levels normally present in pulmonary arterial and
ascending and descending aortic blood.

Severe tricuspid regurgitation will result in eleva-
tion of right atrial and venous pressures. If there is
free access of blood across the foramen ovale into
the left ventricle, the degree of increase in venous
pressure will be limited, but if there is any interfer-
ence with flow across the foramen, atrial and venous
pressures could increase to a greater extent and
result in fetal and placental edema (hydrops fetalis)
and fetal demise [3,4].

The eustachian valve is often very prominent in
fetuses with Ebstein malformation. It is not known
whether this is a primary anomaly that is a compon-
ent of Ebstein malformation or if it is the result of
abnormal flow patterns. The latter concept seems
more likely, because a large eustachian valve is
commonly noted in the fetus with tricuspid atresia.
It would be interesting to examine the relationship
between the size of the eustachian valve and the
dynamics of Ebstein malformation; it is possible
that enlargement of the valve occurs in those
fetuses with mild to moderate tricuspid regurgita-
tion and significant outflow obstruction, simulat-
ing the hemodynamics of tricuspid atresia, whereas
it may not be noted when tricuspid regurgitation 
is severe.

Left ventricular output
Marked enlargement of the right atrium and ven-
tricle associated with regurgitation may cause ven-
tricular septal displacement severe enough to reduce
the size of the left ventricle during diastole and
interfere with left ventricular filling. The reduced
diastolic volume will restrict left ventricular stroke
volume and left ventricular output could be severely
compromised. This, combined with the reduced
right ventricular flow into the pulmonary artery,
will significantly reduce combined ventricular out-
put. This reduction in combined ventricular out-
put could result in redistribution of blood flow as
occurs during fetal hypoxemia, with maintenance
of flow to the brain and heart and reduction of flow
to other tissues and the placenta (see Chapter 3).
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Intrauterine growth retardation could result and it
is of interest that infants with Ebstein malforma-
tion who die soon after birth and have the severest
forms of the anomaly have birth weights about 30%
less than those who survive.

Displacement of the ventricular septum to the
left by a markedly enlarged right atrium and ventri-
cle limits flow into the left ventricle and results 
in increased left ventricular end-diastolic and left
atrial pressures. This will result in elevation of right
atrial and systemic venous pressures and promote
the development of fetal hydrops (see Chapter 1).
Furthermore, the increased left atrial pressure will
tend to move the atrial septum to the right and thus
restrict the size of the foramen ovale.

Foramen ovale
The foramen ovale is usually of relatively normal
size in fetuses with Ebstein malformation. In fetuses
with Ebstein malformation and hydrops, it has
been noted that the foramen may be restricted [5].
The size of the foramen ovale is probably related to
the magnitude of tricuspid regurgitation and the
degree of impingement on the left ventricular cav-
ity. In those fetuses with minor amounts of regurgi-
tation, either because the functional right ventricle
is small or because tricuspid valve function is not
grossly disturbed, the foramen ovale is probably 
of normal size. This would allow total systemic and
pulmonary venous blood flow returning to the
right atrium to pass across the foramen with only a
minor increase in right atrial pressure. As mentioned
above, restriction of the foramen ovale is probably
the result of increased left atrial pressure associated
with the reduction of left ventricular cavity size due
to enlargement of the right ventricle and atrium
caused by severe tricuspid regurgitation.

Restriction of the foramen ovale and elevation of
left atrial pressure could possibly result in increased
pulmonary venous and capillary pressures, with
enhanced development of pulmonary vascular
smooth muscle (see Chapter 5). Also, as mentioned
above, foramen ovale restriction could contribute
to the induction of fetal hydrops.

Pulmonary circulation and pulmonary
vascular development
In fetuses with Ebstein malformation and severe or
complete obstruction to right ventricular output,

and in those with a small functional right ventri-
cle with minimal flow across the pulmonary valve,
complete admixture of systemic and umbilical
venous blood will result in a higher than normal
oxygen saturation of blood perfusing the lungs.
This could result in a fall in pulmonary vascular
resistance and lessen development of pulmonary
vascular smooth muscle. This could be beneficial to
the neonate, because pulmonary vascular resistance
could fall rapidly after birth and this could help to
reduce the degree of tricuspid regurgitation.

Adverse effects on pulmonary vascular develop-
ment could result from two different mechanisms
in fetuses with marked tricuspid regurgitation. As
mentioned above, foramen ovale restriction could
increase left atrial and pulmonary venous pressures
and enhance pulmonary vascular smooth muscle
development. In addition, the marked cardio-
megaly that may result from tricuspid regurgita-
tion often affects lung growth, with resultant 
pulmonary hypoplasia; this will be associated with
reduced total pulmonary vascular cross-sectional
area. A combination of these factors could have a
major impact on establishment of an adequate pul-
monary circulation after birth and thus elevated
pulmonary arterial pressure will be maintained,
and tricuspid regurgitation will be enhanced. This
could explain the difficulty in resuscitating many
infants with Ebstein malformation after birth and
the high mortality in these infants.

Postnatal hemodynamics
Neonatal period
The physiological effects of Ebstein anomaly dur-
ing the postnatal period are extremely variable,
depending on the severity of the malformation and
on the associated anomalies. If leaflet displacement
is mild, the posterior and septal leaflets fairly well
formed, and the anterior leaflet not too redundant,
the postnatal circulation may be relatively normal.
The right ventricle is of reasonable size and is cap-
able of providing adequate pulmonary blood flow.
Mild or insignificant tricuspid regurgitation may
be present. If displacement of the septal and poste-
rior leaflets is greater and the leaflets are short and
dysplastic, tricuspid insufficiency may be more
severe. During the immediate postnatal period,
while pulmonary vascular resistance is still elev-
ated, afterload on the right ventricle is high. The
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stroke volume ejected into the pulmonary artery is
relatively low because afterload on the right ventri-
cle is high. The high afterload tends to exaggerate
the tricuspid regurgitation. Right atrial pressure 
is elevated and this favors right-to-left shunting
through the atrial communication, resulting in
varying degrees of systemic arterial hypoxemia.
While the ductus arteriosus is still patent, adequate
pulmonary blood flow may be maintained and the
degree of cyanosis may be mild. Constriction of the
ductus may reduce pulmonary blood flow and
exaggerate the hypoxemia. As pulmonary vascular
resistance begins to fall after birth, pulmonary blood
flow from the right ventricular output increases
and, as a result of the decrease in afterload, the
degree of tricuspid regurgitation is reduced. Right
atrial pressure falls and shunting through the atrial
communication decreases or is abolished and
cyanosis lessens or disappears.

The effect of the ductus arteriosus during the
neonatal period is of considerable interest. If there
is a significant degree of right ventricular outflow
obstruction, the ductus may be very important in
providing adequate pulmonary blood flow after
birth. Also, right ventricular output may be restricted
because the functional ventricle is small or if there
is marked regurgitation. While pulmonary vascular
resistance is still elevated after birth, the right ven-
tricle may be incapable of providing adequate pul-
monary blood flow. Under these circumstances,
maintaining patency of the ductus may be crucial in
providing adequate pulmonary blood flow.

The adverse effect of patency of the ductus arte-
riosus is that it elevates pulmonary arterial pres-
sure; the resulting increased afterload on the right
ventricle will tend to increase tricuspid regurgita-
tion. As pulmonary vascular resistance falls, right
ventricular output can increase and the degree of
tricuspid regurgitation will diminish. As mentioned
on p. 453, because there may be an increase in pul-
monary arterial oxygen levels in the fetus, possibly
pulmonary vascular resistance will be lower and
pulmonary vascular smooth muscle development
may be limited. This could permit a more rapid
decline in pulmonary vascular resistance after birth
compared with the normal infant. Thus there could
be a fairly rapid increase in right ventricular output
with reduction in tricuspid regurgitation. However,
if the ductus arteriosus is patent, it may not only

prevent the fall in pulmonary arterial pressure but
also inhibit the fall in pulmonary vascular resist-
ance. As discussed below in the section on man-
agement, the decision whether to maintain patency
of the ductus or to permit or even induce closure is
sometimes very difficult. There is evidence to indi-
cate that if the ductus arteriosus is not required to
maintain pulmonary blood flow, the survival of
infants with Ebstein malformation is improved 
if the ductus is closed [6]. Because the fall in pulmo-
nary vascular resistance after birth is so important
in influencing the degree of tricuspid regurgitation,
the possibility that treatment to reduce pulmonary
vascular resistance would be beneficial should be
seriously considered. Because introduction of an
aortopulmonary shunt in those infants who have
Ebstein malformation will have a similar effect to
that of a patent ductus arteriosus, it would be
preferable to avoid this procedure if possible.
However, if it is decided to perform the procedure,
it is very important to avoid introducing large
shunts, because they would have the same adverse
effects as a large patent ductus arteriosus.

Severe forms of the anomaly are characterized by
marked displacement of the proximal attachments
of the posteroinferior and particularly the septal
leaflets, and abnormal distal attachment and often
dysplasia of the leaflets. This results in severe tri-
cuspid insufficiency. The atrialized portion of the 
right ventricular wall functions as part of the right
atrium and the size of the functional portion of the
right ventricle is greatly reduced. Right ventricular
performance is thus greatly reduced. During the
early postnatal period, while the ductus arteriosus
is open and pulmonary vascular resistance is high,
pressure in the pulmonary artery is maintained at
systemic arterial levels. The right ventricle is not
capable of generating a systolic pressure high enough
to open the pulmonary valve and thus functional
pulmonary atresia results. The total systemic venous
return is routed through the atrial communication
to the left atrium, where complete admixture of
pulmonary and systemic venous return occurs. The
systemic arterial oxygen saturation will be deter-
mined by the ratio of pulmonary to systemic blood
flow (see Chapter 3). Right ventricular output will
also be affected by the presence of even moderate
degrees of pulmonary valvar or subpulmonary
stenosis. In the presence of a ventricle that can eject
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only a small stroke volume, any increase in after-
load induced by the obstruction would greatly
restrict right ventricular stroke volume. Further-
more, if tricuspid insufficiency is severe, outflow
obstruction of the ventricle would aggravate the
regurgitation and output into the pulmonary artery
would be greatly reduced. Thus infants with
outflow obstruction have a high mortality.

The left ventricle is responsible for providing
both pulmonary and systemic blood flows. If it is
capable of increasing its output, it could provide
adequate flows to both circulations. However, the
greatly enlarged right atrium and ventricle may
cause ventricular septal displacement that reduces
left ventricular volume and limits inflow and thus
outflow. If left ventricular output is restricted, it
could interfere with either pulmonary blood flow
or systemic flow or both. Reduction of pulmonary
blood flow will result in increasing cyanosis. De-
creased systemic flow will cause hypotension and
poor peripheral perfusion; if this persists, anaerobic
metabolism with metabolic acidemia will develop
(see Chapter 3). This form of Ebstein malformation
is associated with a high mortality in the neonate.

Within a few days improvement may occur. As
pulmonary vascular resistance falls and the ductus
arteriosus closes, pulmonary arterial pressure falls.
Pressure generated by the right ventricle may now
be adequate to open the pulmonary valve and pro-
vide adequate pulmonary blood flow for survival.
The decrease in afterload on the right ventricle 
may reduce the degree of tricuspid regurgitation
significantly and the magnitude of right-to-left
shunt through the atrial communication will be
greatly reduced. These infants may survive and pre-
sent the features of Ebstein anomaly with moder-
ately severe tricuspid regurgitation observed in
older children (see Chapter 17). 

In those infants in whom the distal portion of the
anterior leaflet is tethered to the right ventricular
wall to cause complete obstruction to flow into the
right ventricle, the hemodynamic features are sim-
ilar to those of infants with tricuspid atresia with
intact ventricular septum (see Chapter 16). The
complex of Ebstein anomaly associated with pul-
monary atresia is discussed in Chapter 15.

Effect of arrhythmia
Although atrial tachyarrhythmias are not as fre-

quent in the newborn period as at later ages, onset
of tachycardia may have adverse effects. In the
infant with cyanosis, tachycardia may further com-
promise output from the right ventricle and thus
reduce pulmonary blood flow, as well as increase
right atrial pressure. Thus right-to-left shunting
through the atrial communication will increase and
cyanosis will become more severe. In addition the
altered phasic pressure relationships of the right
and left atrium may enhance the right-to-left shunt
and aggravate the degree of cyanosis. The tachy-
arrhythmia may also reduce left ventricular out-
put and induce circulatory shock.

Hemodynamics beyond infancy
As in the infant, the hemodynamic disturbances
and clinical manifestations of Ebstein anomaly are
quite variable and are determined by:
• severity of obstruction of the tricuspid orifice;
• severity of tricuspid valve insufficiency, which is
related to the degree of displacement of the valve
leaflets and the extent of dysplasia of the leaflets;
• amount of functional right ventricle;
• presence of an atrial septal communication;
• cardiac rhythm disturbances.

Individuals with a minor degree of tricuspid
valve displacement and fairly well formed leaflets
will usually also have a right ventricle of almost
normal size and have no obstruction and minimal
valvar insufficiency. The atrial septal communica-
tion will be associated with left-to-right shunting,
the magnitude of which will depend on the size of
the defect. If a large left-to-right shunt is present,
the hemodynamic features are the same as those in
individuals with atrial septal defect (see Chapter 8).
The malformation may only be recognized when
the individual has an ultrasound study performed
for suspected atrial septal defect, occurrence of
tachyarrhythmias, or development of cyanosis with
exertion or rhythm disturbance. Ebstein anomaly
has been encountered as an incidental finding 
at autopsy in individuals dying at ages beyond 
60 years.

Severe obstruction of the valve orifice is unusual
beyond infancy. It may also be difficult to differen-
tiate between orifice obstruction and limitation of
right ventricular size, which may also interfere with
ventricular filling from the atrium. The effect of both
these abnormalities is to reduce right ventricular
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filling and raise right atrial pressure and induce
greater right-to-left shunting through the atrial
septal defect, with reduced systemic arterial oxygen
saturation.

Tricuspid valve insufficiency occurs to varying
degree in almost all patients with Ebstein anomaly.
It is most severe with dysplastic, grossly displaced
valve leaflets. When severe, it interferes with right
ventricular output and is associated with increased
right atrial pressure and atrial right-to-left shunt-
ing. Severe insufficiency is also likely to be associ-
ated with a small functioning right ventricular
cavity. Thus it is apparent that whatever the specific
morphological or functional abnormality of the
valve, the hemodynamic effects are limitation of
right ventricular output, raised right atrial and 
systemic venous pressures, and atrial right-to-left
shunting. As in the neonatal period, marked
enlargement of the right ventricle and atrium may
displace the ventricular septum, reducing left ven-
tricular cavity size and thus filling and stroke vol-
ume. The consequences of these disturbances are
cyanosis, limitation of cardiac output, and right-
sided cardiac failure. During the first year after
birth, infants with marked tricuspid insufficiency
present with right-sided cardiac failure and moder-
ate cyanosis.

Effect of exercise
Many individuals with Ebstein anomaly are asymp-
tomatic at rest and have minimal or no cyanosis.
They may become more cyanosed and be markedly
restricted in their tolerance of exercise. This could
be related to the limitation in their ability to in-
crease right ventricular output and thus raise 
cardiac output. The right-to-left shunt at the atrial
level could provide some compensation. However,
the increased venous return during exercise may
exaggerate displacement of the ventricular septum
and interfere with the ability of the left ventricle to
increase its output. The decrease in systemic arte-
rial oxygen saturation appears to be the more
important factor in limitation of exercise. A num-
ber of individuals have shown marked improve-
ment in physical performance after closure of the
atrial communication. In other types of cyanotic
congenital heart disease, although cyanosis increases
with exercise, it may be better tolerated, because 
an increase in cardiac output may provide some

increase in oxygen delivery to the tissues. However,
this may not occur with Ebstein anomaly because
left ventricular output is restricted.

Effect of arrhythmia
Arrhythmias are frequent, occurring in 20–30% of
individuals with Ebstein malformation. Atrial tachy-
arrhythmias are most frequently encountered, 
and may be precipitated by exertion. The hemody-
namic effects in the older individual are similar to
those in the infant (see above) and to those asso-
ciated with exercise. However, atrial right-to-left
shunting may first become manifest in association
with the onset of arrhythmia.

Effect of posture
Posture may have an important effect in determin-
ing the presence of cyanosis, particularly in adoles-
cent and adult individuals. While sitting or standing,
cyanosis may be minimal or absent, whereas
cyanosis may appear when the individual is reclin-
ing. This is probably related to the fact that, during
quiet standing, blood pools in lower body veins and
venous return to the heart is reduced. The right
ventricle is capable of ejecting the volume return-
ing, so that right-to-left shunting through the atrial
communication is minimal. On reclining, venous
return increases and the right ventricle may not be
capable of ejecting the larger volume, some of
which shunts through the atrial communication. 
It is also possible that the increased velocity of 
inferior vena cava blood may result in streaming 
of venous blood across the atrial septal defect.

Clinical features

Ebstein malformation should be considered as a
possible lesion in a fetus manifesting hydrops, 
tachyarrhythmia, or marked cardiomegaly. Any of
these manifestations requires further study by
ultrasound to confirm or exclude the diagnosis. In
addition, a fetus in a mother who has been admin-
istered lithium during early pregnancy for treat-
ment of bipolar disorder should be suspected as a
possible candidate for the anomaly.

Neonatal presentation
The hemodynamic disturbances are variable, depend-
ing on the severity of the anomaly. In the presence
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of severe right ventricular outflow obstruction, 
the main concern is maintenance of pulmonary
blood flow after birth. These infants show cyanosis,
which becomes progressive as the ductus arteriosus
constricts, resulting in severe hypoxemia progress-
ing to hypoxia and metabolic acidemia. The pre-
sentation is similar to that of infants with severe
pulmonary stenosis or pulmonary atresia with
intact ventricular septum (see Chapter 15). These
infants usually also have significant tricuspid regur-
gitation. The heart is thus usually enlarged clini-
cally and the cardiac impulse is prominent at the
lower left sternal border. The intensity of the first
sound is usually decreased and the second sound 
is single and also soft. A decrescendo systolic 
murmur of variable intensity is heard at the lower
left sternal border and it may radiate to the right 
of the sternum.

The infant with little or no outflow obstruction
but with severe tricuspid regurgitation also presents
with cyanosis. Severe intrauterine cardiomegaly
may have resulted in pulmonary hypoplasia and
expansion of the lungs may not be achieved, even
with ventilatory assistance. Little or no blood may
be ejected by the right ventricle into the pulmonary
artery and pulmonary blood flow may be provided
exclusively by the ductus arteriosus. As mentioned
above, functional closure of the pulmonary valve
may result from the high pulmonary arterial pres-
sure. In the early neonatal period, the cyanosis may
progress rapidly if the ductus arteriosus constricts.
During this period, administration of prostaglan-
din (PG)E1 may improve or prevent progression of
the cyanosis by increasing pulmonary perfusion
through the ductus arteriosus. However, it could
potentially have an adverse effect by increasing the
degree of tricuspid regurgitation and right ventric-
ular failure (see above). In addition to the cyanosis,
the infant has a markedly enlarged heart; the im-
pulse may be prominent at the lower sternal region.
Auscultatory findings are similar to those in the
infant with obstructed right ventricular outflow.
Hepatomegaly of mild to moderate degree is usu-
ally noted. The mortality of infants with Ebstein
malformation who present with significant symp-
toms at birth is very high [7]. 

With less severe anomalies, the infant is
cyanosed at birth but within a few days, associated
with the decrease in pulmonary vascular resistance,

cyanosis begins to lessen and the infant’s condition
improves as the degree of tricuspid regurgitation
also decreases. Mild to moderate hepatomegaly is
present. Perfusion is poor and blood pressure is
reduced. The heart is markedly enlarged. Precor-
dial pulsation is not significantly increased but
some increase in cardiac pulsation over the lower
sternum may be appreciated. The first heart sound
is usually split with prominence of the second com-
ponent. The tricuspid closure sound may be very
prominent because the anterior leaflet is often large
and redundant; closure may generate the so-called
“slatting sail” sound. The second sound is fre-
quently widely split due to the presence of right
ventricular conduction delay. A third sound is also
frequently audible. A systolic murmur of grade
2–4/6 is usually heard most prominently over the
lower sternal region. A short, low-frequency, 
mid-diastolic murmur may also be heard over the
lower sternal region. A number of infants die dur-
ing the first year as a result of cardiac failure and
hypoxemia.

Presentation in the child and adolescent
The mildest forms of Ebstein malformation may
cause no symptoms and may not be recognized
clinically. If tricuspid insufficiency is mild to mod-
erate, symptoms may not be noted at rest, but
cyanosis and limitation may be noted with exer-
tion. Most individuals have decreased exercise 
tolerance. With increasing age, the tendency is for
cyanosis and cardiac failure to become more severe,
but the rate of progression is variable. Palpitations
may be experienced in young children, but are more
common in adolescents and adults. The sudden
onset of fluttering in the chest with weakness, dysp-
nea, and increased cyanosis may occur with tachy-
arrhythmia. Sudden death may occur, probably as 
a result of ventricular tachycardia.

Physical examination usually shows normal
physical and intellectual development. Although
cyanosis may not be present at rest, patients often
have a flushed or ruddy complexion. The pulse vol-
ume may be decreased in patients with severe tri-
cuspid insufficiency, and pulse pressure is reduced.
The precordial activity is usually not increased but
the heart may be markedly enlarged. The ausculta-
tory findings are similar to those described above
for the infant. The first sound is split, with a loud
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late tricuspid component. The second sound is
widely split and the split does not vary with respira-
tion. A third sound is often present and a fourth
sound may be heard. A medium-frequency systolic
murmur of grade 2–4/6 starting with the first
sound and extending through about two-thirds or
all of systole is heard at the lower sternal region. 
A short, low-frequency, mid-diastolic murmur is
often present at the lower left sternal border.

Investigations

Electrocardiography
The common findings on the electrocardiogram
are tall peaked P waves, prolonged atrioventricular
conduction, and right bundle-branch block. In
infants the changes are often relatively mild; the P
waves are only moderately prominent and right
ventricular conduction delay is present, but com-
plete bundle-branch block is not usual. With
advancing age, the typical changes become mani-
fest. The voltage of the QRS complexes in the right
precordial leads is usually low. Preexcitation or
Wolff–Parkinson–White (WPW) syndrome is com-
mon, occurring in up to about 25% of individuals.
Usually the B type of WPW syndrome is found with
Ebstein malformation, with a pattern of left axis
deviation and QRS complexes suggesting left 
bundle-branch block. The preexcitation is intermit-
tent and between the episodes the electrocardio-
gram shows the usual pattern of Ebstein anomaly.

Arrhythmias occur commonly and, as mentioned
above, their frequency increases with advancing
age. It has been reported that almost 80% of indi-
viduals with Ebstein anomaly will experience
arrhythmia. In adolescents and adults, arrhythmia
is the presenting feature in almost half of the
patients [7]. Atrial and ventricular ectopic beats are
common. Paroxysmal supraventricular tachycar-
dia, atrial flutter, or atrial fibrillation are the usual
arrhythmias, but unsustained ventricular tachycar-
dia may also occur.

Chest radiography
The heart size varies from almost normal to marked
enlargement. It is not uncommon for the heart size
to be normal in the neonate with no or mild symp-
toms. However, infants with marked cyanosis and
tricuspid regurgitation usually have very large

hearts. On the anteroposterior view, the heart has a
somewhat globular shape, with the right atrium
bulging into the right chest; on the lateral view the
right atrium fills the retrosternal space. The pul-
monary artery segment is not prominent and pul-
monary vascular markings are usually decreased in
the infant with marked cyanosis.

Beyond infancy, the heart size is largely deter-
mined by the degree of tricuspid insufficiency. In
individuals with mild leaflet displacement, the
heart is often only slightly enlarged, but the right
atrium may be prominent. The pulmonary artery 
is usually not enlarged and the pulmonary vascula-
ture is normal. Occasionally, with mild tricuspid
valve involvement, a large left-to-right shunt through
the atrial septal communication is associated with
enlargement of the main pulmonary artery and
prominent pulmonary vessels in the lung fields.
Severe tricuspid insufficiency is associated with
marked cardiomegaly, with massive right atrial
enlargement.

Echocardiography
Ultrasound has become the mainstay in diagnosis
and assessment of severity of Ebstein malforma-
tion. The morphology and motion of the tricuspid
valve leaflets is delineated more clearly than with
angiocardiography. M-mode echocardiography
was not very reliable in diagnosing the anomaly;
delayed closure of the tricuspid valve relative to the
mitral valve was considered a criterion for the 
diagnosis. However, two-dimensional echocardio-
graphy has greatly facilitated the diagnosis. Charac-
teristically, the proximal attachment of the septal
leaflet of the valve is displaced inferiorly toward the
apex. Normally the septal leaflet attaches slightly
distal to the septal attachment of the mitral valve.
This separation is accentuated in Ebstein anomaly;
a distance between the attachments greater than 8
mm/m2 body surface area is considered diagnostic.
Other criteria that have been suggested are a sepa-
ration of more than 15 mm in children or more
than 20 mm in adults. The displacement of the pos-
terior leaflet can also be observed. The septal and
posterior leaflets should be examined to assess the
extent of tethering to the adjacent myocardium and
the degree of dysplasia, because these features have
important surgical implications. The anterosupe-
rior leaflet is seen to be large and billowing; the 
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distal attachments of the leaflet should be defined
to assess whether the tricuspid orifice into the func-
tional portion of the right ventricle is obstructed.
The atrial septum should be examined to assess the
size of the defect. The ventricular septum may be
displaced into the ventricular cavity to a varying
degree. The size of the left ventricle and its function
should be assessed. Doppler flow studies are useful
in determining the magnitude of tricuspid regurgi-
tation and the direction and extent of shunting
through the atrial septal communication.

Cardiac catheterization
The advent of two-dimensional echocardiography
has largely eliminated the need for cardiac catheter-
ization or angiography for diagnosis of Ebstein
malformation. The main indication for transvenous
procedures is to undertake electrophysiological
studies and possibly perform ablation procedures
for arrhythmias. In the early experience with
catheterization, there was a high risk, usually as a
result of the induction of serious arrhythmia.
However, with improved monitoring, more careful
catheter manipulation, and ability to terminate
arrhythmia, the risks have been greatly reduced.

From the groin approach the catheter is readily
passed through the inferior vena cava. The diagno-
sis may be suspected if the catheter forms a wide
loop in a greatly enlarged right atrium. Some dif-
ficulty may be experienced in manipulating the
catheter across the tricuspid orifice into the right
ventricle because the large billowing anterior leaflet
may create obstruction. If the right ventricle is
catheterized, considerable difficulty may be experi-
enced in entering the pulmonary artery, because
the course of the catheter may be distorted by the
tricuspid valve. From the right atrium, the catheter
can usually be passed readily across the atrial septal
communication into the left atrium and ventricle.
Occasionally, however, the atrial enlargement results
in marked displacement of the atrial septum and it
may be difficult to locate the atrial septal defect.

Oxygen saturation data
In the cyanosed newborn infant, mixed venous
oxygen saturation is usually decreased as a result of
arterial hypoxemia as well as reduced cardiac out-
put. In the infant with severe cyanosis, metabolic
acidemia may develop. In the older child with mild

tricuspid valve abnormalities, a left-to-right shunt
at the atrial level may result in an increase in right
atrial and right ventricular oxygen saturation. Sys-
temic arterial oxygen saturation is reduced when an
atrial right-to-left shunt is present. In the neonate,
oxygen saturation may be markedly decreased 
to 40–50%. In older children and adults, arterial
saturation is usually in the range 80–90%, but it
may be lower.

Pressures
Pressures in the vena cava and right atrium may be
normal, but with significant tricuspid regurgitation
the mean atrial pressure may be increased to 10–
15 mmHg and the v wave is prominent. The pressure
in the atrialized portion of the ventricle is identical
to that in the atrium. Right ventricular systolic
pressure is usually normal but may be increased
mildly to about 35–40 mmHg. Rarely, in associ-
ation with marked subvalvar or valvar obstruction of
the pulmonary valve, right ventricular systolic pres-
sure may be elevated to near systemic arterial levels.
End-diastolic pressure in the right ventricle may be
elevated, particularly when tricuspid regurgitation
is severe. Systemic arterial pressure, as well as pulse
pressure, may be reduced in infants with reduced
cardiac output, but in older individuals arterial
pressure is usually normal. However, it may fall if
severe cardiac failure develops.

Prior to the use of ultrasound techniques for
diagnosing Ebstein anomaly, it was difficult, even
after catheterization, to be sure of the diagnosis. A
very useful technique is to correlate the pressure
contour with the intracardiac electrocardiogram. 
A catheter with a built-in electrode adjacent to the
hole at the tip is maneuvered, with continuous
pressure monitoring, through the tricuspid orifice
into the right ventricle. Both the pressure and intra-
cardiac electrocardiogram are recorded simultan-
eously while the catheter is withdrawn. In the 
ventricle, the typical ventricular pressure and elec-
trocardiogram are noted. In the patient with Ebstein
malformation, with gradual withdrawal of the
catheter, an area can be identified where the pres-
sure contour is characteristic of the atrial chamber
but the electrocardiogram is typical of that in the
right ventricle. On further withdrawal, the pressure
and electrocardiogram are characteristic of the
right atrium.
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Blood flows and vascular resistances
Pulmonary blood flow is often greatly reduced in
the newborn infant with severe cyanosis. Systemic
flow is often also decreased in the infant with severe
symptoms. In the early neonatal period, pul-
monary vascular resistance is still elevated, not hav-
ing undergone the normal postnatal decline. Within
a few days, pulmonary vascular resistance falls and
pulmonary blood flow increases. As the infant
improves, systemic blood flow increases to normal
levels. In the older child, blood flows are in the nor-
mal range, unless cyanosis or cardiac failure occurs.
Pulmonary blood flow may exceed systemic flow if
there is a left-to-right shunt. The pulmonary to sys-
temic flow ratio is rarely greater than about 1.7–2:1.
Systemic flow is higher than pulmonary flow if a
significant right-to-left shunt is present. Systemic
vascular resistance is usually normal but may 
be increased in the presence of severe tricuspid
insufficiency.

Angiocardiography
An injection of contrast medium into the right
atrium reveals the enlarged chamber, consisting of
the atrium itself and the atrialized portion of the
right ventricle. An indentation on the diaphrag-
matic margin of the chamber may designate the site
of the atrioventricular annulus. The large billowing
anterior valve leaflet may be seen extending well to
the left of the spine. Contrast medium may also be
observed passing through the atrial septal commun-
ication into the left atrium. An injection into the
right ventricle may show a chamber of almost nor-
mal size, but usually the functioning right ventricu-
lar chamber is small. In severe malformations,
particularly in infants, only the outlet chamber of
the ventricle is evident. In the neonate, the pul-
monary valve may not open and differentiation
between morphological and functional pulmonary
atresia is difficult. With the right ventricular injec-
tion, contrast material usually fills the right atrium.
Although this is usually due to valvar insufficiency,
it may be difficult to assess the degree of tricuspid
regurgitation because the catheter may distort the
abnormal valve. Frequently the tip of the catheter
withdraws proximal to the tricuspid valve due to
the small size of the ventricle. The main and branch
pulmonary arteries are usually small in infants 
with significant cyanosis. In older individuals, the

diameter of the arteries is sometimes decreased. In
relation to the greatly enlarged atrium and ventricu-
lar shadow, they have an appearance of being very
small. The intrapulmonary vessels are poorly filled
in infants with severe cyanosis, but in older indi-
viduals are usually normal. A left ventricular angio-
gram may show the chamber to be relatively small
due to encroachment by displacement of the ven-
tricular septum.

Differential diagnosis

In the newborn infant with severe cyanosis, the dif-
ferential diagnosis between Ebstein malformation
and other lesions may be difficult. On auscultation,
splitting of the first and second sound, a prominent
third sound, and possibly a fourth sound suggest
the diagnosis. Although the heart may be of normal
size in a cyanosed infant with Ebstein anomaly, 
this is quite unusual; the presence of marked car-
diomegaly should make one suspect the diagnosis.
Electrocardiographic features suggesting Ebstein
anomaly are right bundle-branch block and type B
WPW syndrome. However, these are not common
in infants. The absence of prominent right ventric-
ular forces in the precordial leads, with right ven-
tricular conduction delay and the presence of tall
peaked P waves, suggest a diagnosis of Ebstein
anomaly or tricuspid atresia. With tricuspid atresia
there is usually left axis deviation. The diagnosis is
apparent with ultrasound study.

In older individuals, the association of cyano-
sis and tachyarrhythmia should strongly suggest 
the possibility of Ebstein anomaly. Other clinical 
phenomena that should lead to consideration of
the anomaly are exercise limitation and appearance
of cyanosis on exertion, and postural cyanosis on
reclining. In individuals with Ebstein malforma-
tion with mild abnormality of the valve and only 
a small left-to-right shunt through the atrial 
septal communication, the diagnosis of atrial septal 
defect of the secundum type may be entertained. The
wide splitting of the second sound and short mid-
diastolic murmur at the lower left sternal border
are findings common to both lesions. The differen-
tial diagnosis may be difficult on clinical examina-
tion, because the electrocardiogram may not be
helpful, showing right ventricular conduction delay
with only mildly prominent right forces. The chest
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radiograph may also be unhelpful, but marked pro-
minence of the right atrium makes the diagnosis 
of Ebstein malformation more likely. The diagnosis
may not be appreciated until an ultrasound study 
is performed.

Principles of management

The spectrum of morphological abnormalities and
functional disturbance is so varied that treatment
plans for patients must be individualized. Indi-
viduals with a mild tricuspid valve anomaly may
never experience symptoms and require no therapy.
The therapeutic options include various forms of
surgery to modify the morphology and manage-
ment of arrhythmias with drugs or ablation proced-
ures. In the sections below I discuss the treatment
options for the following clinical presentations:
• cardiac failure or arrhythmia in the fetus;
• severe cyanosis in the neonate;
• severe tricuspid regurgitation with cardiac 
failure;
• cyanosis with severe exercise limitation;
• paradoxical embolism;
• supraventricular or ventricular tachycardia.
Some centers have also suggested that marked car-
diomegaly, or moderate cyanosis without severe
limitation, are indications for surgery.

Ebstein anomaly in the fetus
The mortality is high in fetuses in whom the diag-
nosis has been established [3–5]. Generally, little
can be offered. However, in one report, improve-
ment of cardiac failure, manifested by hydrops, has
been achieved by administering digoxin directly to
the fetus [8]. Digoxin therapy should probably 
be considered for these fetuses, but the likelihood 
of improvement is small. Furthermore, infants in
whom the diagnosis of Ebstein anomaly had been
made in utero have a very high mortality during the
newborn period. If fetal arrhythmia is detected,
treatment should be instituted by administering
drugs to the mother. Many drugs have been re-
commended. Digoxin has occasionally terminated
supraventricular tachycardia but is not likely to be
effective in Ebstein anomaly. Currently, class II
antiarrhythmic (β-adrenoceptor blocking) agents
are favored. Sotalol, a drug with class III as well as
class II effects, has been used in some patients.

Newborn infant with severe cyanosis
The infant should receive oxygen and other meas-
ures for management of hypoxemia (see Chapter
14). In the early postnatal period, while pulmonary
vascular resistance is still relatively high, PGE1

should be administered by intravenous infusion to
maintain ductus arteriosus patency in order to pro-
vide adequate pulmonary blood flow. If severe right
ventricular outflow obstruction is present, it will be
necessary to maintain ductus patency with PGE1

until a decision is made about subsequent therapy.
If there is little or no right ventricular outflow
obstruction, as pulmonary vascular resistance falls
after birth, the decrease in pulmonary arterial pres-
sure and afterload on the right ventricle will reduce
the degree of tricuspid regurgitation and manifes-
tations of cardiac failure. At this stage, maintaining
patency of the ductus arteriosus may interfere with
the fall in pulmonary arterial pressure and prevent
the reduction in severity of tricuspid regurgitation.
Infusion of PGE1 should be gradually reduced or
terminated while the infant’s oxygen saturation,
Po2 and pH are carefully monitored. If arterial 
oxygen saturation or Po2 falls significantly, or if 
pH falls, the PGE1 infusion should be restarted
immediately. If the infant does not tolerate ces-
sation of PGE1, subsequent attempts to stop the
infusion can be made after several days. Admin-
istration of pulmonary vasodilators such as 
sildenafil or nitric oxide prior to stopping the
prostaglandin infusion may allow adequate pul-
monary perfusion.

If adequate pulmonary blood flow cannot be
maintained without PGE1, an aortopulmonary
shunt is recommended. In the early experience 
with aortopulmonary shunts, results were very dis-
appointing and mortality was high. This was prob-
ably related to the inability of the left ventricle to
increase its output to provide both pulmonary
blood flow and adequate systemic blood flow,
because of infringement of its cavity by septal dis-
placement. Currently, in addition to performing a
modified Blalock–Taussig shunt, the tricuspid
valve is closed, either by suturing the large anterior
leaflet to the ventricular wall or by inserting a peri-
cardial patch in the orifice. This eliminates tricus-
pid regurgitation and reduces septal displacement,
and improves left ventricular performance [9]. 
It has also been recommended that if significant
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pulmonary valvar insufficiency is evident, the 
pulmonary valve orifice should be sealed. Consider-
able success has been achieved with this approach.
This procedure commits the patient to surviving
with a single ventricle. Subsequently, a superior
cavopulmonary anastomosis is established after
about 6–8 months. Completion of the Fontan-type
operation can be accomplished later (see Chap-
ter 16). 

Ebstein anomaly with severe tricuspid
insufficiency
The need for surgery for tricuspid insufficiency
may arise during infancy, but may not be necessary
until later in childhood or even until adulthood.
Because of technical difficulties in small infants, it is
preferable to delay the procedure until an older age
if possible. Several different approaches have been
used and techniques have improved progressively.
Early attempts at reconstruction of the valve 
did not achieve great success, so prosthetic valve
replacement was recommended. Although some
successes were reported, the results were not uni-
formly encouraging. However, with advances in
technique, reconstruction has been considerably
improved and almost 80% of patients requiring
surgery are amenable to some type of reconstruc-
tion. Various techniques are still used, but usually
the atrialized portion of the right ventricle is 
plicated, a posterior tricuspid annuloplasty is per-
formed, and an attempt is made to improve leaflet
function. Techniques that have been used to
achieve this include use of the large anterior leaflet
to create a monocusp, and freeing the posterior and
septal leaflets from their attachment to the ventric-
ular wall to provide more mobility. Recently, the
use of special suture to attempt to reconstitute
chordae tendineae, and to replace shortened chor-
dae and thus improve valve motility to create better
closure, has been successful in some children [10].

If right atrial enlargement is severe and right ven-
tricular function very poor, it may not be possible
to achieve a significant reduction of tricuspid
regurgitation and provide an adequate right ven-
tricular output. Under this circumstance, introduc-
tion of a bidirectional superior cavopulmonary
shunt has, in many instances, resulted in consider-
able improvement by reducing the volume load on
the right ventricle [11,12].

Atrial septal defect closure
Occasionally, older children or adults with Ebstein
anomaly develop increasing limitation associated
with cyanosis. The heart may not be markedly
enlarged and tricuspid insufficiency may not be
severe. In some of these individuals, closure of the
atrial septal defect has been successful in relieving
both the cyanosis and symptoms. Although this has
been accomplished surgically, currently closure of
the defect by interventional cardiac catheterization
techniques would be the recommended approach
(see Chapter 8).

Arrhythmia
Supraventricular tachycardias are often very 
resistant to drug therapy in individuals with
Ebstein malformation. Drugs may be very effec-
tive, but because of the considerable incidence of
one or more accessory pathways in these patients, 
it is recommended that if they manifest arrhy-
thmia, an electrophysiological procedure be per-
formed. Abnormal conducting pathways should 
be ablated by radiofrequency. The success rate 
of ablation procedures is not as high in pat-
ients with Ebstein anomaly as in those with 
hearts with normal morphology, because mult-
iple pathways are often present. For this reason,
recurrence of tachycardia after initial success 
may occur.
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of single ventricle may be associated with trans-
position. Tricuspid atresia with transposition is 
discussed in Chapter 16. Congenitally corrected
transposition is a condition in which the spatial
relationships of the aorta and pulmonary artery are
abnormal but the ventricles are inverted, so that
there is atrioventricular discordance as well as 
ventricular–arterial discordance. The right atrium
leads through a mitral valve into a morphological
left ventricle, which gives rise to a pulmonary
artery. The left atrium connects via a tricuspid valve
to a morphological right ventricle from which arises
the aorta. Because there is both atrioventricular 
and ventricular–arterial discordance, the circulatory
dynamics are normal. In this chapter, I discuss aor-
topulmonary transposition with normal ventricu-
lar alignment.

Morphological considerations

Although aortopulmonary transposition is now
defined as ventricular–arterial discordance, in the
past it was characterized by the anterior position of
the aorta in relation to the pulmonary artery. The
aortic valve is abnormally anterior, superior, and 
to the right. There is a well-developed conus or
infundibulum in the subaortic region of the right
ventricle, and this is the most anterior portion 
of the heart. The right ventricular muscle mass is 
usually normal postnatally, but its growth rate is
not reduced as in the normal heart after birth and
within a few weeks it is clearly hypertrophied com-
pared with the normal. There is wide separation
between the septal leaflet of the tricuspid valve and
the aortic valve. In the early postnatal period, the
thickness of the left ventricular wall is similar to
that of the right left ventricle. In the absence of 
an associated large ventricular septal defect, the
growth rate of the right ventricle decreases and
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Aortopulmonary transposition, or transposition of
the great arteries, is a congenital heart lesion char-
acterized by abnormal origin of the aorta and pul-
monary artery from the ventricular complex. The
atria and the ventricles are normally related or con-
cordant; the right atrium connects through a tri-
cuspid valve to a ventricle with the morphological
features of a normal right ventricle; the left atrium
leads through a mitral valve into a morphological
left ventricle. However, the ventricular–arterial
relationships are discordant, with the aorta arising
from the right ventricle and the pulmonary artery
from the left ventricle. The spatial relationships of
the great arteries are also often abnormal. Normally,
the pulmonary artery is placed anteriorly and to the
right in the superior mediastinum. The aorta arises
posteriorly and to the left and the valve is also cau-
dal to the pulmonary valve. In aortopulmonary
transposition, the aorta is placed anteriorly at its
origin from the right ventricle and the pulmonary
artery is posterior, arising from the left ventricle.
The aortic valve is also positioned cephalad to the
pulmonary valve. However, the relationships of the
aorta and pulmonary artery may vary considerably;
the diagnosis should be based on the presence of
ventricular–arterial discordance rather than the
spatial relationships of the aorta and pulmonary
artery.

Transposition of the aorta and pulmonary 
artery is frequently associated with other congenital 
cardiac lesions, such as ventricular septal defect
(present in about 50% of individuals) and left ventri-
cular outflow tract obstruction, which functionally
is pulmonary stenosis. In addition, atrioventricular
septal defect, tricuspid atresia, and various types 

18
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within a few weeks after birth the thickness of the
left ventricular wall is comparable to that of the
right ventricular wall in a normal heart. The pul-
monary valve is posterior to the aortic valve and is
also displaced more inferiorly and toward the right
than usual. There is no ventricular muscle tissue
between the mitral and pulmonary valves, resulting
in contiguity of the septal leaflet of the mitral valve
with the pulmonary valve. The superior vena cava
(SVC) and inferior vena cava (IVC), the pulmonary
veins, and the atria are usually normal. During 
the postnatal period the ductus arteriosus usually
becomes quickly constricted, with only a small
lumen, and the foramen ovale shows a normal
orifice. In the absence of other lesions, the ascend-
ing aorta is often quite large in diameter and the
isthmus frequently is as wide as the descending
aorta, suggesting that there has been greater than
normal flow across the isthmus in fetal life (see
Chapter 12). Aortic isthmus obstruction or coarc-
tation may occur but is not common.

Associated lesions are quite common with 
aortopulmonary transposition. Ventricular septal
defects, ranging from small to very large, are 
frequently encountered and are important in deter-
mining the hemodynamic and clinical manifesta-
tions. The defects may be located in any portion of
the ventricular septum (see Chapter 7), but quite
frequently involve the outlet septum. When the
defect is located in the subpulmonary region of the
septum, it may be difficult to distinguish between
aortopulmonary transposition with a ventricular
septal defect and double-outlet right ventricle of
the Taussig–Bing type. In the latter condition, the
aorta arises anteriorly and the pulmonary artery,
which is posterior, overrides the ventricular septal
defect. The outlet septum may be displaced toward
the right, creating narrowing of the subaortic
region; this gives the impression that the pul-
monary artery arises largely from the left ventricle,
suggesting the diagnosis of transposition. Function-
ally, the two complexes behave similarly and man-
agement is similar. Although a conus beneath both
semilunar valves is characteristic of double-outlet
right ventricle, it would be expected that there
would be separation between the mitral and pul-
monary valves; this may be poorly defined, so that
differentiation may be difficult. The presence of
subaortic stenosis, which is also commonly associ-

ated with aortic coarctation and narrow aortic isth-
mus, strongly supports the diagnosis of Taussig–
Bing anomaly.

Large atrial septal defects of the fossa ovalis 
or ostium secundum type may occur, but they are
not as common as ventricular septal defects. Fre-
quently, systemic systolic pressure in the right 
ventricle displaces the ventricular septum into the
left ventricular outflow tract and causes subvalvar
pulmonary stenosis. Less commonly, more severe
degrees of stenosis may be related to a fibrous shelf
below the pulmonary valve and occasionally abnor-
mal attachment of the mitral valve may encroach
on the outflow tract of the left ventricle. The pul-
monary valve orifice itself may be small and some-
times the valve is stenotic. When transposition is
associated with a ventricular septal defect, subval-
var pulmonary stenosis may be due to displace-
ment of the outlet septum into the left ventricular
outflow. The main pulmonary trunk tends to be
shorter than normal and frequently the trunk is 
oriented toward the right. With this orientation the
right pulmonary artery is often considerably larger
than the left, which may appear to be hypoplastic.

Changes in the pulmonary vasculature after
birth vary, depending on the associated lesions.
When a large ventricular septal defect is present,
the pulmonary arteriolar vessels retain their thick
muscular medial layer, and there is usually appear-
ance of intimal proliferation and fibrosis within the
first year of life. The pulmonary vascular obstruc-
tive changes appear to occur earlier than when a
ventricular septal defect is not associated with
transposition and, not infrequently, infants of 3–
6 months of age have well-developed pulmonary
vascular changes. In the absence of a large ventricu-
lar septal defect, the vessels tend to show normal
maturational changes, but intimal proliferation
with thrombosis and fibrosis occurs in a small
number of infants, as early as a few months 
after birth. The occurrence of increased pulmonary
vascular smooth muscle development with high
pulmonary vascular resistance in both the fetus and
neonate with aortopulmonary transposition has
been recognized [1]. This association is discussed
on p. 471.

Lesions of the tricuspid valve, with associated
underdevelopment of the right ventricle, are some-
times associated with aortopulmonary transposition.
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The association of ventricular septal defect, under-
developed right ventricle, and small tricuspid valve
with functional stenosis and aortopulmonary trans-
position is occasionally observed. When this com-
plex is present, there is also a high incidence of 
aortic isthmus narrowing or aortic coarctation and
persistent patent ductus arteriosus. A more severe
form with tricuspid atresia may also occur, with a
smaller right ventricle and a ventricular septal defect;
aortic isthmus narrowing is commonly associated
(see Chapter 16).

The coronary arteries both originate from the
aorta. Both coronary arteries arise from the aortic
sinuses adjacent to the pulmonary artery. Whereas
normally the noncoronary sinus is the right pos-
terior sinus, in aortopulmonary transposition the
right anterior sinus does not give rise to a coronary
artery. Unlike in normal individuals, the right
coronary artery tends to be larger than the left; the
left circumflex artery arises from the right coronary
in about 20% of individuals. A single coronary
artery occurs in about 10% of patients with trans-
position.

Apart from the manifestations of hypoxia and, if
present, cardiac failure, there are no other general-
ized pathological findings in aortopulmonary
transposition. Other congenital anomalies are not
common. One interesting finding in some new-
born infants with transposition is the presence of
islet hypertrophy in the pancreas. Whether this is a
true association or coincidental is questionable.

Embryological considerations

The disturbances in embryological development of
the heart responsible for aortopulmonary transpo-
sition are not yet fully defined. One hypothesis sug-
gests that it is based on lack of spiraling of the
septum that grows in the primitive truncus arterio-
sus communis to separate it into the aortic and pul-
monary trunks. The introduction of new models 
of embryological development of the conotruncal
region by Keith, Lev, and van Praagh has resulted in
a much broader concept of transposition. These
hypotheses stress the importance of the develop-
ment of the conus region, whether it preferentially
develops on the left or right side or bilaterally, and
its ultimate position in relation to the aorta and 
the pulmonary artery. The discussion that follows

refers to transposition, in which there is normal
position of the atria and ventricles with atrioven-
tricular concordance, so-called D-transposition.
Keith has maintained that the abnormal relation-
ships of the aorta and pulmonary artery to the
respective ventricles are due to alterations in re-
sorption of conal tissue in the subaortic and sub-
pulmonary regions. During development of the
conotruncal region, the pulmonary artery is related
to the left conus and the aorta to the right conus. It
was suggested that normally the right conus is
resorbed, bringing the aorta over the left ventricle.
Aortopulmonary transposition was claimed to be
due to resorption of the left rather than the 
right conus and this placed the pulmonary artery
over the left ventricle. Van Praagh has presented a
hypothesis of an abnormality of conal development
based on differential rates of conal growth rather
than on resorption of conal tissue. He stresses the
fact that in typical aortopulmonary transposition
there is always well-developed conus related to the
aorta and absent conal tissue in relation to the pul-
monary artery. This results in separation of the 
aortic and tricuspid cusps and also in contiguity of
the mitral and pulmonary valve cusps. Therefore,
he has proposed that there is differential growth 
of the left and right coni. Normally, preferential
growth of the left conus, which is subpulmonary in
location, displaces the pulmonary valve anteriorly
and to the left, so that the aortic valve is pushed
posteriorly and to the right; because right conus
growth is significantly less, the aortic valve is con-
tiguous with the mitral valve. Aortopulmonary
transposition, it is claimed, is caused by preferential
growth of the right-sided conal tissue, which brings
the developing aorta anteriorly and to the right in
relation to the right ventricle. The left conus does
not grow and thus the pulmonary artery overlies
the left ventricle and is contiguous with the mitral
valve. Whether abnormalities in either differential
conus resorption or growth are responsible for
transposition is yet to be resolved.

The hypothesis that aortopulmonary transposi-
tion is due to abnormal growth of the spiral septum
has lost support in recent years. It has been claimed
that the normal spiral relationships of the proximal
portion of the aorta and pulmonary artery are due
to growth of endocardial cushions that develop in a
spiral arrangement in the ventral aorta connected
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to the bulbus cordis. It has been proposed that if
growth of the septum is straight rather than spiral,
the anterior portion of the aorta will connect with
the right ventricle and the posterior portion, from
which the pulmonary artery develops, with the left
ventricle. A modified version of this concept pro-
poses that a disturbance in the hemodynamic pat-
terns of flow in the developing embryonic heart
explains the lack of spiraling of the septum. This, it
is suggested, results in disappearance of the normal
separate streams of blood entering the ventral
aorta; the lack of these streams interferes with nor-
mal molding and allows the septum to develop in a
single straight plane. Van Praagh has criticized the
theory that abnormal development of the spiral
septum is responsible for transposition, because
alterations in the positions of the coronary arteries
and of the semilunar valve cusp alignment would
be expected. Thus if the septum did not develop
appropriately, the left coronary artery would be
expected to arise from the pulmonary artery. It 
has been proposed that spiraling of the septum is
related to differential conus growth or resorption.

Aortopulmonary transposition has generally not
been associated with genetic syndromes and its
occurrence was assumed to be sporadic. However, a
report from Italy indicates that congenital cardio-
vascular malformations were encountered in 10%
of families with a child with transposition; also the
most common lesion that occurred was transposi-
tion [2]. Recently, variants of the CFC1 gene have
been noted to occur in individuals with laterality
defects, who also develop congenital cardiovascular
malformations [3]. CFC1 mutations have also been
identified in patients with heterotaxy syndrome,
some of whom had aortopulmonary transposi-
tion [4].

Hemodynamic considerations

The presence and extent of the associated lesions
determine the circulatory dynamics in individuals
with aortopulmonary transposition. The lesions
that commonly affect the hemodynamic and clin-
ical features are ventricular septal defect, pulmonary
stenosis, and atrial septal defect. The size of the
defects and severity of the stenosis are important in
determining the manifestations. Five groups are
considered.

1 Aortopulmonary transposition with inadequate
communication between the pulmonary and sys-
temic circulation.
2 Aortopulmonary transposition with a large com-
munication between the pulmonary and systemic
circulation:

(a) Ventricular septal defect
(b) Atrial septal defect.

3 Aortopulmonary transposition with ventricular
septal defect and pulmonary stenosis.
4 Aortopulmonary transposition with ventricular
septal defect and hypoplastic right ventricle.
5 Aortopulmonary transposition with ventricular
septal defect and tricuspid atresia (see Chapter 16).

Fetal circulation
Aortopulmonary transposition is compatible 
with fetal survival and normal body growth and
development. There is no evidence that there is a
significantly high incidence of aortopulmonary
transposition in stillbirths. The gestational devel-
opment of the fetus also appears to be normal in
most cases; in fact, there is a tendency for these
infants to be rather large and heavy at birth. This
relatively normal development of the fetus is
related to the presence of the foramen ovale and the
ductus arteriosus.

Aortopulmonary transposition with no related
cardiac lesions
Although no measurements of oxygen saturation in
the fetus with aortopulmonary transposition are
available, it may be assumed that the oxygen con-
tent of blood ejected by the left and right ventricles
is different from that in the normal fetus. Fig-
ure 18.1 shows the oxygen saturations that might be
expected in various vessels and cardiac chambers in
the normal fetus. Figure 18.2 shows the values for
oxygen saturation that I have speculated might be
observed in a fetus with aortopulmonary transposi-
tion and intact ventricular septum [5]. The patterns
of venous return to the heart are probably not
altered significantly in the fetus with transposition,
although, as discussed below, it is possible that some
minor alterations may result from the changes in
afterload on the left and right ventricles.

The patterns of blood flow in the normal fetus
are discussed in Chapter 1. SVC blood, which has
an oxygen saturation of 35–40%, returns to the
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right atrium and is largely directed through the 
tricuspid valve to the right ventricle. Distal IVC
blood has a similar oxygen saturation and is 
also predominantly directed through the tricuspid
valve. An average of about 50% of umbilical venous
blood, with an oxygen saturation of about 85%, is
distributed to the portal circulation and the remain-

der passes through the ductus venosus. However,
the proportion of umbilical venous return passing
through the ductus venosus varies in individual
fetuses from 20 to 80%. Ductus venosus blood is
preferentially directed through the foramen ovale
into the left atrium where it is joined by pulmonary
venous blood, which has an oxygen saturation of
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Figure 18.2 Patterns of blood flow and
oxygen saturations in cardiac chambers
and vessels in the fetus with
aortopulmonary transposition.
Assumptions of volumes of blood flow
were used in calculating oxygen
saturations in the main vessels. The
pulmonary artery arises from the left
ventricle; pulmonary arterial oxygen
saturation is considerably greater than
normal. The aorta arises from the right
ventricle and oxygen saturation in the
ascending aorta is less than normal.
Descending aortic blood oxygen
saturation is similar to that in the 
normal fetus. From Rudolph [5] with
permission.  (See color plate 18.2).

Descending
aorta

Placenta

Vena cava

Foramen ovale

Right
atrium

Right
ventricle

Pulmonary
trunk

Left
atrium

Left
ventricle

arteriosus

Ductus
Lungs

Aorta

Pulmonary veins

55

55

85 35
50

65

4885

Figure 18.1 Circulation in the normal
fetal lamb showing the patterns of
blood flow and oxygen saturations in
the cardiac chambers and vessels.
Oxygen saturation is higher in the
ascending aorta than the descending
aorta. Pulmonary arterial oxygen
saturation is quite low. For a detailed
description see the text. From 
Rudolph [5] with permission. 
(See color plate 18.1).
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about 48%. Hepatic venous blood, with an oxygen
saturation of 65–75%, is distributed to both the
right and left atrium (see Chapter 1). Left ventricu-
lar blood, which is ejected into the ascending aorta
and its branches, has a saturation of about 65% and
right ventricular blood, ejected into the pulmonary
artery, has an oxygen saturation of about 50%.
Thus blood delivered to the cerebral and coronary
circulations has an oxygen saturation of about
65%, whereas that entering the pulmonary circula-
tion has a saturation of about 50%. A large propor-
tion of pulmonary arterial blood passes through the
ductus arteriosus to the descending aorta; descend-
ing aortic blood, derived from the ductus and
through the aortic isthmus from the ascending aorta,
has a saturation of about 55%.

In fetuses with aortopulmonary transposition
(see Figure 18.2), blood entering the pulmonary
circulation from the left ventricle will have a con-
siderably higher oxygen saturation than normal.
The pulmonary vascular resistance, which is very
sensitive to small changes in Po2, will be consider-
ably lower than normal and thus pulmonary blood
flow will be higher than normal. In the fetus, oxy-
gen consumption of the lung is very low, so the pul-
monary venous blood has a relatively high oxygen
saturation and this facilitates maintenance of a very
high oxygen saturation of left atrial and left ventricu-
lar blood. I have estimated that left ventricu-
lar oxygen saturation could be 75–80%. Possibly,
because of the low pulmonary vascular resistance,
there could be some bidirectional shunting through
the ductus arteriosus, but oxygen saturation of
blood perfusing the lung will still be extraordinarily
high. The increased pulmonary venous return 
will raise left atrial pressure and tend to close the
foramen ovale. Ultrasound studies have demon-
strated a restricted foramen ovale in about 20% of
fetuses with aortopulmonary transposition [6,7].
The effect of the high oxygen saturation of 
pulmonary arterial blood on the small pul-
monary blood vessels could be to reduce the devel-
opment of pulmonary smooth muscle and thus
make the pulmonary vessels less reactive to vaso-
active stimuli. However, the relative effects of the
high pulmonary arterial oxygen saturation and the
effects of increased pulmonary arterial pressure
could determine pulmonary vascular smooth 
muscle development.

In addition to the effect of the high oxygen 
saturation of pulmonary arterial blood on the 
pulmonary circulation, it could also have an effect
on the ductus arteriosus. Pulmonary arterial blood
passes through the ductus to the descending aorta
and thus the ductus, which is normally exposed 
to blood with an oxygen saturation of about 50%,
would be subjected to an an oxygen saturation of
75–80%; this could induce constriction. As shown
in fetal lambs, constriction of the ductus results in
pulmonary arterial hypertension and, as discussed
in Chapter 5, this could induce increased develop-
ment of pulmonary arteriolar smooth muscle and
result in high pulmonary vascular resistance after
birth. Ultrasound examination has demonstrated
the presence of ductus arteriosus constriction and
abnormal shunting in some fetuses with transposi-
tion [6,7], and persistent pulmonary hyperten-
sion of the newborn has been observed in some
neonates with aortopulmonary transposition.

The vasodilator effects of increased oxygen satu-
ration on the pulmonary circulation are more likely
to occur in late gestation. The pulmonary vessels 
in fetal lambs are poorly reactive to changes in Po2

before about 100 days’ gestation and in human
fetuses they are relatively unresponsive before
about 30 weeks’ gestation (see Chapter 5). It is thus
unlikely that significant changes in the foramen
ovale would be evident before about 30 weeks’ ges-
tation. The constrictor effect of oxygen on the duc-
tus of fetal lambs is insignificant below about 90
days’ gestation and the response to Po2 increases
progressively to term. The response of the ductus to
Po2 has not been defined in relation to human fetal
gestational age, but it is unlikely that constriction
would be prominent before 25–30 weeks’ gestation
(see Chapter 6).

It is apparent that many factors could interact 
to influence flow patterns in the fetus with aorto-
pulmonary transposition. Thus an increase in pul-
monary blood flow will increase pulmonary venous
return and elevate left atrial pressure, tending to
close the foramen ovale. This could reduce the flow
of ductus venosus blood across the foramen ovale
and reduce the oxygen saturation of left ventricular
and pulmonary arterial blood, thus countering the
fall in pulmonary vascular resistance. Although the
fall in pulmonary vascular resistance resulting from
exposure to high oxygen saturation could reduce
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pulmonary vascular smooth muscle development,
the rise in pulmonary arterial pressure associated
with ductus constriction could enhance smooth
muscle development. It remains to be determined
what the roles of these various influences are in the
responses of the pulmonary circulation, the ductus
arteriosus, and the foramen ovale.

It has now been recognized that detection of
foramen ovale or ductus arteriosus constriction in
the fetus with aortopulmonary transposition by
ultrasound examination predicts that postnatal
adaptation is likely to be difficult. The neonate usu-
ally has severe hypoxemia, does not usually show
improvement with prostaglandin (PG)E1 infusion,
and may succumb within a few hours without 
drastic intervention [7]. Also persistent pulmonary
hypertension of the newborn may be a prominent
feature, which also presents difficult management
problems. These features are discussed below.

The alterations of blood flow patterns in trans-
position will also affect the oxygen saturation and
Po2 of blood distributed to various parts of the fetal
body. Normally, in lamb fetuses near term the oxy-
gen saturation of blood in the ascending aorta is
about 65% and Po2 is 25–28 mmHg. However, in
the fetus with transposition, the blood distributed
to the ascending aorta from the right ventricle will
have an oxygen saturation of about 45% (see Figure
18.2), similar to that in the pulmonary artery of the
normal fetal lamb. Coronary blood flow would
have to be about 1.5 times higher than normal to
provide the same oxygen delivery as in the normal
fetus. Similarly, cerebral blood flow would have to
increase by 150% to provide the same oxygen deliv-
ery. The cerebral circulation in fetal lambs responds
to hypoxemia by vasodilation with an increase in
blood flow; thus cerebral oxygen delivery and oxy-
gen consumption are maintained (see Chapter 1).
There is evidence from ultrasound studies that
cerebral vascular resistance is decreased in fetuses
with aortopulmonary transposition, as shown by
the reduced pulsatility index in Doppler flow velo-
city waveforms in the middle cerebral artery [8].
This should allow for adequate oxygen supply to
the brain during fetal development. However, head
circumference was significantly lower in neonates
with aortopulmonary transposition compared with
normal infants [9,10]. Whether this is related to a
lower oxygen content in the blood supplying the

brain or to associated genetic factors is not known.
It is possible that although increased blood flow
may usually be able to compensate for the low oxy-
gen saturation, oxygen supply to the brain may be
compromised at times of stress.

Blood from the ascending aorta that crosses the
isthmus to the descending aorta will be joined by
blood with higher Po2 from the pulmonary artery
that traverses the ductus arteriosus. The Po2 of
descending aortic blood will therefore be somewhat
higher than that of ascending aortic blood and also
higher than normal. This difference will depend on
volume of flow from the pulmonary artery to the
descending aorta; if the ductus arteriosus is con-
stricted, this flow may be quite low.

The proportions of blood ejected by the left and
right ventricles, and passing through vessels and
shunts, could be significantly affected by the pres-
ence of aortopulmonary transposition. The output
of the fetal ventricles is very sensitive to changes in
afterload. In the normal fetus, a large proportion 
of the blood ejected by the right ventricle passes
through the ductus arteriosus to the relatively low-
resistance umbilical–placental circulation. However,
in the fetus with transposition, if the ductus arterio-
sus is constricted, flow to the placenta will be
derived from the right ventricle across the aortic
arch and isthmus to the descending aorta. This
could explain the fact that in newborn infants with
transposition, the aortic isthmus shows less nar-
rowing than normal (see Chapter 12). In the fetus
with transposition, the left ventricle ejects into the
pulmonary trunk, which connects with the ductus
arteriosus and gives rise to the pulmonary arteries.
The afterload is therefore determined by the pul-
monary vascular resistance and, through the ductus
arteriosus, by the low-resistance placental circula-
tion. The afterloads on the ventricles will affect
their emptying and therefore could influence the
relative proportion of IVC blood distributed to the
right ventricle and, through the foramen ovale, into
the left ventricle.

It is difficult to explain the fact that abnormali-
ties of the foramen ovale and ductus arteriosus 
are detected in only about 20% of fetuses with 
aortopulmonary transposition. This could possibly 
be explained by the amount of well-oxygenated
umbilical venous blood that passes across the foramen
ovale, with the resultant increase in pulmonary
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arterial oxygen saturation. As mentioned in Chap-
ter 1, 20–80% of umbilical venous blood may
bypass the liver through the ductus venosus, and
ductus venosus blood is preferentially directed
across the foramen ovale into the left atrium. Thus
if a large proportion of umbilical venous return
passes through the ductus venosus, it might be
expected that pulmonary arterial oxygen satura-
tion will be very high in the fetus with transposition
and affect the pulmonary circulation and ductus
arteriosus. However, if the major proportion of
umbilical venous blood is distributed through the
hepatic circulation, only a small volume would 
be preferentially directed across the foramen ovale
and oxygen saturations in the two ventricles would
be closer.

Aortopulmonary transposition with
ventricular septal defect
When a large ventricular septal defect is present,
the course of the circulation may be modified.
Depending on the afterload on each ventricle, some
shunting could occur in either direction, and it is
possible that bidirectional shunting could occur.
The high oxygen saturation of pulmonary arterial
blood will decrease pulmonary vascular resistance,
and during systole blood will probably shunt from
the right to the left ventricle. This will result in
some decrease in Po2 of blood distributed to the
lungs as well as through the ductus arteriosus.
During diastole, a large volume will return from the
pulmonary veins to the left atrium and ventricle
and thus a shunt from the left to the right ventricle
is likely to occur. This will add blood with a higher
Po2 to the ascending aortic stream and thus tend to
limit the abnormal decrease in upper body Po2

(Figure 18.3). The presence of a large ventricular
septal defect will tend to allow some bidirectional
shunting and limit the large changes in oxygen sat-
uration that probably occur in the presence of an
intact septum.

Aortopulmonary transposition with
ventricular septal defect and pulmonary
stenosis
If pulmonary stenosis is severe, blood entering the
left ventricle will be largely ejected through the ven-
tricular septal defect into the right ventricle. This
would result in almost complete admixture of SVC

and IVC streams, so that the Po2 of ascending and
descending aortic and pulmonary arterial blood
would be similar. Blood supply to the lungs would
be provided by flow from the aorta to the pul-
monary artery beyond the stenosis through the
ductus arteriosus. The blood distributed to the
lungs would therefore have a lower Po2 than that in
transposition with no associated defects and there
would be a lesser reduction in pulmonary vascular
resistance (Figure 18.4). Ascending and descending
aortic blood will have a similar Po2 and this will be
higher than that in transposition without other
lesions.

Aortopulmonary transposition with
ventricular septal defect and hypoplastic 
right ventricle
Inflow into the right ventricle is impeded and IVC
blood will pass preferentially across the foramen to
the left atrium. If right ventricular hypoplasia 
is severe and the tricuspid valve is small, even 
SVC blood may be directed across the foramen
ovale. The right ventricle may receive only a small
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Figure 18.3 Aortopulmonary transposition with ventricular
septal defect in a fetus: course of the circulation, oxygen
saturations (circled), and pressures. m, mean pressure.
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proportion of blood through the tricuspid valve
and be supplied from the left ventricle through the
ventricular septal defect. Because the volume of
blood ejected by the right ventricle will be limited,
the ascending aorta may be poorly developed and
carry only the blood flow to the coronary circula-
tion, the upper extremities, and the head. Aortic
isthmus flow will be markedly reduced, and this
could account for the fact that aortic isthmus nar-
rowing or tubular hypoplasia of the aortic isthmus
is encountered frequently in this complex (see
Chapter 12). Left ventricular blood will be ejected
into the pulmonary trunk and a large proportion
will pass through the ductus to the descending
aorta. Depending on the degree of reduction in aor-
tic isthmus flow, a greater proportion of descend-
ing aortic flow will be derived from the ductus
arteriosus, which therefore could be wider than
normal. As in other aortopulmonary transposition
complexes, the normal Po2 relationships between
the ascending and descending aortae would be
reversed. However, if the right ventricle receives
most of its blood from the left ventricle, the differ-

ence in Po2 between the ascending and descending
aortae will be small.

Postnatal circulation
General considerations
For the function of gas exchange to be assumed by
the lung after birth, it is necessary not only for ven-
tilation to occur but also for an effective pulmonary
circulation to be established. Pulmonary blood
flow must be increased and oxygenated blood must
also be distributed to the systemic circulation. If the
normal separation of the left and right sides of the
heart by closure of the ductus arteriosus and fora-
men ovale ensued after birth in the infant with aor-
topulmonary transposition, oxygen supply to the
tissues would not be possible. Systemic venous
blood returning from the SVC and IVC to the right
atrium will be ejected by the right ventricle into the
aorta and thus would be recirculated. Pulmonary
venous blood returning to the left atrium will be
ejected by the left ventricle into the pulmonary
artery, thus recirculating oxygenated blood through
the pulmonary circulation. It is essential that there
be some means for systemic venous blood to enter
the pulmonary circulation to be oxygenated and
also for pulmonary venous blood to pass into the
systemic arterial system to supply oxygen to the 
tissues. This bidirectional shunting after birth may
occur through persistent patency of fetal channels,
the foramen ovale and the ductus arteriosus, or
through abnormal channels, such as ventricular or
atrial septal defects.

The general principles outlined in the following
three sections will then be applied to postnatal 
circulatory adjustments in infants with aortopul-
monary transposition and various associated defects.

Shunting and effective flows
There has been considerable confusion regarding
the interpretation of left-to-right and right-to-left
shunts in patients with aortopulmonary transposi-
tion. A left-to-right shunt represents the volume of
blood passing from the left atrium or ventricle, or
the aorta, directly into the right side of the heart. 
In most congenital cardiac lesions, it reflects the
volume of pulmonary venous or oxygenated blood
that recirculates through the lungs. However, in
aortopulmonary transposition the pulmonary venous
blood shunted from the left to the right side of the
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Figure 18.4 Aortopulmonary transposition with ventricular
septal defect and pulmonary stenosis in a fetus: course of
the circulation, oxygen saturations (circled), and pressures.
m, mean pressure.
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heart enters the systemic circulation and does not
recirculate to the lungs. The pulmonary venous
blood returning to the left atrium and ventricle that
is not shunted is ejected into the pulmonary artery
and does recirculate.

To avoid confusion, it is convenient to introduce
the concept of anatomical and physiological shunt-
ing (see Chapter 4). The anatomical left-to-right
shunt represents the volume of blood actually pass-
ing from the left to the right side of the heart. The
physiological left-to-right shunt reflects the volume
of pulmonary venous blood that is recirculated
through the lungs. Similarly, the anatomical right-
to-left shunt is a measure of the actual amount of
blood shunted from the right atrium or ventricle,
or from the aorta, to the left atrium and ventricle or
the pulmonary artery. The physiological right-to-
left shunt represents the volume of systemic venous
blood that reenters the systemic arteries without
passing through the lung.

From the functional point of view, the amount of
oxygen that can be taken up in the lungs is depend-
ent on the volume of systemic venous blood that
reaches the lungs; this is termed the effective pul-
monary blood flow. In aortopulmonary transposi-
tion, the maximal amount of systemic venous
blood that can reach the lungs is the anatomical
right-to-left shunt. However, it cannot be assumed
that the anatomical right-to-left shunt equals the
effective pulmonary blood flow when there is 
bidirectional shunting. This is best explained in a

model in which it is assumed that there is a shunt
from the right atrium to the left atrium and from
the left ventricle to the right ventricle (Figure 18.5).
Some of the systemic venous blood shunted into
the left atrium may be shunted back to the right
ventricle without reaching the lungs and thus the
effective pulmonary blood flow would be some-
what smaller than the anatomical right-to-left
shunt. If the anatomical shunt is small in propor-
tion to the total systemic or pulmonary blood flow,
the error involved in calculations in which it is
assumed that anatomical right-to-left shunt equals
effective pulmonary flow will be quite small.
However, if the anatomical shunt is a large percent-
age of systemic or pulmonary flow, the error may
be quite large.

The anatomical left-to-right shunt must be 
identical to the anatomical right-to-left shunt in
aortopulmonary transposition. Temporary small
differences in the actual shunts may occur, but any
prolonged difference would result in depletion of
the blood volume in one circulation, with over-
loading of the other. The methods and difficulties
involved in calculation of shunts in patients with
aortopulmonary transposition are described in
Chapter 4.

Pulmonary and systemic blood flow and arterial
oxygen concentration
In most congenital heart lesions with right-to-left
shunting of blood, the most important single factor

Systemic
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Figure 18.5 Flows and shunts in the
heart of an infant with both atrial and
ventricular communications. Details are
given in the text.
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that determines the level of arterial oxygen satura-
tion is the magnitude of pulmonary blood flow.
This is exemplified in tetralogy of Fallot (see
Chapter 14). In aortopulmonary transposition, the
most important factor is the amount of mixing
between the pulmonary and systemic circulations,
as represented by the physiological right-to-left and
left-to-right shunts. However, when there is very
effective mixing, due usually to a large ventricular
or atrial septal defect, the magnitude of pulmonary
blood flow and the ratio of pulmonary to systemic
flow will influence the arterial oxygen saturation. In
the absence of a large communication, pulmonary
blood flow may be increased markedly, yet arterial
oxygen saturation may be greatly reduced. As men-
tioned on p. 474, when there is poor mixing, the
calculated effective pulmonary blood flow provides
a reliable measure of actual anatomical left-to-right
and right-to-left shunts. In these instances, know-
ledge of actual pulmonary blood flow is not import-
ant in relation to arterial Po2, but may be important
with regard to left ventricular dynamics and assess-
ment of pulmonary vascular resistance.

Although systemic blood flow is important in
providing oxygen to the tissues, the total available
oxygen supply is provided by the oxygenated blood
that passes from the left to the right side of the
heart, namely the physiological left-to-right shunt.
If systemic blood flow is large, the oxygen satura-
tion of arterial blood will be low; if it is decreased,
oxygen saturation will be higher.

Therefore the main concerns in the postnatal
adjustment of infants with aortopulmonary trans-
position without adequate mixing are the magni-
tude of the shunts, the size of effective pulmonary
blood flow, and the total oxygen uptake for delivery
to the tissues.

Pulmonary and systemic blood flow and 
effective mixing
When there is effective mixing of pulmonary and
systemic venous returns in patients with aortopul-
monary transposition, the level of arterial oxygen
saturation is influenced by the pulmonary to sys-
temic flow ratio. A large pulmonary to systemic
flow ratio will result in a relatively high systemic
arterial oxygen concentration and tissue hypoxia
will not occur; the physiological disturbances will
be related to the ability of the ventricles to maintain

the high pulmonary blood flow. If the ventricles 
are not able to do so, cardiac failure supervenes. If
there is effective mixing but pulmonary flow is
reduced by the presence of pulmonary stenosis or
increased pulmonary vascular resistance, the pul-
monary to systemic flow ratio will be decreased and
arterial oxygen saturation will be lower. If the ratio
is markedly reduced, hypoxemia with resultant
hypoxia may result.

Aortopulmonary transposition with
inadequate pulmonary–systemic
communication
Elimination of the low-resistance umbilical–
placental circulation at birth results in a marked
increase in systemic vascular resistance. In the pres-
ence of aortopulmonary transposition, the right
ventricle, which ejects into the aorta, is confronted
with a greater afterload and initially its stroke vol-
ume will fall. End-diastolic volume and pressure
will be elevated to raise stroke volume and the right
atrial a wave will increase. The decrease in pul-
monary vascular resistance associated with ventila-
tion will reduce the afterload on the left ventricle,
allowing a greater stroke volume into the pul-
monary artery. If the ductus arteriosus remains
open, the fetal flow pattern will be reversed and
blood will flow from the aorta to the pulmonary
artery, the quantity of flow being determined by the
size of the ductus and the pulmonary arterial and
aortic pressures (Figure 18.6). If the ductus is
widely patent and pulmonary arterial and aortic
pressures are the same, the flow will be determined
by relative resistance in the pulmonary and sys-
temic circulations. In the early postnatal period,
while pulmonary vascular resistance is still rela-
tively high, pulmonary blood flow as well as the
ductus shunt are not very large, but with further
maturation of the pulmonary vasculature, an
increasing pulmonary blood flow will develop.

We do not know whether the decline in pul-
monary vascular resistance after birth follows the
normal pattern in infants with aortopulmonary
transposition. If, as mentioned on p. 470, the pul-
monary arterioles have poorly developed medial
smooth muscle, it might be expected that the
decrease in pulmonary vascular resistance after
birth would be more rapid than normal. However,
if pulmonary vascular smooth muscle development
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has been enhanced by prenatal ductus arteriosus
constriction (see Chapter 18), pulmonary vascular
resistance may be high and fall only slowly after
birth. In this circumstance, pulmonary blood flow
will be low and thus cyanosis may be severe.

Another factor that must be considered is
whether systemic arterial hypoxemia may affect the
postnatal changes in the pulmonary circulation.
Early studies in fetal lambs suggested that a reduc-
tion in systemic arterial Po2 and pH might induce
pulmonary vasoconstriction through chemoreflex
mechanisms. If this occurred in infants after birth,
the low systemic arterial Po2 often encountered in
infants with aortopulmonary transposition may
cause reflex vasoconstriction of the pulmonary 
circulation and delay the postnatal decrease in 
pulmonary vascular resistance. However, current
evidence suggests that the pulmonary arterioles are
primarily affected by local Po2 and pH levels in the
lung and that reflex effects of systemic arterial
hypoxemia are of minor importance (see Chapter
5). It is of interest that blood flow to the right lung is

greater than that to the left in about half the indi-
viduals with aortopulmonary transposition. This
could be related to the orientation of the pulmonary
outflow and main pulmonary artery toward the
right; it could explain the frequent observation that
the right is often larger than the left pulmonary
artery.

The increase in pulmonary blood flow after birth
results in an increase in venous return to the left
atrium, which is associated with an elevation of
pressure, particularly of the v wave. Blood flow
from the aorta to the pulmonary artery through the
ductus arteriosus results in an even further increase
in venous return to the left atrium, left ventricle,
and pulmonary circulation. The increase in left
atrial and left ventricular diastolic pressures will
increase the output of the left ventricle and thus
large pulmonary flows are established. If an ade-
quate communication exists between the left and
right atria, the increased left atrial pressure will
result in shunting to the right atrium, with a bal-
ancing of volumes in the pulmonary and systemic
circulations; also, left atrial pressure will not reach
very high levels. However, with a normal foramen
ovale, the increase in left atrial pressure tends to
close the foramen ovale flap, as it does in the normal
infant, thus permitting a progressive increase in left
atrial pressure. The higher the left atrial pressure,
the more effectively the foramen ovale is sealed.

If the foramen ovale is the sole channel by which
blood can pass from the left to the right side of the
heart, there will be interference with passage of pul-
monary venous blood to the systemic circulation.
Distension of the left atrium and atrial septum may
stretch the foramen ovale and allow some flow dur-
ing certain phases of the cardiac cycle. Also, the ele-
vated pulmonary venous and left atrial pressures
could promote flow of pulmonary venous blood
through bronchial venous connections into the
azygous vein and thus into the systemic circulation.
In adult dogs the flow of blood through bronchial
veins is related to pressure relationships between
the pulmonary and systemic veins [11]. When sys-
temic venous pressure is higher than pulmonary
venous pressure, systemic venous blood flows into
the pulmonary veins, but when pulmonary venous
pressure is higher, flow occurs into the systemic
veins. The prolonged survival of those infants in
whom no apparent communication exists between
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Figure 18.6 Aortopulmonary transposition with no
associated defects in a newborn infant: course of the
circulation, oxygen saturations (circled), and pressures
demonstrate the important roles of the ductus arteriosus
and the foramen ovale. m, mean pressure.
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the pulmonary and systemic circulations is prob-
ably related to bronchial arterial and venous flows.

Role of the ductus arteriosus
During the immediate postnatal period, while pul-
monary vascular resistance is relatively high and
the ductus widely patent, bidirectional shunting
through the ductus may occur. This has been
observed by color flow Doppler studies and during
selective right and left ventricular angiography
within the first day or two after birth. During sys-
tole, if pulmonary arterial and aortic pressures are
similar, shunting from the pulmonary artery to the
aorta may occur. This is probably related to the
dynamics of flow in the ductus region; the high
velocity of blood ejected into the pulmonary artery
during systole carries blood through the ductus to
the descending aorta. During diastole, however,
blood flows from the aorta to the pulmonary artery
because pulmonary vascular resistance is lower
than systemic vascular resistance. This pattern of
shunting through the ductus arteriosus will result
in a reduced oxygen saturation in the lower com-
pared with the upper extremities (see Chapter 3).
While the ductus arteriosus is widely patent, pul-
monary arterial pressure remains elevated; this may
delay the rate of decline in pulmonary vascular
resistance and prevent a rapid increase in pul-
monary blood flow and left atrial pressure, thereby
avoiding sealing of the foramen ovale. These mech-
anisms may allow a reasonable amount of bidirec-
tional shunt through both the foramen ovale and
ductus arteriosus, adequate to prevent severe
hypoxemia.

When the ductus arteriosus begins to constrict,
associated with the drop in pulmonary vascular
resistance, pulmonary arterial pressure falls and
shunting from the pulmonary artery to the aorta is
eliminated. Aortic to pulmonary arterial shunting
continues while the ductus is patent; pulmonary
blood flow is increased and the volume of blood in
the pulmonary circulation is increased. If the fora-
men ovale does not permit an adequate shunt from
the left to the right atrium, pulmonary blood vol-
ume will increase progressively, resulting in a rise 
in pulmonary arterial and left atrial pressures.
Pulmonary edema will ensue. The increase in pul-
monary arterial pressure will limit the magnitude
of the aortic to pulmonary arterial shunt through

the ductus, but only when left atrial and pulmonary
venous pressures are markedly increased.

It is not known whether the ductus arteriosus in
infants with aortopulmonary transposition responds
to the same influences that affect the normal duc-
tus. If it does, the sensitivity and time course 
of these responses are yet to be determined. 
As mentioned on p. 471, the ductus may be con-
stricted prenatally and this will affect postnatal
blood flow patterns.

Atrial dynamics and foramen ovale shunting
The behavior of the foramen ovale after birth is cru-
cial in determining the clinical features of infants
with aortopulmonary transposition. The hemody-
namic changes tending to close the foramen ovale
have been mentioned above. As discussed in Chap-
ter 8, the degree of competency of the foramen
ovale varies greatly. If the valve effectively seals the
foramen, severe symptoms are likely within a few
hours or the first day or two after birth. If the valve
of the foramen ovale is somewhat short, the orifice
may not be sealed completely, and a small opening
may exist between the edge of the crista dividens
and the upper margin of the valve. Although this
may permit only a small shunt in the normal circu-
lation, a much larger shunt may occur if left atrial
pressure is greatly increased, particularly if the fora-
men is stretched. This variation in normal anatomy
of the foramen ovale could explain differences in
the amount of atrial left-to-right shunting and
hence in onset of symptoms in infants with aor-
topulmonary transposition. It is important to re-
cognize that if prenatal restriction of the foramen
ovale is noted by ultrasound examination, it is
highly likely that foramen ovale shunting will be
very limited and the infant may develop severe
hypoxia soon after birth.

Even if the foramen ovale is incompetent, it is
difficult to conceive that any right-to-left shunt 
can occur when mean pressure in the left atrium
significantly exceeds that in the right atrium. It was
proposed that shunting could occur intermittently;
flow first occurred in one direction and then, after
several minutes or longer, shunting was reversed.
However, it is not necessary to invoke this hypothe-
sis, because bidirectional shunting can be explained
on the basis of variations in pressure differences
between the two atria during different phases of the
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cardiac and respiratory cycles. Normally, the pres-
sure pulse in the right atrium shows a dominant a
wave and a smaller v wave; the left atrial pressure
tracing has a small a wave and a prominent v wave.
It is evident that the dominant v wave in the left
atrial pressure pulse is related to pulmonary venous
drainage and not to its communication with the left
ventricle. In patients with anomalous pulmonary
venous drainage to the right atrium, the pulmonary
venous pressure shows a dominant v wave in its
intrapulmonary portion, but for a short distance
proximal to its connection with the right atrium
there is a dominant a wave. Also, the left atrial pres-
sure does not show a tall v wave in patients with
total anomalous pulmonary venous connection.

With aortopulmonary transposition, the fact
that the atrial communications are reversed, in that
the right atrium connects with the systemic, or
right, ventricle and the left atrium with the pul-
monary, or left, ventricle, does not alter their nor-
mal a and v wave contours. The right atrial a wave is
usually higher than normal, because the right ven-
tricle is the systemic ventricle and end-diastolic
pressure is similar to that of the normal left ventri-
cle after birth. Thus during atrial systole, blood
shunts from the right to left atrium through the
foramen ovale. During the rapid-filling phase of the
atria, the height of the left atrial v wave exceeds that
of the right atrial v wave, tending to produce left-
to-right atrial shunting. However, the left-to-right
atrial shunt will depend on the competency of the
foramen ovale. The phasic pressure relationships
between the atria are influenced by respiration.
During inspiration, the increased venous return to
the right atrium and decreased pulmonary venous

flow would favor shunting from the right atrium 
to the left atrium, whereas expiration would tend 
to promote increased left-to-right shunting. The
marked increase in cyanosis that occurs during cry-
ing in infants with aortopulmonary transposition
could well be related to changes in atrial shunt-
ing. Arrhythmias can produce serious deleterious
effects in infants with aortopulmonary transposi-
tion; this could be due to interference with atrial
shunting associated with changes in atrial pressure
pulses (Figure 18.7).

Blood gases and hydrogen ion concentration
If mixing between the pulmonary and systemic cir-
culations is inadequate, systemic arterial Po2 will
fall markedly, not uncommonly to 20–25 mmHg.
This level of hypoxemia usually results in tissue
hypoxia, with an increase in anaerobic glycolysis,
production of lactic acid, and development of
severe metabolic acidemia (see Chapter 3). The sys-
temic arterial hypoxemia and acidemia may stimu-
late the carotid and cerebral chemoreceptors,
causing an increase in respiration. However, the
carotid chemoreceptor is relatively insensitive to
hypoxemia in the first few days after birth (see
Chapter 3). Pulmonary blood flow is increased
within a few days after birth, so that actual ventila-
tion–perfusion relationships may be normal or
decreased. However, because much of the pul-
monary blood recirculates through the lungs, the
Pco2 of pulmonary venous blood is reduced and
pulmonary venous pH rises. When only a small
volume of pulmonary venous blood is shunted into
the systemic circulation, although Pco2 is low, it
does not result in a low systemic arterial Pco2; the
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Figure 18.7 Left and right atrial pressure contours showing change in pressure differences resulting from atrial arrhythmia.
LA, left atrium; IVC, inferior vena cava; FA, femoral arterial.
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level in the systemic artery is usually normal or
slightly reduced or increased. If hypoxia is severe,
anaerobic glycolysis is increased and carbon diox-
ide production is reduced, because lactic acid is not
metabolized (see Chapter 3).

Effects of oxygen administration
When a newborn infant is noted to be cyanotic, it is
customary to administer high oxygen concentra-
tions in inspired air in an attempt to raise systemic
arterial Po2. In infants with aortopulmonary trans-
position, the effect of increasing inspired oxygen is
related to the amount of systemic–pulmonary mix-
ing. In infants with very poor mixing, little increase
in systemic arterial Po2 will result, because the
increase is related to the effective rather than the
total pulmonary blood flow.

Pulmonary venous blood is usually fully saturated
with oxygen, and administration of 100% oxygen
will raise the oxygen content by a maximum of about
1.5 mL/dL by increasing the dissolved oxygen in
plasma (see Chapter 3). This represents an increase
of about 10% in the amount of oxygen either
attached to hemoglobin or dissolved in plasma. In
most infants with low effective pulmonary flow,
administration of 100% oxygen, even by assisted
ventilation, produces an increase of less than 5–
10 mmHg. in systemic arterial blood Po2. How-
ever, this small increase could provide enough 
elevation in oxygen supply to retard the progression
of acidemia. This finding is quite helpful in distin-
guishing between transposition and primary lung
disease in the newborn infant; the infant with lung
disease on assisted ventilation with high-oxygen gas
mixtures usually shows a considerable increase in
systemic arterial Po2. Oxygen administration could
have potentially undesirable effects in some infants
with aortopulmonary transposition. An increase in
inspired oxygen could hasten the decrease in pul-
monary vascular resistance, and reduce pulmonary
arterial pressure. If the ductus arteriosus is still
open, the shunt from the aorta to the pulmonary
circulation could increase and, if the foramen ovale
is small, left atrial hypertension and pulmonary
edema may develop (see Chapter 18). 

Metabolism
Environmental temperature is very important in
infants with aortopulmonary transposition. Because

they have difficulty in maintaining an adequate
oxygen supply, every attempt should be made to
avoid increasing oxygen demands. If they are not
maintained in a neutral thermal environment, oxy-
gen requirements are increased; because oxygen
uptake and supply are limited, cooling may exag-
gerate tissue hypoxia and metabolic acidemia (see
Chapter 3).

An additional problem encountered in the new-
born infant with aortopulmonary transposition is
hypoglycemia. Anaerobic glycolysis increases with
severe hypoxia; for the same amount of energy pro-
duction, more glucose has to be metabolized,
because complete glycolysis is halted at the lactate
level during oxygen lack. Another factor that may
play a role in some newborn infants with aorto-
pulmonary transposition is hyperinsulinism. As
mentioned above, many infants with transposition
are large for gestational age and pancreatic islet
hypertrophy has been reported.

Effects of PGE1

Although the ductus arteriosus is often smaller
than normal in infants with aortopulmonary trans-
position, administration of PGE1 produces dilata-
tion in the postnatal period. In the infant with only
a small foramen ovale, PGE1 may have a consider-
able beneficial effect in the first few days after birth.
While pulmonary arterial pressure is still elevated,
dilatation of the ductus may enhance bidirectional
shunting and thus facilitate mixing between the
systemic and pulmonary circulations. Within a few
days after birth, when pulmonary arterial pressure
has fallen, shunting from the pulmonary artery to
the aorta will not occur and blood will shunt only
from the aorta to the pulmonary artery. If the fora-
men ovale is patent and permits shunting of the
blood added to the pulmonary circulation and left
atrium to the right atrium, mixing between the two
circulations will be enhanced and arterial oxygen
saturation will increase. However, if the valve of the
foramen ovale is competent, the volume of blood
shunted into the pulmonary circulation will exceed
that passing across the foramen and left atrial pres-
sure will increase markedly resulting in pulmonary
edema. Also, arterial oxygen saturation will not
increase significantly. Although this is not a com-
mon event associated with PGE1 administration, it
can occur and should be recognized.
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Course in infancy and childhood
Infants with aortopulmonary transposition with
inadequate systemic–pulmonary communication
do not usually survive more than a few months. As
mentioned above, a few may survive beyond a year
and this could be due to a modest atrial commun-
ication or possibly, as mentioned on p. 476, by
developing a large bronchial circulation. If they 
do survive, there is a considerable risk of early 
pulmonary vascular obstructive disease. This is 
discussed below.

Presence of a small ventricular septal defect 
A small ventricular septal defect is commonly pre-
sent in infants with aortopulmonary transposition.
The hemodynamic changes with a small defect will
be similar to those described for the ductus arterio-
sus. In the early postnatal period, while pulmonary
vascular resistance is still elevated, only a small
shunt will occur from the right to the left ventricle.
As pulmonary vascular resistance falls, right-to-left
ventricular shunting will increase, raising pul-
monary blood flow and left atrial as well as left ven-
tricular diastolic pressure. Left-to-right atrial flow
of blood is necessary to establish bidirectional
shunting. Although some left-to-right ventricular
shunt will develop as left ventricular diastolic pres-
sure increases, it is limited because at the low 
pressures in diastole, only a small shunt will occur
through the small defect. As described above for the
ductus arteriosus (p. 477), if the foramen ovale
does not permit adequate flow from the left to the
right atrium, left atrial and pulmonary venous
pressures will increase and pulmonary edema may
develop. The tendency is for the size of the ven-
tricular septal defect to decrease over time, and this
will result in a fall in arterial oxygen saturation.

A ventricular septal defect of moderate size may
permit somewhat greater bidirectional mixing, with
less hypoxemia. A spectrum thus exists between the
infants with very small or insignificant ventricular
septal defects and those with very large ventricular
defects, as described in the following section.

Aortopulmonary transposition with large
pulmonary–systemic communication
Although a widely patent ductus arteriosus may be
present in infants with aortopulmonary transposi-
tion, it is unusual for ductus patency to persist for

more than a few weeks after birth. The large com-
munications usually encountered are ventricular
septal defects, but occasionally a large atrial septal
defect is encountered.

Large ventricular septal defect
When a large ventricular septal defect is present,
shunting between the pulmonary and systemic circu-
lation may be so effective that only minimal systemic
arterial hypoxemia occurs, but severe cardiac failure
is often encountered. The development of cardiac
failure is primarily dependent on the relationship
of pulmonary and systemic vascular resistances.

Effects of changes in pulmonary and systemic
vascular resistances
Elimination of the placental circulation results in
an immediate increase in systemic vascular resis-
tance and right ventricular afterload. The fall in
pulmonary vascular resistance after birth associ-
ated with ventilation permits an increase in pul-
monary blood flow. Blood from the right ventricle
will be directed through the ventricular septal
defect to the lower-resistance pulmonary circula-
tion (Figure 18.8). Pulmonary blood flow will be
increased, with a resultant increase in pulmonary
venous return and elevation in left atrial pressure.
The foramen ovale will be closed and, unless it is
incompetent, no shunting of blood will occur in
either direction. If it is incompetent, however,
blood may flow from the left to the right, particu-
larly when left atrial pressure is markedly increased.
The increased pulmonary blood flow will thus pass
almost entirely through the mitral valve into the left
ventricle, which is now confronted with a large vol-
ume overload. If the ventricular septal defect is
large, i.e., if its diameter is equal to or greater than
that of the aortic valve orifice, pressures in the two
ventricles will remain equal. During systole, blood
would flow preferentially to the lower-resistance
pulmonary circulation, and thus systemic venous
blood will pass from the right to the left ventricle
and then to the pulmonary circulation to be oxy-
genated. During ventricular diastole, the increased
venous return to the left atrium and the left ventri-
cle will elevate left ventricular pressure above right
ventricular pressure, thus favoring shunting of 
oxygenated blood to the right ventricle, with an
increase in systemic arterial oxygen saturation.
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The ratio of pulmonary to systemic vascular
resistance is very important in determining the
amount of mixing and the symptomatology in
these patients. In the immediate postnatal period,
while pulmonary vascular resistance is still rela-
tively high, little right-to-left ventricular shunting
will occur in systole and pulmonary blood flow will
be only slightly greater than normal. Because the
volume of blood returning to the left side is not
increased, little shunting would occur from the left
to the right ventricle. With a relatively small degree
of mixing, systemic arterial Po2 will be significantly
reduced and moderate cyanosis will be evident. The
volume load on the heart is not greatly increased, so
cardiac failure does not occur. As pulmonary vas-
cular resistance falls, pulmonary blood flow rises
and bidirectional shunting is enhanced. This results
in a higher systemic arterial Po2 and oxygen satura-
tion. It is not unusual for Po2 to be above 60 mmHg
and arterial oxygen saturation to be 85–88%. The
increased pulmonary blood flow and pulmonary

venous return introduce a large volume overload
on the left ventricle. Increased cardiac activity and
cardiac enlargement result and, if the left ventricle
is not capable of maintaining the large flow, cardiac
failure develops (see Chapter 7 for a description of
the mechanisms causing cardiac failure).

The presence of a large ventricular septal defect
will maintain left ventricular and pulmonary 
arterial systolic pressures at systemic levels. This 
will delay the postnatal fall in pulmonary vascular
resistance and the child will be subject to the risk of
developing a subsequent increase in pulmonary
vascular resistance with permanent pulmonary 
vascular obstructive changes (see Chapter 5). The
increase in pulmonary vascular resistance causes a
decrease in pulmonary blood flow and relief from
cardiac failure but also a decrease in arterial oxygen
saturation. Progressive increase in pulmonary vas-
cular resistance usually develops at a much younger
age than in individuals with ventricular septal
defect alone. Not infrequently, pulmonary vascular
changes are already present by 3–4 months of age
and significant changes are almost always present
by 1 year of age. The reason for the earlier onset of
pulmonary vascular obstruction in infants with
transposition and a large ventricular septal defect is
not known. One possible explanation is that the
main pulmonary artery is short and the kinetic
forces of left ventricular ejection may be more read-
ily transmitted to the peripheral vessels, creating
greater shear forces. As mentioned above, flow to
the right lung is often greater than that to the left; it
would be interesting to observe whether there are
differences in pulmonary vascular pathology in 
the two lungs.

Effect of foramen ovale and atrial shunting
The size of the foramen ovale and the competence
of the valve may affect circulatory dynamics in
these infants. In the early postnatal period, while
pulmonary vascular resistance is still relatively 
high and pulmonary blood flow has not increased
markedly, right atrial pressure may exceed left atrial
pressure. During atrial systole, right-to-left shunt-
ing may occur. When pulmonary vascular resist-
ance falls and pulmonary flow increases, left atrial
pressure rises. If the foramen ovale is competent,
left atrial pressure may increase markedly. This 
will raise left ventricular diastolic pressures and
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Figure 18.8 Aortopulmonary transposition with a large
ventricular septal defect in a newborn infant: course of the
circulation, oxygen saturations (circled), and pressures. 
A large pulmonary flow and left ventricular failure have
developed. m, mean pressure.
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increase shunting from the left to right ventricle 
in diastole, facilitating mixing. The elevated left
atrial and pulmonary venous pressure may result in
pulmonary edema. If the foramen ovale is incom-
petent, blood will flow from the left to the right
atrium, particularly during the v wave of the cycle;
this provides pulmonary venous blood to the 
systemic circulation and aids in mixing. Right-to-
left shunting of blood would occur across the ven-
tricular septal defect, providing systemic venous
blood to the pulmonary circulation to be oxygen-
ated. An incompetent foramen ovale will not allow
marked increases in left atrial and pulmonary
venous pressures.

Intact ventricular septum with large atrial 
septal defect
A large atrial septal defect is not a common asso-
ciation with aortopulmonary transposition but 
it is the most desirable lesion with regard to prog-
nosis. Bidirectional shunting allows good systemic–
pulmonary mixing so that cyanosis is usually mild.
The left ventricle handles a large volume of blood,
but at a relatively low pressure, so cardiac failure is
not a major concern. In the immediate postnatal
period, while pulmonary vascular resistance is relat-
ively high, pulmonary blood flow may be increased
only slightly. If the ductus arteriosus is patent, bidi-
rectional shunting may occur through this vessel.
As pulmonary vascular resistance falls, aortic to
pulmonary flow will occur through the ductus arte-
riosus, thus aiding in mixing, and pulmonary blood
flow will increase.

After the ductus arteriosus closes, left ventricular
and pulmonary arterial pressures fall as pulmonary
vascular resistance decreases. Pulmonary blood
flow will be increased, but because the left ventricle
ejects a large volume at low pressure, cardiac failure
is not likely to occur. With the fall in pulmonary
vascular resistance, the left ventricle is faced with 
a lower afterload and stroke volume will increase.
This will result in greater emptying with a smaller
residual volume. During atrial systole and in the
rapid-filling phase of ventricular diastole, blood
will flow preferentially from the right to the left
atrium, and the volume entering the left ventricle
will be greater than that entering the right ventricle.
During the v-wave component, blood will flow
mainly from the left atrium to the right atrium.

Atrial shunting patterns
It is of interest to compare the shunting patterns in
these patients with those in individuals with atrial
septal defects with normal aortopulmonary rela-
tionships. In the latter individuals, shunting through
the atrial septal defect is almost exclusively left to
right (see Chapter 8). Afterload of the right ventri-
cle is lower than that of the left ventricle, because
pulmonary resistance is lower than systemic resis-
tance. This, associated with the relative decrease in
right ventricular muscle mass after birth, allows for
greater filling of the right ventricle during atrial sys-
tole and also during the rapid-filling phase in early
diastole, so that flow occurs preferentially from the
left to the right atrium. During the v-wave portion
of the cardiac cycle there is a greater pulmonary
than systemic venous return, due to the large pul-
monary blood flow, and shunting occurs also from
the left to the right atrium.

In patients with aortopulmonary transposition,
the aorta arises from the right ventricle; the after-
load of the right ventricle is greater than that of the
left. The left ventricle will therefore empty more
than the right ventricle when pulmonary vascular
resistance has fallen. Thus, during atrial systole and
the rapid-filling phase, blood will preferentially
enter the left ventricle and flow will occur from the
right atrium to the left atrium. However, during 
the v-wave portion of the cycle, when pulmonary
venous return is greater than systemic, blood will
tend to flow into the right atrium from the left
atrium, and this creates a bidirectional shunt pat-
tern (Figure 18.9).

The atrial shunting will be subject to changes 
in pulmonary and systemic vascular resistances, as
in patients with isolated atrial septal defects. Thus, 
a decrease in systemic vascular resistance could
decrease right-to-left atrial shunting and increase
the shunt from the left to the right atrium. Similarly,
an increase in left ventricular outflow resistance,
due to either increased pulmonary vascular resist-
ance or pulmonary stenosis, could increase left-
to-right and decrease right-to-left atrial shunting.
Either of these changes could interfere with ade-
quacy of mixing and result in a decrease in systemic
arterial oxygen saturation.

Atrial arrhythmias could seriously interfere 
with atrial shunting patterns. Not only will rapid
rates reduce the time period over which a pressure
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difference will be present, but also the normal atrial 
pressure contour will be altered. Atrial arrhyth-
mias are therefore poorly tolerated in infants with 
transposition.

The course of infants in whom an atrial commun-
ication is created by balloon atrial septostomy or
surgery is similar to that of those with naturally
occurring atrial septal defects. The mixing may be
so effective that systemic arterial oxygen saturation
may reach 80–85%. Usually, in the first week or
two after birth, the arterial oxygen saturation is
lower, but a gradual improvement occurs, presum-
ably associated with a decrease in pulmonary vas-
cular resistance. The patients may be asymptomatic
for several years, with no evidence of cardiac failure
and only moderate hypoxemia.

Development of the bronchial circulation
Some children with aortopulmonary transposition
and an atrial septal communication have been
noted to develop a prominent bronchial arterial
circulation. The reason for this is not known. My
impression is that it is related to the degree of sys-

temic arterial hypoxemia. Infants in whom an atrial
septal defect has been created and who maintain
systemic arterial oxygen saturation of 80–85% appear
to have small bronchial arteries, whereas those with
saturations of only 65–70% appear to have a well-
developed bronchial arterial circulation. It is pos-
sible that systemic arterial hypoxemia is a stimulus
to the development of a bronchial to pulmonary
arterial collateral circulation.

Development of the pulmonary circulation
The postnatal hemodynamic pattern in children
with aortopulmonary transposition and a large
atrial septal defect is similar to that in the individuals
with an isolated atrial septal defect. Pulmonary
arterial pressure falls after birth and pulmonary
vascular smooth muscle regresses. In individuals
with atrial septal defect with normal aortopul-
monary relationship, pulmonary vascular obstruc-
tive changes are unusual; if they do develop, it is
rare before the age of 15–20 years. Individuals with
aortopulmonary transposition with an atrial com-
munication appear to be more likely to develop
pulmonary vascular obstruction and at a much 
earlier age. The reason for the different behavior of
the pulmonary circulation is not known. My im-
pression is that early pulmonary vascular changes
are more frequent in patients in whom systemic
arterial oxygen saturation has been below about
70% during the first 6–12 months after birth. The
reduced systemic arterial oxygen saturation cannot
have a direct effect because the pulmonary vessels
are exposed to normal alveolar oxygen and high
oxygen saturation levels in pulmonary arterial and
pulmonary venous blood. One mechanism that
should be considered is an increased hematocrit,
with increased blood viscosity. The lower the sys-
temic arterial oxygen saturation, the higher the
hematocrit. The high hematocrit will increase the
shear on the small pulmonary vessels and this, asso-
ciated with the increased shear related to the high
pulmonary blood flow, may result in early intimal
proliferation and luminal obstruction. Another
possibility that should be considered is that the
increased bronchial arterial collateral circulation
directs blood with a low arterial oxygen satura-
tion through the pulmonary vessels and may con-
tribute to the development of pulmonary vascular
obstruction. The increase in pulmonary vascular
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Figure 18.9 Aortopulmonary transposition with a large
atrial septal communication and intact ventricular septum:
course of the circulation, oxygen saturations (circled), and
pressures. m, mean pressure.
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resistance will result in an increase in pulmonary
arterial and left ventricular pressures and a decrease
in systemic–pulmonary mixing, with a further re-
duction in systemic arterial oxygen saturation. A
progressive increase in pulmonary vascular resist-
ance and systemic hypoxemia will occur. Later,
progressive cardiac failure develops.

Development of left ventricular outflow 
obstruction
It has been noted that many infants with aortopul-
monary transposition, in whom atrial septal defects
have been created, develop obstruction of the left
ventricular outflow during the first 3–24 months
after birth. The obstruction is below the level of the
pulmonary valve and is usually associated with dis-
placement of the ventricular septum into the sub-
valvar area. This is probably related to the systemic
pressure in the right ventricle. The obstruction is
usually not severe and the pressure gradient across
the left ventricular outflow tract is not usually more
than 30–40 mmHg. In some patients more severe
stenosis may result from a fibromuscular shelf on
the septal side of the outflow tract. Obstruction has
also been noted to result from abnormal attach-
ment of the anterior leaflet of the mitral valve that
projects across the outflow tract during systole.
Pulmonary valvar stenosis has also been encoun-
tered, but is not common.

Aortopulmonary transposition with
ventricular septal defect and pulmonary
stenosis
The hemodynamic disturbances and symptomato-
logy of this complex vary considerably after birth
and depend on the size of the ventricular septal
defect and the degree of pulmonary stenosis. The
more common condition encountered in aortopul-
monary transposition is a large ventricular septal
defect with severe pulmonary stenosis. It is also
possible that left ventricular outflow obstruction
may develop or increase in severity with advancing
age. In the immediate postnatal period, with severe
pulmonary stenosis, blood will flow preferentially
into the systemic circulation (Figure 18.10). Thus, a
left-to-right ventricular shunt will be present, carry-
ing pulmonary venous blood through the ven-
tricular septal defect into the systemic circulation.
If the foramen ovale is patent, systemic venous

blood may be shunted through the foramen into
the left atrium during atrial systole, but the shunt
may be small because the left atrial a wave may be
prominent as a result of the pulmonary stenosis.
With a large ventricular septal defect bidirectional
shunting may be present, but flow across the defect
during diastole may be limited by low compliance
of a hypertrophied left ventricle. It is of interest that
even though the oxygen saturation of pulmonary
arterial blood is high, because it is derived from the
left ventricle, the important factor in determin-
ing the level of oxygen saturation of systemic arte-
rial blood is the adequacy of pulmonary blood 
flow. This determines the total uptake of oxygen
(see Chapter 3).

Blood flow to the lungs has to be provided by a
communication from the aorta to the pulmonary
artery beyond the stenosis. The ductus arteriosus is
important in the postnatal course of these infants.
In the immediate postnatal period, while it still 
is patent, aortic to pulmonary arterial flow will
increase as pulmonary vascular resistance falls, and
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Figure 18.10 Aortopulmonary transposition with severe
pulmonary stenosis and ventricular septal defect in a
newborn infant: course of the circulation, oxygen
saturations (circled), and pressures. m, mean pressure.
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pulmonary blood flow will increase. While pul-
monary flow is maintained, adequate oxygen uptake
occurs and, in view of the good mixing, oxygen
supply to the tissues is provided to permit aerobic
glycolysis. The systemic arterial Po2 may be reduced
to 35–50 mmHg, but it is unlikely that acidemia
will be present. In infants with this lesion, the duc-
tus appears to remain open for a longer period after
birth than normal. It is usually smaller than normal
and it is possible that because it does not carry the
usual flows in fetal life, it does not develop normally
and may not possess the usual postnatal respon-
siveness. However, the ductus usually constricts
within a few days and pulmonary blood flow 
falls, resulting in systemic arterial hypoxemia. The
hemodynamic effects of aortopulmonary transposi-
tion with ventricular septal defect and pulmonary
stenosis are similar to those of infants with ventricu-
lar septal defect and severe pulmonary stenosis or
tetralogy of Fallot (see Chapter 14). However, there
is an added disadvantage. With tetralogy of Fallot,
pulmonary venous blood all returns to the left ven-
tricle and is ejected into the aorta. With aortopul-
monary transposition, some of the pulmonary venous
blood returning to the left ventricle is ejected into
the pulmonary artery and does not traverse the
ventricular septal defect to the systemic arterial cir-
culation. Therefore, to provide a similar amount of
oxygen to the systemic circulation, a larger pul-
monary blood flow is required. In view of the fact
that pulmonary blood flow is not increased, the
ventricles do not eject a large volume. Cardiac
enlargement is not usually present and cardiac fail-
ure does not usually occur. If pulmonary flow and
bronchial flow are adequate to prevent severe
hypoxemia, these patients may tolerate the lesion
well and may survive for many years without 
treatment.

Aortopulmonary transposition with
ventricular septal defect and hypoplastic 
right ventricle
The postnatal adaptations in this lesion depend on
the severity of right ventricular hypoplasia. If the
right ventricle is fairly well developed, the hemo-
dynamic disturbances are similar to those in aor-
topulmonary transposition with ventricular septal
defect. However, if the ventricle is very small, the
manifestations are similar to those of tricuspid

atresia with ventricular septal defect and aortopul-
monary transposition (see Chapter 16).

Neurological complications of
aortopulmonary transposition
Survival beyond infancy is associated with a high
incidence of neurological complications in patients
with aortopulmonary transposition who have not
undergone surgery to separate the pulmonary and
systemic circulations. A relationship exists between
the severity of systemic arterial hypoxemia and the
incidence of neurological complications. How-
ever, severe neurological deficits have occurred in
infants after atrial septostomy, who have arterial
oxygen saturations of about 85%. The neurological
disturbances are the result of severe hypoxemia,
cerebral emboli, or venous thrombosis. Cerebral
abscesses are also encountered, but this is unusual
in early infancy and occurs most commonly after
the first year.

Clinical features

The symptoms and signs of aortopulmonary trans-
position are determined by the presence of the
associated lesions. The clinical manifestations are
presented for the groups mentioned above.

Aortopulmonary transposition with
inadequate systemic–pulmonary
communication
Infants with this anomaly are usually cyanotic at
birth or within a few hours after birth. However,
there are usually no immediate postnatal symp-
toms; respiration is normal and, commonly, the
infants appear robust and tend to be heavier than
usual. Characteristically, attention is first directed
to the infant by the nurse, who comments on the
presence of cyanosis in the otherwise apparently
healthy infant. Examination at this time is not 
helpful. The peripheral pulses are usually readily
palpable and are equal in the upper and lower
extremities. There is no hepatomegaly and no clin-
ical cardiomegaly. A parasternal cardiac impulse,
indicating prominent right ventricular activity, is
felt but this is not noticeably different from the nor-
mal infant. The first heart sound is prominent at
the lower left sternal border and the second heart
sound is loud and narrowly split. It is often heard
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better at the lower rather than the upper left sternal
border. Murmurs are not usually heard, but a short
grade 2–3/6 systolic murmur may be audible at the
mid-left sternal border. These findings would cor-
respond to the phase, described in the section on
postnatal circulatory adjustments, when the ductus
arteriosus and foramen ovale are widely open and
adequate mixing is present.

The electrocardiogram is not helpful, as it shows
right ventricular hypertrophy of a degree that is
normal for a newborn infant. However, it is of
interest that, unusually, the electrocardiogram shows
dominant left ventricular forces. In two infants in
whom I observed this, they developed severe hypoxia
soon after birth. My assumption is that they had
prenatal constriction of the ductus arteriosus with
pulmonary hypertension that placed a large pres-
sure load on the left ventricle.

Chest radiography may or may not be helpful.
The heart is usually normal in size and the pul-
monary vascular markings are normal in appear-
ance. The radiographic picture so often described,
of a large heart with increased pulmonary vascular-
ity, is not at all typical of aortopulmonary trans-
position with poor mixing in the newborn infant. It
is representative of aortopulmonary transposition
with a large ventricular septal defect. Because the
pulmonary artery usually lies directly behind 
the aorta, the superior mediastinum is narrow in
the frontal plane but is wide in the lateral view. The
thymic shadow is usually small or not observed,
and this is rather unusual in a robust infant. The
reason for the small thymus shadow is not clear.
Arterial blood gases vary, depending on the degree
of mixing between the pulmonary and systemic cir-
culations. While the ductus arteriosus is still open,
the Po2 may be reduced to only 35–40 mmHg.
Pco2 and pH are usually normal. A small difference
in arterial oxygen saturation between the upper and
lower body may be recorded by oximetry, with a
slightly higher saturation in the lower body. This is
the result of shunting of pulmonary arterial blood
through the ductus arteriosus to the descend-
ing aorta. Administration of 100% oxygen results 
in a small increase in arterial Po2 and oxygen 
saturation.

Although symptoms may progress rapidly, fre-
quently clinical deterioration is delayed for 2–4
days after birth. Cyanosis becomes more severe and

respiratory rate and depth increase, but there is
usually no chest retraction and no grunting. The
chest may appear expanded due to the increased
respiratory effort. As a result of this hyperventila-
tion, the diaphragm and liver may be displaced
downward and the liver margin may be palpable
2–3 cm below the right costal margin, suggesting
that there is hepatomegaly. In the early phase, the
heart rate is usually normal but tachycardia to
140–160/min soon develops. With progressive
severe hypoxemia and acidemia, heart rate may
slow to 80–100/min. The pulses are usually easily
palpated and blood pressure is normal. The heart is
usually slightly enlarged; other features are similar
to those described above. A systolic murmur of
grade 2–3/6 intensity may be heard at the upper 
left sternal border. The electrocardiogram does 
not show any further changes, but the presence of
upright T waves in the right precordial leads 
suggests that there is abnormal right ventricular
hypertrophy.

The chest radiograph usually shows no signi-
ficant cardiomegaly in the early stages of severe
hypoxemia and acidemia, but progressive cardio-
megaly develops. However, no specific chamber
enlargement is characteristic. The pulmonary 
vascular markings also increase in prominence but
do not achieve the prominence noted in large left-
to-right shunt lesions. When hyperventilation is
present, pulmonary vascularity may not be pro-
minent if the film is taken in marked inspiration.
The narrow superior mediastinal shadow in the
anteroposterior view, with no evidence of a main
pulmonary artery segment but prominence of 
pulmonary vascular markings, are characteristic
features of aortopulmonary transposition.

Systemic arterial blood gases show severe hypox-
emia, with Po2 of 18–25 mmHg, acidemia, and pH
of 7.1–7.25. Pco2 is usually normal or only slightly
increased to 40–45 mmHg. Po2 usually rises by
only 5–10 mmHg with 100% oxygen inhalation,
even with assisted ventilation. Progressive and
often rapid deterioration occurs, with increasing
hyperpnea, increasing cyanosis and, later, pallor of
the skin develops. Pulse rate slows and it becomes
weaker, and body temperature falls. The systemic
arterial pH drops rapidly to below 7.0 and if pH 
has been this low for an hour or more, survival is
questionable.
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Aortopulmonary transposition with
large ventricular septal defect
In the immediate postnatal period, these infants
usually do not demonstrate any signs of heart dis-
ease. Mild cyanosis, which increases during crying,
may be present. Physical examination at this time is
not remarkable. The heart is not enlarged and car-
diac activity is normal. The first heart sound is nor-
mal and the second sound is usually accentuated
and narrowly split and best heard over the mid-
sternal region. A systolic murmur of grade 2–3/6
intensity is usually present at the lower left sternal
border, but no murmurs may be audible. The 
electrocardiogram usually shows right ventricu-
lar hypertrophy of a degree not abnormal for a
newborn infant. An upright T wave in the right 
precordial leads may persist after the first few 
days, suggesting abnormal right ventricular hyper-
trophy. The chest radiograph may show slight car-
diomegaly. Pulmonary vascularity usually appears
normal but may be slightly increased. The typical
narrow superior mediastinal shadow in the frontal
view and wide shadow on the lateral view is fre-
quently observed. Systemic arterial blood gases
show a Po2 that is moderately reduced, usually to
40–50 mmHg, but pH and Pco2 are normal.

As pulmonary vascular resistance falls, a progres-
sive increase in symptoms occurs. The time period
after birth at which clinical deterioration occurs is
variable, but usually cardiac failure develops within
1–3 weeks. Symptoms tend to develop somewhat
sooner than is usually noted in infants with ventricu-
lar septal defect and normal origin of the great
arteries. This may be partly related to a more rapid
decrease in pulmonary vascular resistance.

The usual features of predominant left ventri-
cular failure are evident. Increasing dyspnea and
tachypnea are early findings. The infant tires with
feeding, is irritable, and perspires excessively. Rales
may be heard in the lungs and the liver enlarges. In
view of the good systemic–pulmonary mixing, the
infant usually has only mild cyanosis. The heart rate
is increased to 160–180/min and the pulse volume
is weak. The heart is clinically enlarged and on pal-
pation there is increased cardiac activity with a
prominent right as well as left ventricular impulse.
The first sound is usually accentuated at the lower
left sternal border. The second sound is split and is
heard best at the mid-sternal region. A third heart

sound and low-frequency mid-diastolic flow mur-
mur are often heard at the apex. A prominent grade
3–4/6 harsh pansystolic murmur is heard maxi-
mally at the lower left sternal border, radiating to
the whole precordium. The electrocardiogram now
may show right and left atrial hypertrophy. There is
almost always evidence of right ventricular hyper-
trophy, as indicated by tall R waves in the right pre-
cordial leads, and there are usually also prominent
R waves in the left precordial leads. The electrical
axis is usually +75° to +150°. The chest radiograph
at this stage shows cardiomegaly, often of a marked
degree, involving both ventricles. The contour is
quite characteristic; there is a narrow superior
mediastinal shadow with absence of the main pul-
monary artery segment. The left and right pul-
monary artery shadows are often well seen through
the heart shadow and there is a marked increase in
pulmonary vascular markings. When the infant is
in cardiac failure, often there is also a haziness of
the lung fields, particularly in the hilar regions,
indicating the presence of pulmonary edema. Blood
gases still show only mild to moderate decreases in
Po2, usually to 40–50 mmHg. However, with the
development of pulmonary edema there is often
mild respiratory acidemia, with Pco2 elevated to
45–50 mmHg and pH reduced to 7.30–7.35. If
treatment is not instituted, progressive pulmonary
edema and decreased systemic blood flow ensue
and the infant succumbs.

If the infant survives the period of acute left 
ventricular failure, chronic cardiac failure usually
persists, with moderate degrees of tachypnea and
dyspnea, hepatomegaly, excessive perspiration, and
poor weight gain. Episodes of more acute failure
may occur, frequently in association with respira-
tory infections, and the infant may die during one
of these. The symptoms usually continue through-
out the first year, but improvement in symptoms
may occur in association with progressive increase
in pulmonary vascular resistance. A gradual decrease
in the severity of symptoms of failure is associated
with a decrease in hepatomegaly and heart size.
Cardiac activity becomes less prominent and the
apical mid-diastolic murmur may disappear due to
decreased pulmonary venous return and mitral
orifice flow. Cyanosis increases in severity. As men-
tioned above, pulmonary vascular disease develops
more rapidly in infants with ventricular septal
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defect and transposition than in those with normal
aortopulmonary relationships. Although it is often
advanced within 1–2 years, the course is variable.
The severity of cyanosis increases, and the com-
plications of pulmonary vascular disease, such as
increasing dyspnea, cardiac failure, and hemoptysis
develop (see Chapter 5). The chest radiograph
shows a decrease in heart size and pulmonary vas-
cular markings, particularly in the peripheral areas
of the lung. The enlarged main pulmonary artery
segment is not well visualized because it is within
the cardiac shadow, but the right and left pul-
monary arteries may enlarge markedly and become
prominent in the hilar regions.

Aortopulmonary transposition with
large atrial septal defect
This complex does not commonly occur naturally,
but was frequently encountered in patients with
aortopulmonary transposition who had balloon
atrial septostomy or septectomy in the postnatal
period to create a large atrial septal communica-
tion. Mild to moderate cyanosis is present in the
postnatal period but, after a few days, cyanosis
lessens, although it increases with crying. The heart
is not enlarged soon after birth but increases mod-
erately in size over a few weeks. Mild symptoms of
cardiac failure may be present, but it is usually
readily controlled. The cardiac impulse increases 
in activity but is not as prominent as when a large 
ventricular septal defect is present. The first heart
sound is accentuated at the lower left sternal bor-
der. The second sound is loud and heard best at the
mid-sternal region; the sound is created by the aor-
tic valve, which is anterior. A medium-frequency
ejection systolic murmur of grade 2–3/6 intensity is
present at the mid-left sternal border and a short
grade 2/6 low-frequency mid-diastolic murmur is
often heard near the apex. The electrocardiogram
shows evidence of right ventricular hypertrophy
and on the chest radiograph the heart is moderately
enlarged and the pulmonary vascular markings are
quite prominent.

These infants usually grow quite well and are 
relatively asymptomatic, except for mild to moder-
ate cyanosis, which increases on exertion. After a
variable period, pulmonary vascular disease may
develop, with the same sequence as described in 
the section on aortopulmonary transposition with

large ventricular septal defect. There is a decrease in
peripheral lung vascular markings, enlargement of
the central pulmonary arteries, progressive cardiac
enlargement, increasing cyanosis, and cardiac failure.

Aortopulmonary transposition with
ventricular septal defect and 
pulmonary stenosis
The symptoms and signs of this complex are quite
similar to those encountered in patients with ven-
tricular septal defect and severe pulmonary stenosis
with normal aortopulmonary relationship (tetra-
logy of Fallot), and clinical differentiation may be
impossible. The baby is usually cyanotic soon after
birth but otherwise is in no distress. If pulmonary
stenosis is severe, cyanosis increases rapidly as the
ductus arteriosus constricts; if pulmonary flow is
markedly reduced, severe hypoxemia and acide-
mia ensue, with the consequences outlined in the 
section on aortopulmonary transposition with
inadequate systemic–pulmonary communication.
On physical examination, the pulses are well felt
and there is no significant hepatomegaly. The heart
is not enlarged; there is a right ventricular impulse
at the lower left sternal border but it is not hyperac-
tive. The first heart sound is best heard at the lower
left sternal border. The second sound is single and
loud at the mid-sternal region. A harsh stenotic sys-
tolic murmur of grade 3–4/6 intensity is heard at
the mid-left sternal border, radiating to the upper
right and left sternal borders and often to both
lungs. If pulmonary atresia is present, a systolic
murmur is usually not heard. A soft continuous
murmur may be heard inferior to the clavicle due to
flow through the ductus arteriosus. The develop-
ment of symptoms and signs is similar to that seen
in patients with ventricular septal defect and severe
pulmonary stenosis with normal aortopulmonary
relationship. If the infant does not develop severe
hypoxemia in early infancy, cyanosis gradually
increases and by 3–4 months of age, hypoxic spells
may occur. Later, squatting may be noted, as with
tetralogy of Fallot (see Chapter 14).

Aortopulmonary transposition with
ventricular septal defect and
hypoplastic right ventricle
The symptoms and signs in this complex are similar
to those seen in patients with aortopulmonary
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transposition and a large ventricular septal defect.
The most important clinical feature, which some-
times helps to indicate the presence of a hypoplastic
right ventricle, is the electrocardiographic finding
of a decrease in or absence of right ventricular
forces on the precordial leads and sometimes left
axis deviation.

Neurological complications
Neurological complications may manifest with a
variety of symptoms. In infancy, the most common
presentation is drowsiness, often with convulsions,
which may be focal. Hemiplegia often develops
within a few hours. The infant may recover rapidly
and be left with persistent hemiplegia or weakness
of only one arm. The development of a cerebral
abscess may be difficult to recognize clinically. The
symptoms and signs that should make one ser-
iously consider the diagnosis of cerebral abscess are
unexplained fever, change in behavior, such as
drowsiness, irritability, failure to recognize the par-
ents, and convulsions.

Investigations

Echocardiography
The introduction of two-dimensional and Doppler
flow techniques has made it possible to diagnose
the presence of aortopulmonary transposition,
detect the presence of associated lesions, and 
obtain information relevant to surgical correc-
tion. Furthermore, it is possible to perform balloon
atrial septostomy under echocardiographic guid-
ance should it be deemed necessary. The diagnosis
can be made during fetal life with reasonable 
assurance by 18 weeks’ gestation and often earlier.
The crucial feature to detect is the presence of 
ventriculoarterial discordance, with normal atrio-
ventricular relationship. In addition to these 
features, other important information to obtain
includes:
• presence of associated lesions, such as the atrial
communication, ductus arteriosus, ventricular 
septal defect, and outflow tract stenosis of the left
ventricle;
• origin and course of the coronary arteries;
• patterns of blood flow.
If the diagnosis of aortopulmonary transposition 
is made during fetal life, it is crucial to assess the

foramen ovale and ductus arteriosus for evidence 
of restriction; repeated observation for these
findings should be made. Preparation should be
made to provide urgent therapy immediately 
after birth, because severe hypoxia, which may not
respond to usual therapy, is likely to ensue (see
Chapter 18).

The pulmonary artery originates from the pos-
terior left ventricle and is recognized by branching
into the left and right pulmonary arteries a short
distance from the valve. The aorta, which arises
from the anterior right ventricle, is directed cepha-
lad and the first branches are some distance from
the valve. The aorta is usually anterior and to the
right of the pulmonary artery, but may be directly
anterior or slightly to the left. Because spiraling of
the great arteries does not develop, the aorta and
pulmonary artery are parallel to one another. The
aortic valve is clearly separated from the tricuspid
valve and the subaortic infundibulum is well devel-
oped. However, the pulmonary valve is contigu-
ous with the mitral valve and mitral–pulmonary 
contiguity is considered an important feature of
aortopulmonary transposition. The presence of a
ventricular septal defect should be explored. The
defect may be in any of the locations in the septum
described in Chapter 7. The size of the defect
should be assessed and the patterns of blood flow
through the defect defined by color Doppler flow
studies. Differentiation between aortopulmonary
transposition with a large ventricular septal defect
and double-outlet right ventricle of the Taussig–
Bing variety associated with a subpulmonary 
ventricular septal defect may be difficult. In both
conditions the aorta arises from the anterior 
right ventricle; the pulmonary artery is posterior 
and arises from the left ventricle in transposition,
whereas in Taussig–Bing anomaly it overrides the
ventricle. The presence of the ventricular septal
defect may make it difficult to distinguish the 
position of the pulmonary artery in relation to the
ventricle. An important differentiation is that in
Taussig–Bing anomaly there is supposedly a sepa-
ration between the mitral and pulmonary valves. If
there is a substantial separation, the diagnosis is not
in doubt, but often the separation is questionable
and the issue cannot be resolved. The aortic arch
should be carefully imaged to detect either isthmus
narrowing or coarctation. The presence of aortic

c18.qxd  12/22/08  11:39  Page 489



490 CHAPTER 18

obstruction strongly suggests the presence of Taussig–
Bing anomaly, but does not completely exclude the
possibility of transposition.

The atrial septum should be examined to deter-
mine the size of the foramen ovale or the presence
of a fossa ovalis defect. The direction of blood flow
through the foramen should be assessed by color
flow Doppler study. The degree of patency of the
ductus arteriosus should also be assessed and the
direction of flow studied. When the ductus is large,
shunting from the aorta to the pulmonary artery
will be noted during diastole and shunting from the
pulmonary artery to the aorta during systole. When
the ductus has constricted and pulmonary vascular
resistance has fallen, shunting will be exclusively
from the aorta to the pulmonary artery. The
outflow tract of the left ventricle should be exam-
ined for obstruction. If present, it is most com-
monly subvalvar in location. The most common
form of obstruction is mild encroachment on the
outflow by displacement of the upper portion of
the ventricular septum by the relatively high pres-
sure in the right ventricle. In this event, the magni-
tude of the pressure gradient cannot be assessed
accurately from peak velocity. More severe stenosis
may be due to a fibromuscular ring in the subval-
var region.

Particularly since the introduction of the arterial
switch operation, it has become extremely import-
ant to identify the origin and course of the coro-
nary arteries, because they have to be relocated dur-
ing surgery. Abnormalities such as origin of the left
circumflex from the right coronary artery (a com-
mon anomaly) and single right or, less commonly,
single left coronary artery should be recognized. It
is particularly important to identify whether a large
coronary artery courses between the aorta and pul-
monary artery or is closely applied to the wall of
one of these vessels.

If the child has already had an atrial septo-
stomy, the ultrasound study should define the size 
of the atrial communication and the patterns of
shunting. If an atrial baffle procedure has been 
performed, the presence of vena cava compression 
and pulmonary venous obstruction should be
excluded. If an arterial switch procedure has been
done, particular attention should be directed to
assessing the presence of peripheral pulmonary
stenosis.

Cardiac catheterization and
angiography
General considerations
Since the advent of ultrasound techniques, cardiac
catheterization is rarely performed in infants with
transposition. In addition to the use of catheter-
ization for diagnostic purposes, balloon atrial 
septostomy was the most important therapeutic
procedure; however, in recent years this procedure
can be performed using two-dimensional echocar-
diography for guidance. Cardiac catheterization is
indicated in the rare infant in whom the foramen
ovale is almost closed and creation of an atrial com-
munication is urgent. If a rapid attempt to perform
balloon atrial septostomy under ultrasound guid-
ance is not successful, catheterization is indicated
to create an atrial communication by either balloon
or blade septostomy. If the procedure is planned,
the infant should be kept warm, hypoglycemia
should be corrected, oxygen administered, and sys-
temic arterial blood gases monitored repeatedly to
assess progression of metabolic acidemia; acidemia
should be corrected while preparations are being
made. Intravenous PGE1 should be administered to
attempt to maintain ductus arteriosus patency (see
below). If the procedure is performed, the diagno-
sis can be rapidly confirmed by angiography from
the right and left ventricles.

If oxygen consumption is not measured directly,
it may be unreliable to assume oxygen con-
sumption based on body weight or surface area 
and age, particularly in the very cyanotic newborn
infant. Oxygen consumption tends to be lower 
than normal in infants with severe hypoxia; it is
usually slightly reduced but may be as low as 90–
100 mL/min per m2 it may also be altered by
changes in environmental and body temperature.
However, it is possible to calculate the relative 
flow relationships even if actual flows cannot be
measured.

Blood flows and shunts
Table 18.1 shows an example of how to calculate
flows and shunts in a newborn infant with an intact
ventricular septum and small shunts across the
foramen ovale and ductus arteriosus, as shown in
Figure 18.6.

Systemic blood flow (As) can be calculated in the
usual manner from the equation:
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As =

Oxygen saturations of systemic arterial and venous
blood are often very low. At low levels of saturation
oximetry is not very accurate, so that there may be
considerable error in calculation of systemic blood
flow. Also, because an atrial left-to-right shunt is
often present, a true mixed venous sample cannot
be obtained, and SVC or IVC oxygen content has to
be used in the calculation.

Pulmonary blood flow (Ap) is calculated from
the equation:

Ap =

In patients with aortopulmonary transposition,
pulmonary arterial oxygen content is usually very
high; the arteriovenous oxygen difference is there-
fore low, so that small variations in measurement of
oxygen saturation will result in major errors in cal-
culation of flow (see Chapter 4). Another concern
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oxygen content
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Bo2

Systemic arterial
oxygen content
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  −

is that a mixed pulmonary venous sample cannot
be obtained because not all pulmonary veins can be
sampled. Using oxygen content from one pulmo-
nary vein may not be representative of mixed pul-
monary venous blood, particularly if pulmonary
edema is present.

Some individuals with aortopulmonary trans-
position, particularly those who have marked
cyanosis, have a large bronchial arterial collateral
circulation, which provides systemic arterial blood
to precapillary pulmonary vessels. With transposi-
tion, the oxygen saturation of bronchial arterial
blood may be markedly reduced. If it makes a major
contribution to total pulmonary capillary flow, 
use of pulmonary arterial oxygen content in the 
calculation could greatly underestimate pulmonary
blood flow.

Effective pulmonary blood flow (Aep) is deter-
mined by the following equation:

Aep =

Although calculation of systemic and pulmon-
ary blood flows is subject to considerable error,
estimation of effective pulmonary blood flow is not
likely to be quite as inaccurate. There is usually a
large difference in oxygen content of pulmonary
venous and systemic venous blood, so that small
errors in measurement do not produce great 
alterations in the estimated effective pulmonary
blood flow.

Shunt calculations
The terms “anatomical” and “physiological” shunt-
ing have been introduced to help understand the
hemodynamic changes associated with aortopul-
monary transposition (see Chapter 4).
1 Anatomical shunts. In individuals with aorto-
pulmonary transposition, anatomical right-to-left
shunt reflects the volume of blood flowing from the
right atrium or ventricle to the left atrium or ven-
tricle or from the pulmonary artery to the aorta.
Anatomical left-to-right shunt represents flow
from the left atrium or ventricle to the right atrium
or ventricle or from the aorta to the pulmonary
artery. Apart from temporary small variations,
anatomical left-to-right and right-to-left shunts
must be equal (see Chapter 4). Effective pulmonary

Bo2

Pulmonary venous
oxygen content

Mixed systemic venous
oxygen content

  −

Table 18.1 Calculation of flows and shunts.

Oxygen saturation Oxygen content

(%) (mL/L)

Superior vena cava 35 70.0

Aorta 40 80.0

Pulmonary vein 100 200.0

Pulmonary artery 92 184.0

Oxygen capacity 200 mL/L

Oxygen consumption 120 mL/min/m2

Flows

Pulmonary blood flow (5p) = 120/(200 − 184) =
7.5 L/min/m2

Systemic blood flow (5s) = 120/(80 − 70) = 12.0 L/min/m2

Effective pulmonary blood flow (5ep) = 120/(200 − 70) =
0.9 L/min/m2

Shunts

Anatomical right-to-left shunt = 5ep = 0.9 L/min/m2

Anatomical left-to-right shunt = Anatomical right-to-left

shunt = 0.9 L/min/m2

Physiological right-to-left shunt = 5s − 5ep = 11.1 L/min/m2

Physiological left-to-right shunt = 5p − 5ep = 6.6 L/min/m2
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flow reflects the volume of systemic venous blood
that passes to the pulmonary circulation to be oxy-
genated. It may be equated with anatomical right-
to-left shunt minus the blood which has been
shunted from the left atrium and ventricle and 
pulmonary artery to the right side, but which passes
back to the left side of the heart.
2 Physiological shunts. Physiological right-to-left
shunt represents the portion of the systemic venous
blood that enters the systemic arterial circulation
without being oxygenated. It may be calculated by
subtracting effective pulmonary flow from systemic
blood flow. Physiological left-to-right shunt is the
portion of blood that has been oxygenated and
recirculates through the lungs. It is calculated by
subtracting effective pulmonary blood flow from
total pulmonary blood flow.

Bronchial arterial collateral blood flow
The presence of a bronchial collateral circulation
can be demonstrated but not quantified by measur-
ing oxygen saturation or Po2 in a pulmonary arte-
rial wedge blood sample. If there is little or no
bronchial arterial collateral flow, the oxygen satu-
ration and Po2 of the wedge sample will be higher
than that of pulmonary arterial blood and similar
to that of pulmonary venous blood, i.e., almost
100% saturation and Po2 90–100 mmHg. If a large
bronchial flow is present, the wedge sample oxygen
saturation and Po2 will be lower than in pulmonary
arterial blood, and closer to those of aortic blood.

Aortopulmonary transposition with
inadequate communication
Oxygen saturations and blood gases
The oxygen saturation in SVC and IVC blood is
low; in infants with severe hypoxia, it may be
reduced to as low as 20–25%. Usually there is only a
small increase in saturation of 8–10% in the right
atrium or ventricle, and oxygen saturation in the
ascending aorta is similar to that in the right ventri-
cle; descending aortic saturation may be 5–15%
higher due to shunting from the pulmonary artery
through the ductus arteriosus. Pulmonary venous
oxygen saturation is usually normal and decreases
by 5–10% in the left atrium or ventricle. Oxygen
saturation in the pulmonary artery may be some-
what lower than that in the left ventricle if a patent
ductus arteriosus is present.

The systemic arterial Po2 is markedly reduced.
Even when the infant is not clinically symptomatic,
it is rarely above 35 mmHg and in the severely
hypoxemic infant it may be 20–25 mmHg. In most
instances, the systemic arterial Pco2 is in the nor-
mal range but may be increased slightly to about 
45 mmHg. Systemic arterial pH may be normal,
but with severe hypoxia, pH falls to as low as 7.0 or
less. The contrast between systemic arterial and
pulmonary venous blood gases is striking. Pulmon-
ary venous blood reflects the hyperventilation that
occurs as a result of systemic arterial hypoxemia
and acidemia. While breathing air, pulmonary venous
Po2 may be increased to 110–115 mmHg, Pco2

reduced to 15–20 mmHg, and pH increased to
7.45–7.48. Administration of 100% oxygen increases
pulmonary venous Po2 to above 400 mmHg but
may have little effect on systemic arterial Po2, espe-
cially if effective pulmonary blood flow is very low.

Pressures
Right and left atrial pressures are usually mildly ele-
vated. The right atrial a wave is dominant and may
be increased to 15 mmHg; the v wave is prominent
in the left atrial tracing. Usually, mean pressure in
the left atrium is slightly higher than that in the
right atrium, or the mean pressures may be similar.
Right ventricular systolic pressure is at normal 
systemic arterial levels. Left ventricular and pul-
monary arterial pressures vary, depending on post-
natal age and patency of the ductus arteriosus. If the
ductus arteriosus is still widely patent, systolic pres-
sures may be at systemic arterial levels, but if the
ductus is constricted or closed the systolic pressures
in the left ventricle and the pulmonary artery are
reduced to 40–60 mmHg within 1–2 weeks after
birth and fall to 30–35 mmHg within 4–6 weeks.
Systemic vascular resistance is slightly decreased
and pulmonary vascular resistance is variable.
Pulmonary arterial pressure and pulmonary vascular
resistance tend to fall within 2–3 weeks after birth,
unless the ductus arteriosus remains patent. Ductus
arteriosus patency may delay or prevent the usual
decline in pulmonary vascular resistance.

Angiocardiography
Angiocardiography was the most important method
of diagnosis prior to the use of ultrasound 
techniques. Right ventricular injection of contrast
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material shows a normally positioned anterior ven-
tricle with a normal tricuspid valve. The aorta arises
anteriorly and the aortic valve is more cephalad
than normal. A well-developed subaortic infundi-
bulum is evident and there is considerable separa-
tion between the aortic and tricuspid valves. Whereas
in the normal heart the posterior right aortic cusp 
is the noncoronary cusp, in aortopulmonary trans-
position the noncoronary cusp is anterior and to
the right. Not infrequently, the left circumflex
coronary branch arises from the right coronary
artery on the posterior surface of the heart. If the
aorta is not well visualized from the right ventri-
cular injection, a direct aortic injection may be 
necessary. The diameter of the aorta is usually
moderately increased, and a patent ductus arterio-
sus with shunting to the pulmonary artery may be
visualized. Large bronchial arteries arising from the
descending aorta and filling the pulmonary circula-
tion may be seen.

The left ventricular injection shows a normal
smooth-walled ventricle, placed posteriorly and
ejecting into a posteriorly placed pulmonary artery.
The pulmonary valve is more caudal than normal,
and there is contiguity of the mitral and pulmonary
valves. Shunting from the pulmonary artery to the
descending aorta through the ductus arteriosus
may be observed in the early postnatal period.

Aortopulmonary transposition with large
ventricular septal defect in infancy
Oxygen saturations and blood gases
Mixed venous saturation is either normal or
slightly reduced. An increase in oxygen saturation
at the atrial level of 8–10% is quite common, 
due either to shunting from the left atrium to the
right atrium or to tricuspid regurgitation. A large
increase in oxygen saturation to 80–90% is noted in
the right ventricle; aortic saturation is the same or
slightly higher. Pulmonary venous and left atrial
oxygen saturation is often reduced to 90–94%, in
association with the pulmonary edema resulting
from heart failure. Oxygen saturation in the left
ventricle or the pulmonary artery may be slightly
lower than that in the left atrium due to right-to-
left shunting through the ventricular septal defect
or ductus arteriosus. Oxygen saturation in the pul-
monary artery is usually 5–10% higher than that in
the aorta, but with good mixing, saturations may be

similar. Systemic arterial oxygen saturation is usu-
ally 80–90%.

Systemic arterial Po2 is usually moderately reduced
to 55–70 mmHg, but may be slightly higher. Pco2 is
often increased to about 45 mmHg, and pH may be
normal or slightly reduced (7.30–7.35), reflecting a
mild respiratory acidemia and hypoxemia associ-
ated with pulmonary edema.

Pressures
The right atrial pressure is increased, the level
depending on the degree of cardiac failure, but it
may reach a mean of 12–15 mmHg; the a wave is
dominant. The left atrial pressure is usually higher
and in severe failure may reach a mean of 15–
20 mmHg; the v wave is prominent. Left and right
ventricular systolic pressures are almost identical.
The pulmonary arterial and aortic systolic pres-
sures are identical, but pulmonary arterial diastolic
pressure may be considerably lower and pulmonary
arterial mean pressure may be 10–15 mmHg lower
than aortic mean pressure. Pulmonary blood flow
is markedly increased and systemic blood flow is
either normal or moderately reduced.

Angiocardiography
Many of the anatomical features are similar to those
described above. However, from both the right and
left ventricular injections there is almost simultan-
eous filling of the aorta and pulmonary artery due to
the excellent mixing across the ventricular septum.
Contrast injection into the aorta may demonstrate
a patent ductus arteriosus in addition to the ven-
tricular septal defect. It will also demonstrate the
presence of aortic isthmus narrowing or coarcta-
tion. A marked increase in pulmonary blood flow
and prominent main and peripheral pulmonary
arteries are evident. The left atrium may be consid-
erably enlarged and the left ventricle is usually also
large, with a large ejection fraction.

Ventricular septal defect in childhood
If the infant survives the period of severe cardiac
failure, during the first year there is a serious risk 
of pulmonary vascular disease. Associated with the
increased pulmonary vascular resistance there is a
reduction in pulmonary blood flow. The systemic
arterial oxygen saturation decreases and there is
only a smaller increase in oxygen saturation from
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the right atrium to the right ventricle. Pulmonary
arterial pressure shows an increase in diastolic and
mean pressures to equal systemic arterial levels.
Left atrial mean pressure falls and the v wave
becomes less prominent.

Aortopulmonary transposition with large
atrial septal defect
The presence of a large atrial septal defect as the sole
lesion associated with aortopulmonary transposi-
tion is unusual as a spontaneous occurrence. How-
ever, it was common as a result of the creation of 
a large atrial communication by balloon atrial 
septostomy or surgery.

Oxygen saturations
There is a large increase of 10–20% in oxygen satu-
ration at the right atrial level, and often a further
small increase in the right ventricle due to stream-
ing, but oxygen saturation in the aorta and systemic
arterial equals that in the right ventricle. Depend-
ing on the degree of mixing, systemic arterial oxy-
gen saturation varies, but with a very large defect it
may be as high as 85–90%. The pulmonary venous
oxygen saturation is normal, but with a large defect
it may be slightly reduced to 92–95%. Saturation in
the left atrium is lower than that in pulmonary
veins due to atrial right-to-left shunting and there
may be a further small fall in the left ventricle due to
streaming. In early infancy, if the ductus arteriosus
is patent, oxygen saturation in the pulmonary
artery may be lower than that in the left ventricle
due to aortopulmonary shunting.

Pressures
When the atrial communication is very large, the
right and left atrial mean pressures are similar and
there is also almost complete equalization during
all phases of the cardiac cycle. Usually the atrial 
septum is somewhat restrictive, so there may be
similar and normal mean pressures, but the a wave
is dominant in the right atrium and the v wave in
the left atrium. Right ventricular end-diastolic
pressure is in the normal range and right ventricu-
lar systolic pressure is increased to systemic arterial
levels. In the immediate neonatal period and while
the ductus arteriosus is widely patent, left ventricu-
lar and pulmonary arterial pressures are similar to
systemic arterial pressures. After a few weeks, the

left ventricular pressure falls to systolic levels of
25–40 mmHg and the pulmonary arterial pressure
to 25–40/10–20 mmHg, with a mean of 15–30
mmHg. Frequently, a systolic pressure gradient of
30–40 mmHg develops across the subvalvar region
of the left ventricular outflow tract within a few
months after birth. As mentioned above, this sub-
valvar pulmonary stenosis is mild and is due to dis-
placement of the ventricular septum with bulging
into the outflow tract. If pulmonary vascular obstruc-
tion develops, calculated pulmonary vascular resist-
ance increases, and pulmonary arterial and left 
ventricular pressures rise to systemic arterial levels
or higher. Pulmonary blood flow falls and there is a
decrease in systemic arterial oxygen saturation.

Angiocardiography
Apart from the fact that a large amount of contrast
medium crosses the atrial septum in either left-
sided or right-sided injections into the heart, the
findings are similar to those described above. If 
pulmonary vascular obstruction develops, the pul-
monary arteries become markedly dilated and the
central pulmonary vessels are large and tortuous,
but peripheral pulmonary vessels are poorly filled
and pulmonary arterial emptying of contrast
medium is slow.

Aortopulmonary transposition with
ventricular septal defect and pulmonary
stenosis
The findings at cardiac catheterization will depend
on the size of the ventricular septal defect and the
severity of pulmonary outflow obstruction. The
following findings represent those found with a large
ventricular defect and severe pulmonary stenosis.

Oxygen saturations
A small increase in oxygen saturation may be 
noted at the right atrial level, particularly in young
infants. Oxygen saturation in the right ventricle
increases by 5–10%, and a further small increase
may be noted in the aorta due to streaming from
the left ventricle through the ventricular septal
defect. Systemic arterial oxygen saturation may be
reduced to 35–45%, with a Po2 of 20–25 mmHg;
pH may be markedly reduced due to metabolic
acidemia. The pulmonary venous oxygen satura-
tion is normal and oxygen saturation in the left
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atrium may be slightly lower due to shunting
through the foramen ovale from the right atrium.

Pressures
The right and left atrial mean pressures are usually
similar, but the right atrial a wave is prominent, as
is seen normally. The left atrial v wave may be less
evident than usual, especially if pulmonary blood
flow is very low. Left and right ventricular systolic
pressures are equal and at systemic arterial levels. 
If the pulmonary artery can be catheterized, it is
found to have a mean pressure at or slightly below
its usual normal level but with decreased systolic
and diastolic excursion and narrowed pulse pres-
sure. However, the pulmonary arterial pressure
may be slightly higher if the ductus arteriosus is 
still patent.

Angiocardiography
Identification of the positions of the great vessels
differentiates between tetralogy of Fallot and 
aortopulmonary transposition with pulmonary
stenosis. The aorta is seen to be anterior, arising
from the infundibulum of the right ventricle. The
pulmonary artery arises posterior to the ventricular
septum from the left ventricle. The pulmonary
stenosis is most commonly subvalvar, with a nar-
row ring beneath the valve. The valve may be thick-
ened and have poor motion and the diameter of the
main pulmonary artery is usually decreased. An
aortic injection of contrast material may show a
patent ductus arteriosus or possibly prominent
large bronchial vessels arising from the descending
aorta, with filling of the pulmonary circulation
peripherally.

Aortopulmonary transposition with
ventricular septal defect and hypoplastic 
right ventricle
The cardiac catheterization findings are similar to
those described for aortopulmonary transposition
and ventricular septal defect (see Chapter 16). The
lesion is diagnosed by the right ventricular angio-
gram, which demonstrates a right ventricle with a
small cavity. The ventricle is sometimes smooth-
walled, suggesting that there is subendocardial
fibroelastosis, but it may show normal trabecula-
tion. The diameter of the tricuspid orifice is also
decreased. The outflow region of the ventricle,

including the subaortic infundibulum, may be of
adequate size, but the ascending aorta may be small.

Differential diagnosis

The lesions with which aortopulmonary transposi-
tion may be confused, depending on the particular
symptom complexes that may be encountered, are
related to the associated lesions.

Aortopulmonary transposition with
inadequate systemic–pulmonary
communication
This has to be distinguished from other conditions
that produce severe cyanosis in the newborn
period. The clinical presentation of an infant with
hyperventilation, marked cyanosis, and insignifi-
cant or no cardiac murmurs is characteristic of 
aortopulmonary transposition. Sometimes it is
rather difficult to exclude the diagnosis of primary
pulmonary disease. Idiopathic respiratory distress
is much more common in premature infants,
whereas babies with aortopulmonary transposition
tend to be large and overweight. The pattern of
breathing in respiratory disorders is usually one of
markedly increased effort often with sternal retrac-
tions, whereas in aortopulmonary transposition
there is increased depth and rate of breathing 
but usually it is not labored. Chest radiography is
usually helpful, because in lung disease there is evid-
ence of diffuse lung infiltration, areas of atelectasis,
or the diffuse granular density of respiratory dis-
tress syndrome. In aortopulmonary transposition
there may be some prominence of pulmonary vas-
cular markings, but otherwise the lungs are clear;
also, the typical cardiac contour of aortopulmonary
transposition may be evident. Blood gas measure-
ments are usually helpful in distinguishing these
conditions. Arterial Pco2 is usually normal or
decreased in infants with transposition, whereas
high Pco2 levels are common in primary lung dis-
ease. Po2 may be very low in both conditions, but
administration of 100% oxygen usually causes a
significant increase in Po2 of at least 10–15 mmHg
in infants with lung disease, whereas usually only a
small rise of 5–8 mmHg results with transposition.

The differential diagnosis of aortopulmonary
transposition from cyanotic congenital heart lesions
with markedly decreased pulmonary blood flow
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may be difficult. The clinical features of infants
with pulmonary atresia with or without a ventricu-
lar septal defect or with tricuspid atresia may be
similar to those of infants with aortopulmonary
transposition. Severe hypoxia and acidemia are
associated with hyperventilation. Usually the sec-
ond sound is loud and narrow or single in all these
conditions and murmurs may be absent. The elec-
trocardiogram may be helpful. Left axis deviation
and an absence of right ventricular forces in the
precordial leads supports the diagnosis of tricuspid
atresia. In pulmonary atresia with ventricular septal
defect, the electrocardiogram is similar to that in
aortopulmonary transposition, showing promin-
ent right ventricular forces. In pulmonary atresia
with intact ventricular septum there is usually 
right ventricular hypertrophy, although if the right 
ventricle is very hypoplastic, left ventricular forces
may be dominant.

Chest radiography may also be helpful. In tricus-
pid or pulmonary atresia, the heart is normal in
size, there is absence of the main pulmonary artery
segment, and pulmonary vascular markings are
deficient. In aortopulmonary transposition, the heart
size is often slightly or moderately increased. The
superior mediastinum is narrow in the anteropos-
terior view but broad in the lateral view. The pul-
monary vascular markings are normal or slightly
increased. The differentiation is readily made by
ultrasound studies.

Aortopulmonary transposition with
large ventricular septal defect in
infancy
During infancy, the main clinical features are those
of cardiac failure with mild cyanosis, so many lesions
that produce this picture have to be excluded. The
conditions most likely to be confused with transpo-
sition with ventricular septal defect are mentioned.

Double-outlet right ventricle 
(Taussig–Bing anomaly)
This is perhaps one of the most difficult differential
diagnoses that may be encountered. The clinical
features are similar, and the onset of failure may
occur at similar periods after birth. The electrocar-
diogram occasionally shows left axis deviation with
double-outlet right ventricle but not with transpo-
sition with ventricular septal defect. As mentioned

above, even with ultrasound study it may be
difficult to distinguish between the two lesions. The
important differentiating feature is contiguity of
the mitral and pulmonary valves in transposition
with ventricular septal defect. In Taussig–Bing
anomaly, there is a subpulmonary infundibulum,
with separation of the valves. However, the degree
of separation may be inconspicuous, so that differ-
entiation may not be reliable. Aortic arch obstruc-
tion is frequently associated with Taussig–Bing
anomaly, but is unusual with transposition. If it is
present, the assumption can be made that the diag-
nosis is Taussig–Bing anomaly, unless the evidence
for aortopulmonary transposition is clear.

Tricuspid atresia with ventricular 
septal defect
This lesion may produce heart failure with minimal
cyanosis soon after birth, either when the lesions
are present alone or in association with aortopul-
monary transposition. Physical examination may
be quite similar to that in aortopulmonary trans-
position with ventricular septal defect but the right
ventricular impulse may be less prominent. The
electrocardiogram is helpful in that it usually shows
left axis deviation and absent or small right ventric-
ular forces in the precordial leads. The diagnosis is
made readily by ultrasound examination.

Double-inlet left ventricle with
aortopulmonary transposition
This lesion presents with mild cyanosis and cardiac
failure soon after birth. Its presentation is very sim-
ilar to that of tricuspid atresia with ventricular sep-
tal defect and aortopulmonary transposition. The
electrocardiogram shows either left or right axis
deviation. The lesion is recognized by ultrasound
examination, which shows both atrioventricular
valves connecting with the left ventricle and there 
is a rudimentary outlet chamber from which the
aorta arises.

Atrioventricular canal defect
This lesion often presents with cardiac failure 
soon after birth. Cyanosis is not usual in these
infants, but may occur if the defect is large. The 
second sound is loud and well split in this lesion
and a loud systolic murmur is heard at the lower 
left sternal border and often also at the apex. The
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electrocardiogram shows left axis deviation as com-
pared with the right axis deviation of transposi-
tion. The chest radiograph shows a very prominent 
main pulmonary artery segment in atrioventricular
septal defect. Occasionally, aortic arch obstruction
is associated with atrioventricular septal defect.
Ultrasound study differentiates the lesions.

Truncus arteriosus communis
There are many features common to this lesion 
and aortopulmonary transposition with ventricu-
lar septal defect. Cardiac failure often appears early
and cyanosis is usually mild. The pulse pressure
may be wide with truncus arteriosus, but this is not
a constant feature in the infant with cardiac failure.
The second sound is loud and single but may be
similar with transposition. A prominent systolic
ejection click is common with truncus arteriosus.
Chest radiography may show deficiency of the pul-
monary artery segment in both lesions, and the
electrocardiogram is similar. Ultrasound examina-
tion will distinguish the lesions.

Total anomalous pulmonary 
venous return
In those infants in whom there is no major obstruc-
tion to pulmonary venous return, the presenting
feature is cardiac failure with mild cyanosis. Usually
cardiac failure tends to occur 3–4 weeks after birth
rather than after 1–3 weeks as with aortopulmonary
transposition with ventricular septal defect. The
second sound is widely split without marked accen-
tuation. The pulmonary artery is enlarged on the
chest radiograph and the electrocardiogram shows
right axis deviation with deficiency in left ventricu-
lar forces; there is usually also complete reversal of
RS progression in the precordial leads. The diagno-
sis is made by ultrasound study.

Aortopulmonary transposition with
large atrial communication
These patients may show few symptoms, usually
manifesting cyanosis that is mild at rest and
increases with exercise. The more important lesions
to be considered in the differential diagnosis are
Ebstein anomaly, total anomalous pulmonary
venous return, abnormal drainage of a systemic
vein to the left atrium, and atrial septal defect with
pulmonary arterial hypertension.

Ebstein anomaly
The onset of cyanosis in Ebstein anomaly may be
delayed for several years but often appears in early
infancy. The softness and wide splitting of the sec-
ond sound and the frequent presence of triple or
quadruple rhythm help to distinguish this lesion
from aortopulmonary transposition. The chest
radiograph shows sparse pulmonary vascular mark-
ings and the heart is considerably enlarged when
Ebstein anomaly presents in infancy. The electro-
cardiogram is often helpful; with Ebstein malforma-
tion, the P wave is peaked and usually ventricular
conduction delay with low precordial voltages is
noted, as compared with prominent right forces in
aortopulmonary transposition. Wolff–Parkinson–
White syndrome, with right or left conduction
delay, may be seen with Ebstein anomaly. The 
diagnosis of displacement of the tricuspid valve 
and the normal origin of the great arteries in
Ebstein anomaly is readily made by ultrasound
examination.

Total anomalous pulmonary venous return
Total anomalous pulmonary venous return with-
out obstruction of the pulmonary veins may be
readily confused. As mentioned above, the clinical
examination and chest radiograph are helpful. The
differential diagnosis of this, as well as the other
lesions mentioned, is readily made by ultrasound
study.

Aortopulmonary transposition with
ventricular septal defect and 
pulmonary stenosis
This complex should be differentiated from those
lesions that produce the clinical picture of marked
cyanosis with decreased pulmonary blood flow.
The more important lesions to be considered are
ventricular septal defect with pulmonary stenosis
and normal aortopulmonary relations (tetralogy 
of Fallot), double-outlet right ventricle with pul-
monary stenosis, pulmonary atresia with intact
ventricular septum, atrioventricular septal defect
with pulmonary stenosis, and tricuspid atresia and
single ventricle with pulmonary stenosis. The clin-
ical examination may be similar in all these lesions.
The chest radiograph may not be helpful, because
the pulmonary artery segment may be absent or
deficient and the cardiac contour similar, although
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with tricuspid atresia the right atrium may be pro-
minent. The electrocardiogram is helpful, because
left axis deviation is present with atrioventricular
septal defect and tricuspid atresia. Differentiation is
made by ultrasound study.

Aortopulmonary transposition with
ventricular septal defect and
hypoplastic right ventricle
The most important lesion with which this may be
confused is tricuspid atresia with ventricular septal
defect. The details of differential diagnosis are dis-
cussed in the section on tricuspid atresia (see Chap-
ter 15); ultrasound study makes the distinction.

Principles of management

The management of patients with aortopulmonary
transposition is determined by the associated
lesions and the physiological disturbances.

Aortopulmonary transposition with
inadequate systemic–pulmonary
communication
Initial management
If the diagnosis of aortopulmonary transposition
has been made prenatally, the infant should be
delivered at an institution with facilities for caring
for newborns with severe cardiac lesions; it is 
particularly important that the ability to perform
balloon atrial septostomy urgently, if necessary, is
available. This is particularly likely if restriction of
the foramen ovale or constriction of the ductus
arteriosus has been detected in utero. These infants
often have severe hypoxemia and acidemia when
first referred for treatment. In a report by Jouannic
et al. [7], more than half of the fetuses with aorto-
pulmonary transposition and abnormal foramen
ovale or ductus arteriosus required immediate
resuscitation, including ballon atrial septostomy
within 30 min after birth; two died despite urgent
treatment. Another important consideration is 
the possible association of persistent pulmonary
hypertension of the newborn. I believe that this
condition is probably related to prenatal constric-
tion of the ductus arteriosus. It is associated with a
very high neonatal mortality. Roofthooft et al. [1]
reported that 12.5% of 112 patients with aortopul-
monary transposition presented with this associ-

ation and four of these infants died despite intensive
therapy. If the diagnosis has not been made during
fetal life and the infant does not show rapid
response to usual resuscitative measures, the pos-
sibility that urgent balloon atrial septostomy will be
indicated should be seriously considered.

Administration of high-oxygen gas mixtures
does not usually raise the arterial Po2 by more than
5–8 mmHg, but 100% oxygen should be given
because it may have some beneficial effect. Arterial
blood gases and pH should be measured promptly,
either from an umbilical arterial catheter or by arte-
rial puncture. It should be appreciated that the Po2

of ascending aortic blood may be several mmHg
lower than that measured from an umbilical arte-
rial sample, because of ductus arteriosus shunting
from the pulmonary artery to the descending aorta.
It was, and still is in some centers, common practice
to administer sodium bicarbonate or amine buffer
if the infant with severe hypoxia develops acidemia.
Although this is somewhat controversial, there is
no convincing evidence that this is beneficial and 
in fact could be harmful [12,13]. Blood glucose
concentration should be measured; hypoglycemia
is common in these infants (see Chapter 18). Glucose
should be administered as necessary to maintain
normal blood glucose levels. PGE1 should be admin-
istered to maintain ductus arteriosus patency. If the
infant is not already on assisted ventilation, it is
advisable to intubate the trachea to be prepared to
assist ventilation should apnea result from PGE1

infusion. The main concern with administration of
PGE1 in infants with aortopulmonary transposi-
tion is that if the ductus arteriosus does not remain
widely patent and pulmonary vascular resistance
and pulmonary arterial pressure fall, shunting
through the ductus will be exclusively from the
aorta to the pulmonary artery. This could result in
pulmonary edema if the foramen ovale is effectively
closed. This is most unlikely to occur in infants
during the first 2–3 weeks postnatally, so there
should be no hesitation in infusing prostaglandin.
Beyond this time, when pulmonary vascular resis-
tance may have dropped significantly and pul-
monary arterial pressure is low, it is important 
to carefully observe arterial Po2 and any increased
respiratory effort or requirement for higher inspi-
ratory ventilatory pressures. This will require that
PGE1 be stopped and further procedures considered
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immediately. Usually urgent balloon atrial septo-
stomy is indicated, unless a surgical procedure can
be done promptly.

Procedures
A number of procedures have been developed for
treatment of transposition with intact ventricular
septum: creation of an atrial communication; cor-
rection of pulmonary and systemic flows by atrial
baffle; and correction of flows by arterial switch.

Creation of an atrial communication
This is a palliative procedure designed to provide
better mixing between the systemic and pulmonary
circulations. It was first performed surgically by the
Blalock and Hanlon technique, but was associated
with a high mortality. Balloon atrial septostomy,
developed by Rashkind, dramatically improved 
the outlook of infants with transposition. Prior to
the availability of PGE1 the procedure was done
urgently soon after birth. However, PGE1 usually
improves oxygenation in newborn infants with
transposition and the indications for the procedure
are currently being modified. 

Balloon atrial septostomy was first performed
with fluoroscopic guidance of the catheter from an
IVC approach across the foramen ovale into the left
atrium [14]. The balloon is inflated in the left
atrium and rapidly withdrawn across the foramen
to tear the membranous inferior margin to create a
larger opening. Although this procedure usually
increases arterial oxygen saturation to 70–85%, 
it is not effective in some infants; in some, after ini-
tial improvement, oxygen saturation again falls.
Several factors may account for this: the foramen
ovale may be stretched, but not torn; the valve of
the foramen may herniate into the right atrium but
not be torn; the tissue may be too tough to be torn
by the balloon. In some of these infants, as well as in
older infants in whom the tissues are tough, an
opening may be made by blade septotomy, fol-
lowed by balloon septostomy. In the blade tech-
nique, developed by Park et al. [15], a catheter that
has a retractable blade at its tip is manipulated into
the left atrium. The blade is then opened and slowly
withdrawn across the septum; this is repeated sev-
eral times and followed by balloon septostomy. In
recent years balloon atrial septostomy has been
performed with echocardiographic guidance of the

catheter. This has the advantage that the procedure
can be performed in the intensive care nursery. In
addition, the adequacy of tearing of the septum can
usually be appreciated.

If arterial oxygen saturation does not improve
following balloon atrial septostomy, and an effec-
tive tear of the septum has been accomplished, 
consideration should be given to the possibility 
that pulmonary vascular resistance is high and is
interfering with bidirectional shunting through the
defect. Lack of improvement could also be related
to lung disease. If pulmonary vascular resistance is
elevated, use of pulmonary vasodilator agents such
as sidenafil or inhaled nitric oxide should be con-
sidered (see Chapter 5).

Balloon atrial septostomy was for many years
performed in all infants with transposition with
inadequate mixing. Surgery to create an atrial baffle
by the Mustard procedure (see below) was usually
not recommended before 2–3 years, because mor-
tality in infancy was very high. Although infants
usually survived after balloon atrial septostomy,
many complications occurred. These included
cerebral vascular occlusions due to emboli, cerebral
abscess, infective endocarditis, and pulmonary vas-
cular obstruction. In addition, many infants con-
tinued to have moderately severe hypoxemia and
there have been concerns about neurological and
intellectual development. Recently, the arterial
switch procedure is being performed in early
infancy, and some controversy exists about the use
of balloon atrial septostomy. Some centers still per-
form atrial septostomy first and then the arterial
switch procedure a few weeks after birth. Others
recommend that the definitive surgery of arterial
switch be performed within a few days, in which
case there is no need to perform atrial septostomy.
If PGE1 infusion permits the infant to maintain
adequate oxygenation, there appears to be little
indication to perform balloon atrial septostomy
prior to performing the arterial switch. However, 
in some centers, there is concern that prolonged
PGE1 infusion causes the great vessels to become
friable due to edema of the walls; it is main-
tained that this increases the risk of postoperative
bleeding. It is recommended that PGE1 be 
stopped for 2–3 days prior to surgery. Others do
not feel that PGE1 causes a significant problem with
the surgery.
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Atrial baffle procedures
The Mustard procedure has been used extensively
with great success [16]. With cardiopulmonary
bypass, the right atrium is opened widely and the
atrial septum excised. A baffle, which in the original
procedures was formed of pericardium, is sewed
into the atrium to direct all pulmonary venous
blood to the tricuspid valve and all SVC and IVC
blood to the mitral valve. This allows all systemic
venous blood to enter the left ventricle and pul-
monary circulation and pulmonary venous blood
to enter the right ventricle and aorta. Subsequently,
the baffle was created with woven material such 
as Dacron. The Senning technique accomplished 
the same redirection of pulmonary and systemic
venous return, but involved use of the atrial septum
and reorientation of the walls of the atria [17]. An
important advantage is that no foreign material is
required for this procedure. The Senning proced-
ure was associated with a high mortality in early
experience and was abandoned. Subsequently,
Senning modified the technique and it became the
favored procedure. Both procedures were associ-
ated with a high mortality in infants, and many 
suffered the complications of atrial septostomy
mentioned above while awaiting surgery. However,
the survival with surgery in infancy improved and
in the most recent experience, mortality was less
than 5% even in infancy. The Senning procedure
was favored in infants.

These procedures have been extremely effective
in producing physiological correction of pul-
monary and systemic flow patterns. Many indi-
viduals have been followed for 30 years or more 
and continue to lead normal lives [18]. In several
studies it has been demonstrated that the long-
term results, for both survival and performance, 
are better following the Senning than the Mustard
procedure. However, numerous complications,
both short term and long term have been noted,
including obstruction of systemic or pulmonary
venous return, atrial arrhythmias, poor exercise
tolerance, right ventricular failure, and unexplained
sudden death.

With experience and improvement in technique,
the incidence of venous channel obstruction has
decreased greatly. The most common obstruc-
tion of systemic venous return involves the SVC. 
It results in suffusion and edema of the face and

upper extremities and, on occasion, benign intra-
cranial hypertension. If symptoms are not severe,
treatment is not indicated, and the symptoms
improve due to development of collateral circula-
tion to IVC channels. Surgical relief of obstruction
entailed considerable risk, but the obstruction 
can now usually be relieved by dilation of the
obstructed site by interventional techniques, with
little risk. Obstruction of pulmonary venous return
is more serious, because it results in pulmonary
edema with dyspnea. The increase in pulmonary
venous pressure may also induce an increase in 
pulmonary vascular resistance. The obstruction
should be relieved by interventional techniques or,
if necessary, by surgery.

Atrial arrhythmias are common after atrial baffle
procedures. In the original series of patients where
the Mustard procedure was used, more than two-
thirds had experienced atrial arrhythmias by 20
years after the procedure. It is thought the high
incidence is related to damage to the sinus node
either directly or by severing the sinus node artery,
and to severing internodal preferential conducting
pathways in the atrial walls or septum. Sinus node
dysfunction may result in bradycardia and is fre-
quently associated with atrial ectopic tachycardia,
flutter, or fibrillation. Although the bradycardia is
not usually a serious problem, as many as 10–15%
of these individuals may at some time require pace-
maker insertion. The atrial flutter often occurs at an
atrial rate lower than that typically encountered
with spontaneous atrial flutter. With flutter rates 
of 150–250/min and one-to-one atrioventricular
conduction, the presence of flutter may not be
appreciated. It is therefore important to consider
the diagnosis in these individuals if heart rates are
rapid. The supraventricular tachycardias in these
patients are notoriously difficult to treat with
antiarrhythmic drugs. The drugs should be used
with caution because of potential adverse effects in
the presence of sinus node dysfunction. Modifica-
tions of technique have resulted in some reduction
in the incidence of serious atrial rhythm disturb-
ances, but they are still a serious early and late 
concern.

Almost 90% of those surviving the procedure
live a reasonably normal life for up to 20 or more
years and consider that their activities are normal.
However, studies of exercise tolerance have shown
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that more than half of the individuals have limita-
tions in exercise capacity. This is associated with
both a reduction in cardiac output response and a
limited heart rate response to exercise. The cause 
of the limitation in heart rate response is unclear,
but the reduced cardiac output response could be
related to the fact that the right ventricle is not
capable of providing an adequate stroke volume
with exercise.

The ability of the right ventricle to function as
the systemic ventricle has been a major concern. In
the more than 20 years of follow-up of patients who
have had atrial baffle procedures, the incidence of
right ventricular failure has not been high, but it is
not known whether the ventricle will continue to
perform adequately with further observation. Two
important factors that contribute to the likelihood
of failure are tricuspid valve insufficiency and per-
sistent atrial tachycardia, particularly atrial flutter.
Abnormalities of the tricuspid valve are not com-
mon and it has been suggested that many instances
of tricuspid insufficiency are related to minor dam-
age resulting from closure of a ventricular septal
defect through the valve at the time of surgery.
When right ventricular failure is associated with tri-
cuspid insufficiency, ventricular enlargement may
dilate the annulus, aggravating the insufficiency.
Right ventricular failure is poorly tolerated because
pulmonary venous pressures become elevated and
pulmonary edema ensues. If arrhythmia is associ-
ated and can be controlled by antiarrhythmic ther-
apy, improvement may result. If right ventricular
failure cannot be controlled by medical measures,
thought can be given to preparing the patient for 
an arterial switch procedure (see below) or cardiac
transplantation. Recently, promising results have
been achieved with the β-adrenoceptor blocker
carvedilol in treating right ventricular dysfunction
in patients with aortopulmonary transposition
who have had atrial inflow corrective procedures.
Considerable improvement in exercise tolerance
was noted after 4 months of therapy [19]. It remains
to be seen if this improvement persists.

Sudden death has occurred at various times after
surgery. It has been noted after both Mustard and
Senning procedures, and may occur many years
after surgery in an individual who is otherwise
doing well. It has occurred in individuals who have
no apparent arrhythmia. The cause of death in

these individuals is as yet unexplained, but is most
probably related to arrhythmia.

In view of concerns about the long-term out-
look for the right ventricle to perform effectively as
the systemic ventricle, and the frequency of post-
operative arrhythmias, the atrial baffle procedure 
is no longer considered the procedure of choice.
Rather, it is performed in unusual circumstances,
such as when coronary arterial abnormalities are
present. The procedure currently favored is the
arterial switch.

Arterial switch procedure
This procedure, developed by Jatene et al. [20],
involves redirection of the aorta and pulmonary
artery, so that each is connected to provide a con-
cordant relationship between the ventricles and the
great arteries. The aorta and pulmonary artery are
separated just distal to the sinuses of the respective
valves and then anastomosed so that the aorta arises
above the pulmonary valve connected to the left
ventricle and the pulmonary artery is connected 
to the aortic valve over the right ventricle. In early
experience, the right pulmonary artery was fre-
quently compressed, but this has been overcome 
by positioning the distal segment of the aorta
behind the pulmonary arterial bifurcation. The
reorientation of the aorta and pulmonary artery
also requires that the coronary arteries be trans-
posed. If they were not moved, coronary blood flow
would be inadequate, because they would be 
perfused by the low pressure of the pulmonary 
artery. Each coronary artery is removed from the
aortic sinus with a large cuff of aortic wall. They 
are then transposed to the segment of pulmonary
artery just above the sinuses. It is particularly
important that undue stretching, distortion, or
kinking of the arteries be avoided. If a coronary
artery is closely applied to the wall of the aorta 
or pulmonary artery in its course, the transfer 
may be difficult or impossible. The arterial switch
operation can now be performed during the neona-
tal period in many centers, with a mortality of 5%
or less. Most patients have few problems after suc-
cessful repair. The main concerns are supravalvar
pulmonary stenosis, innervation of the heart and
coronary vessels, coronary arterial abnormalities,
and function of the pulmonary valve in the aortic
position.
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Stenosis of the right pulmonary artery was com-
mon before the procedure was modified to position
the distal aortic segment behind the branching of
the pulmonary artery when it was anastomosed 
to the pulmonary stump. The current concern is that
in the process of removing the coronary arteries
with the cuffs of aortic wall, the lumen of the new
pulmonary artery just above the valves may be 
narrowed in the repair process. Patches of pericar-
dium or other material are introduced to try to avoid
encroachment on the lumen. However, a mild
degree of supravalvar stenosis is common following
surgery. Systolic pressure gradients of 30–50 mmHg
are usually of no concern, but larger gradients may
require attention. Transvenous balloon dilatation
has been performed successfully in some of these
individuals, but there is some concern that coro-
nary arterial damage could be produced by the pro-
cedure. The stenosis may progress with time and in
some instances has required surgical relief.

The nerve supply to the heart courses along the
great arteries and coronary vessels. Sectioning of
the aorta and pulmonary artery will also cut the
nerves supplying the heart. A study with meta-
iodobenzylguanidine (MIBG) imaging before and
after the arterial switch procedure has confirmed
the interference with sympathetic nerve innerva-
tion [21]. Soon after surgery no evidence of MIBG
uptake was observed. However, within a few weeks
after surgery, uptake was again observed, indicating
that sympathetic innervation had been restored.
However, this test is relatively insensitive, and it is
possible that normal innervation was not achieved.
This raises the possibility that the myocardium may
not respond normally during exercise and that dis-
turbances of innervation could be responsible for
the decreased coronary perfusion reserve that has
been observed in some individuals after the pro-
cedure (see below).

Coronary artery abnormalities are the predomin-
ant cause of early mortality or morbidity after the
arterial switch procedure. Interference with coro-
nary perfusion may result from torsion or kinking
of the artery, or from stenosis of the ostium at the
site of insertion into the pulmonary stump. The left
ventricle may not perform adequately to maintain
perfusion and the electrocardiogram will show ST-
and T-wave changes indicating coronary insuffi-
ciency. In the few years of observation of patients

who have had successful arterial switch procedures
in infancy, few late coronary arterial complications
have been recognized. However, instances of late-
onset ostial stenosis and of reduced perfusion of
one coronary artery are beginning to be recognized.
The left is often smaller than the right coronary
artery in patients with aortopulmonary transposi-
tion and it is usually responsible for diminished
perfusion. Studies using positron emission tomo-
graphy of the response to coronary vasodilators have
provided some evidence indicating that coronary
blood flow reserve is limited. It has been suggested
that vasomotor responses of the coronary circula-
tion are impaired. It is possible that although 
the nerve supply does regenerate after the arterial
switch procedure, normal innervation of the vessels
may not be reestablished. It is important to follow
these patients carefully and routine exercise testing
should be instituted as soon as the child is coopera-
tive. Should any evidence of coronary insufficiency
be evident by symptomatology or routine electro-
cardiography, studies of myocardial perfusion and
coronary angiography are indicated. There is con-
cern that as these patients are followed for longer
periods after surgery, an increasing incidence of
coronary insufficiency may be observed. A recent
report noted a 5% incidence of coronary lesions
following the arterial switch procedure, associated
with coronary perfusion disturbance. Most could
be treated successfully by coronary angioplasty, but
mammary bypass was required in some [22].

Although there is no evidence that the pul-
monary artery will not perform adequately as the
aortic valve after the arterial switch procedure,
there is still some concern that it may show dys-
function over years of observation. Mild degrees of
insufficiency have been noted in some children, but
the fate of the pulmonary valve when functioning
as an aortic valve has not been defined. Recently,
Bove et al. [23] reported that 10% of patients with
intact ventricular septum developed significant
neoaortic valve regurgitation within 4.8 ± 3.9 years
after the arterial switch procedure; in patients with
aortopulmonary transpositon with ventricular sep-
tal defect, it occurred in almost 25% of patients.

The arterial switch procedure requires that the
left ventricle be capable of generating enough force
to maintain adequate cardiac output at systemic
arterial pressures. In the early postnatal period,

c18.qxd  12/22/08  11:39  Page 502



Aortopulmonary transposition 503

although pulmonary arterial and left ventricular
pressures fall in infants with aortopulmonary
transposition with intact ventricular septum, left
ventricular mass is adequate to provide the output
at systemic arterial pressure. Beyond 6–8 weeks
after birth, however, the likelihood that left ventric-
ular muscle is able to perform adequately decreases
progressively. It is generally considered that the
arterial switch procedure can be performed prior 
to 8 weeks postnatally, with a good chance that 
cardiac output will be maintained after surgery. If
the procedure is planned beyond this period, it is
necessary to attempt to increase left ventricular
muscle mass to make it capable of generating the
force necessary to provide an adequate cardiac out-
put. This has been accomplished by banding the
pulmonary artery to increase left ventricular pres-
sure and so induce hypertrophy of the muscle. The
procedure is quite successful in infants in whom 
the arterial switch procedure has been delayed, for
various reasons, beyond the age of 2 months.
However, the older the patient, the more difficult it
is to achieve adequate left ventricular hypertrophy.
It is difficult to gauge the degree of pulmonary
stenosis that will produce hypertrophy without
inducing cardiac failure. It may be necessary to per-
form increasing degrees of stenosis with two or
three procedures over several years to develop ade-
quate hypertrophy. The arterial switch procedure
has been recommended in patients who have 
developed tricuspid insufficiency or right ventricu-
lar failure after an atrial baffle procedure. It is
always necessary to induce left ventricular hyper-
trophy to accomplish this. Although it has been
performed successfully in a number of individuals,
there is serious concern whether the hypertrophied
left ventricle will maintain adequate function 
over time. Postnatal hypertrophy is accomplished
largely by increase in myocyte size and capillary
growth does not match the increase in myocyte
mass. There is thus less coronary reserve, and this
may be further compromised by coronary arterial
complications associated with the arterial switch
procedure (see Chapter 18).

Aortopulmonary transposition with
large ventricular septal defect
The main concern in these infants is the develop-
ment of severe cardiac failure. Treatment includes

administration of diuretic agents and digitalis.
Prior to the development of the arterial switch pro-
cedure, the approach consisted of performing a
pulmonary arterial banding procedure to reduce
pulmonary blood flow and improve cardiac failure,
as well as reduce the risk for increasing pulmo-
nary vascular resistance with pulmonary vascular
obstruction. Subsequently, at the age of 2–3 years,
the ventricular septal defect was closed and an atrial
baffle procedure performed. The mortality was
greater than with the baffle procedure alone, but
good long-term results were achieved. Currently,
the approach is to close the ventricular septal defect
and perform an arterial switch procedure. The sur-
gical risks of this procedure are somewhat higher
than with the arterial switch procedure alone, but
current experience is that about 90% of these
infants are alive after 5 years. The complications
associated with the switch procedure are similar to
those described on p. 502.

Aortopulmonary transposition with
ventricular septal defect and 
pulmonary stenosis 
In the neonatal period, the procedures described
above for treating infants with severe cyanosis
should be instituted (see Chapter 18). PGE1 should
be administered to maintain patency of the ductus
arteriosus. Because the procedures currently avail-
able for redirecting blood flow have a high mortal-
ity when performed in early infancy, most centers
recommend that a modified Blalock–Taussig pro-
cedure be performed, with introduction of an
interposition graft between a subclavian and pul-
monary artery. 

When the stenosis involves the subvalvar region
and is not severe, it may be possible to excise a
localized fibrous narrowing, close the ventricular
septal defect, and perform an arterial switch proced-
ure. This complex procedure is attended by a very
high mortality in early infancy, but has been per-
formed successfully in older infants and children.
There is no concern about whether the left ventricle
can maintain an adequate systemic blood flow after
the procedure, because pressure in the ventricle has
been maintained at systemic levels by the ventricu-
lar communication and pulmonary stenosis. When
the stenosis is severe or involves the valve, it would
be inappropriate to perform an arterial switch 
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procedure because of concerns for stenosis or
insufficiency of the aortic outflow. The procedure
currently recommended is to place a baffle to close
the ventricular septal defect and direct the left ven-
tricular outflow through the defect into the aorta
arising from the right ventricle. The pulmonary
artery is divided above the valve and the stump
above the valve is sutured closed. A valved conduit,
such as a pulmonary or aortic homograft, is
inserted from the right ventricle to the distal seg-
ment of the pulmonary artery. This operation,
known as the Rastelli procedure [24], still has a 
relatively high risk in most centers if performed
during infancy. For this reason in most centers it 
is recommended that a modified Blalock–Taussig
shunt be inserted in infancy as a temporary maneu-
ver. The Rastelli procedure is then performed at
about 12–18 months of age. Although the results
with this procedure are very good, the graft will
require replacement within several years due to 
the development of stenosis or insufficiency of the
valve. Early and more frequent replacement of the
conduit is necessary if the procedure is done before
the age of 4 years [25]. It is important to maintain
these patients on aspirin anticoagulant therapy and
to provide antibiotic prophylaxis for infective
endocarditis.

Aortopulmonary transposition with
ventricular septal defect and
hypoplastic right ventricle
If the right ventricle is only slightly reduced in size,
it is possible to treat the patient in the same manner
as transposition with a large ventricular septal
defect. If the ventricle is severely hypoplastic, the
approach should be the same as that for tricuspid
atresia with ventricular septal defect and transposi-
tion (see Chapter 16).

Aortopulmonary transposition with
restricted foramen ovale or constricted
ductus arteriosus in the fetus
As mentioned above, detection of these abnormali-
ties in the fetus herald early onset of severe hypox-
emia with possible early mortality in the neonate.
Even with urgent balloon atrial septostomy, the
infant may not survive. This could be related to the
presence of high pulmonary vascular resistance,
probably related to prenatal ductus arteriosus con-
striction with pulmonary arterial hypertension. I
have speculated whether intervention in the fetus
with a narrow ductus arteriosus could possibly
relieve the constriction and thus avoid the early
postnatal stress. I have suggested that because the
constriction is probably the result of exposure to
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Figure 18.11 Patterns of blood flow and
predicted oxygen saturations in cardiac
chambers and vessels in the fetus with
aortopulmonary transposition after
closure of the ductus venosus.
Assumptions of volumes of blood flow
were used in calculating oxygen
saturations in the main vessels. The
pulmonary artery arises from the left
ventricle. Compared with Figure 18.2,
the oxygen saturation of blood
perfusing the lungs and ductus
arteriosus is reduced considerably and
ascending aortic blood oxygen
saturation is increased. From Rudolph [5]
with permission. (See color plate 18.11).
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pulmonary arterial blood resulting from preferen-
tial flow of ductus venosus blood across the fora-
men ovale, closure of the ductus venosus in the
fetus could possibly induce relaxation of the ductus
[5]. Figure 18.11 shows the predicted effect of clos-
ing the ductus venosus on oxygen saturations in the
cardiac chambers and major vessels.
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pulmonary arteries arise from a single orifice on the
posterior surface of the truncus. Some have alluded
to this as a type I1/2 truncus.
• Type III: this is similar to type II but the pul-
monary arteries arise more laterally and somewhat
more distant from the semilunar valves.
• Type IV is characterized by an absence of any
vestige of a pulmonary artery or pulmonary arterial
branches. Blood supply to the lungs is derived
entirely from major aortopulmonary collateral
arteries (MAPCAs). Whether this type is a true
truncus arteriosus has been questioned. It has been
suggested that it represents an extreme form of
tetralogy of Fallot with pulmonary atresia, in which
there is no vestige of pulmonary arteries and the
term pseudotruncus has been applied.
Van Praagh has suggested a different classification,
in which truncus lesions are divided into types A
and B. Type A is associated with a ventricular septal
defect; van Praagh types A1 and A2 are comparable
to the same types in the other classification. In type
A3, one pulmonary artery is absent and in type A4
there is associated aortic isthmus atresia or hypo-
plasia. Type B has an intact ventricular septum, but
it is a rarity. Since the conotruncal septum com-
pletes the closure of the ventricular septum, these
patients almost always have a ventricular septal
defect, usually of large size, just beneath the truncus
valve. Usually, the position of the truncus in rela-
tion to the ventricular septal defect is such that it
straddles the left and right ventricles evenly in
about half the patients. In others it may be placed
preferentially over one or other ventricle to a vary-
ing extent.

The truncal semilunar valve usually consists of
three cusps; about 25% of patients have four cusps
and about 10% have a bicuspid valve. Rarely, five or
even six cusps are present. The cusps are often
thickened and dysplastic and have limited mobility.

CHAPTER 19

Truncus arteriosus communis

506

Lesions classified as truncus arteriosus, persistent
truncus arteriosus, or truncus arteriosus com-
munis comprise about 2% of congenital cardiac
anomalies in various autopsy series; they are an
important cause of death in infancy. The complex is
characterized by the presence of a single semilunar
valve and annulus with a single great vessel, usually
termed the common trunk, arising from the ven-
tricles. The condition is to be distinguished from
those lesions in which a single arterial trunk con-
nects with the ventricles but which are associated
with atresia of either the aortic or pulmonary valve
with small or atretic vessels.

Morphological and embryological
considerations

Morphology
Several classifications have been described for trun-
cus arteriosus complexes. The one most commonly
used is that of Collett and Edwards, who described
four main groups.
• Type I: a short common pulmonary artery seg-
ment arises on the right side of the common trunk
just above the truncal valve and this gives rise to 
a separate left and right pulmonary artery; the
ascending aorta arises from the left side of the com-
mon trunk.
• Type II: the common trunk continues up as the
ascending aorta; the pulmonary arteries arise a
short distance above the truncal valve from the pos-
terior surface of the trunk as separate left and right
pulmonary arteries from two orifices, very close to
one another. Since the original description, a vari-
ant of this type has been noted in which the two

19
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Insufficiency of this valve is common, occurring in
about 50% of patients. It varies in degree, but as
many as 25% of patients are considered to have
moderate to severe insufficiency. Stenosis of the
truncal valve has been observed in about 25% of
patients, but is usually of mild degree and rarely
does the valve appear to be severely obstructed
morphologically. However, because flow through
the valve is large, the stenosis may be very signi-
ficant functionally. Coronary artery anomalies are
also common, occurring in about 25% of patients.
In about half, there is a single coronary artery; in
others two coronary arteries are present but they
arise from a single ostium in the truncal root. Other
coronary artery anomalies have been noted.

Aortic arch anomalies are commonly associated
with truncus arteriosus. A right aortic arch is pre-
sent in about 25% of patients and interruption of
the arch is noted in about 10%. In infants with an
interrupted arch, there is frequently a large cham-
ber above the truncal valve, which leads primarily
to a large ductus arteriosus. The small ascending
aorta and the pulmonary arteries also arise from
this chamber. This morphology is confusing and
the presence of aortic arch interruption is fre-
quently overlooked, because the ductus arteriosus
is thought to be the arch. The ductus arteriosus is
usually small, or even absent when the aortic arch 
is normally developed, but occasionally a normal
ductus may be present when the arch is normal.

The morphology of the pulmonary arteries
varies considerably in individuals with truncus
arteriosus. As mentioned, in type I the left and right
arteries arise from a short common trunk. In types
II and I1/2, the pulmonary arteries are usually large,
but occasionally stenosis is evident at the origins of
the left and right pulmonary arteries; this stenosis
may not be present at birth but may develop later in
life. In type III, the pulmonary arteries originate
more distally; their size varies, but generally they
are smaller than in types I and II. Only one pul-
monary artery may originate from the truncus; the
other artery may be present, is usually hypoplastic,
and is supplied by a ductus arteriosus. One or both
pulmonary arteries may be absent and lung flow is
provided from MAPCAs (see Chapter 14). The
peripheral pulmonary arteries are usually normally
developed in types I and II truncus arteriosus.
However, following birth, the vessels tend to retain

a greater amount of medial smooth muscle and, 
if the lesion is not corrected, there is a serious risk 
of development of pulmonary vascular obstructive
changes with progressive increase in pulmonary
vascular resistance (see Chapter 5). In type III, there
is a high incidence of stenosis of the pulmonary
arteries, either at the ostium or along the length of
the vessel; this provides some protection to the pul-
monary arterioles and limits the risk for obstructive
changes. In type IV, pulmonary blood flow is pro-
vided by MAPCAs (discussed in Chapter 14).

A related lesion is the so-called hemitruncus, in
which one pulmonary artery, most commonly the
right, is connected to the ascending aorta, whereas
the left pulmonary artery arises from the right ven-
tricle and there is a separate pulmonary annulus
and valve. This condition cannot be considered 
to be a truncus arteriosus communis and is not 
discussed.

Embryology
The concept has been presented that persistent
truncus arteriosus is related to failure of develop-
ment of the spiral septum in the conotruncus. This
septum was described in the chick embryo to be
formed from two ridges, one arising from the left
anterior side and the other from the right posterior;
these grow toward each other, join, and separate
the conotruncus into the aorta and pulmonary
artery. The concept that truncus arteriosus is exclu-
sively due to failure of development of the spiral
septum has been challenged. It has been pointed
out that the main pulmonary trunk is not formed
entirely by separation of the truncus, but also by
fusion of the proximal portions of the two sixth
branchial arches, which extend into the left and
right pulmonary arteries and, on the left, into the
ductus arteriosus. When viewed from above, the
ventral aorta rotates clockwise just above the ven-
tricular conus, and the right sixth arch migrates
with it, meeting the left sixth arch at its origin. The
fusion of these two arches at their origin, with dis-
solution of the intervening membrane, produces a
common channel from which the right pulmonary
artery arises and which continues into the ductus
arteriosus and the left pulmonary artery. This rota-
tion of the truncus is considered very important in
the normal morphological development of the rela-
tionships between the aorta and the pulmonary
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artery. If the spiral ridges do not develop com-
pletely, there is lack of separation of the truncus
from the pulmonary trunk formed from the sixth
branchial arches. The failure of spiral ridges to
develop will also result in abnormal formation of
the semilunar valve, and instead of the total of six
leaflets that normally develop (three in the aorta
and three in the pulmonary artery) usually only
two, three, or four cusps form. Also, since the spiral
septum contributes to the closure of the uppermost
portion of the ventricular septum, a defect will 
persist between the ventricles just beneath the com-
mon semilunar valve. The embryological develop-
ment of this region may be even more primitive; if
there is lack of adequate rotation of the ventral
aorta, the left and right sixth arches will not join.
This, associated with failure of spiral ridges to
develop, will result in a single vessel arising from
the ventricles, with the pulmonary arteries arising
either posteriorly, close to each other, from the
large trunk or separately from each other from the
lateral sides of the trunk.

The actual cause of the embryological disturb-
ance that results in the development of truncus
arteriosus lesions is not known. One concept that
has been considered is that flow of blood returning
to the heart follows certain patterns and that there
is spiraling of superior vena cava (SVC) and infer-
ior vena cava (IVC) returns in the heart when it is
still in the bilocular form. It has been suggested that
these flow patterns could be important in molding
the developing heart and in producing various
types of rotation. Perhaps, alterations in blood flow
patterns at an early stage of development con-
tribute to the formation of a truncus arteriosus
lesion.

Recently, it has been shown in the avian embryo
that neural crest cells in the occipital region of the
embryo migrate to the third, fourth, and sixth
branchial arches, as well as to the aortic sac and the
aortopulmonary outflow [1]. These cardiac neural
crest cells are important in development of the
walls of the great arteries and the aortopulmonary
septum. It has been suggested that when the num-
ber of these cells falls below a critical level, the sep-
tum separating the conotruncus into the aorta and
pulmonary artery does not develop. Ablation of the
cardiac neural crest region in the chick embryo
results in a high incidence of persistent truncus

arteriosus. The lack of these cells may also alter flow
patterns in the branchial arches and this could con-
tribute to the disturbances in alignment. The car-
diac neural crest cells express the PAX3 gene and it
has been postulated that mutations of this gene
could be important in causing cardiac defects such
as truncus arteriosus. This does not explain the dif-
ferent types of truncus arteriosus, unless one postu-
lates that the number of neural crest cells involved
determines the degree of maturational defect. Studies
in the mouse embryo have indicated that a muta-
tion of Wnt5a may be responsible for persistent
truncus arteriosus [2]. Wnt5a is expressed in pha-
ryngeal mesoderm adjacent to cardiac neural crest
cells and in the conotruncus at the time the septum
between the aorta and pulmonary artery begins to
be formed.

The occurrence of truncus arteriosus in indi-
viduals with chromosome 22q11 deletions has also
pointed to genetic associations. In different series
20–33% of patients with persistent truncus arterio-
sus have 22q11 deletions [3]. There is also a high
incidence of DiGeorge syndrome in patients with
truncus arteriosus. No information is currently
available regarding the incidence of 22q11 dele-
tions in those instances where aortic arch obstruc-
tion is associated with truncus arteriosus, but it is
likely to be very high.

Hemodynamic considerations

Fetal circulation
The main effect of truncus arteriosus is to produce
a variable degree of mixing of left and right ventric-
ular blood just above the semilunar valve. SVC and
IVC blood returning to the heart probably follow
their normal course into the left and right atria and
into the ventricles. Normally, blood in the fetal left
ventricle has a higher oxygen saturation than that
in the right ventricle (see Chapter 1). Based on esti-
mates of systemic venous and umbilical venous
blood flows and on oxygen saturations of systemic
and umbilical venous blood, if blood from the two
ventricles mixes completely, the oxygen saturation
of the mixed blood will be about 55% (see Chapter
1). Thus blood distributed from the ascending
aorta will have a lower oxygen saturation compared
with the normal of about 65%. Blood distributed 
to the lungs and to the descending aorta will be
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slightly higher than the normal of about 50%. The
degree of mixing will be related to the morphology.
In type I truncus arteriosus, in which there is a
common pulmonary trunk, right ventricular blood
may be directed preferentially to the pulmonary
trunk; only a relatively small amount of left ventricu-
lar blood enters the pulmonary artery, so that oxy-
gen saturation will be only minimally higher than
normal. However, in types II, III and IV, right 
and left ventricular blood will probably mix more
effectively and therefore blood distributed to the
ascending and descending aortae, as well as the pul-
monary artery, will have similar oxygen satura-
tions. The higher Po2 of blood distributed to the
lungs may lower pulmonary vascular resistance and
possibly retard the degree of development of pul-
monary vascular smooth muscle as compared with
the normal fetus (see Chapter 5).

The patterns of blood flow and blood oxygen sat-
urations and pressures that might be expected are
shown in Figure 19.1. The size of the ductus arterio-
sus will also be important in determining patterns
of flow. The ductus is usually small or absent in
truncus arteriosus; therefore, during fetal life a

large proportion of blood flow to the descending
aorta will traverse the aortic arch and isthmus, so
that the isthmus diameter may be greater than 
normal. If the ductus arteriosus is large in a fetus
with type I truncus, flow could pass preferentially
through the ductus to the descending aorta. Flow
into the ascending aorta will be reduced and this
may result in narrowing of the aortic isthmus and
possibly contribute to the development of inter-
ruption of the aorta at this site. However, it is likely
that the association of aortic arch interruption with
persistent truncus is primarily due to an embryo-
logical disturbance rather than abnormal flow 
patterns, because both lesions are commonly asso-
ciated with 22q11 deletions. When aortic arch
interruption is associated with truncus arteriosus,
the ductus is large and provides all blood flow to the
lower body of the fetus and to the placenta.

Circulatory changes after birth
The origin of the pulmonary arteries and the aorta
from a single trunk provides equal perfusion pres-
sure in these vessels beyond the semilunar valve.
Blood flows to the lungs and the systemic circula-
tion are therefore determined by the relative resist-
ances in these circulations. After birth, systemic
vascular resistance is increased by removal of the
low-resistance umbilical–placental circulation as well
as by hormonal influences (see Chapter 2). Ventila-
tion of the lungs with air reduces pulmonary vascular
resistance rapidly initially and then more gradually
due to postnatal maturation of the small pul-
monary vessels (see Chapter 5). The pulmonary
vasodilatation results in an increase in pulmonary
blood flow; as pulmonary vascular resistance pro-
gressively decreases and systemic vascular resistance
progressively increases after birth, an increasing
pulmonary blood flow and pulmonary to systemic
flow ratio results. The factors that affect pulmonary
blood flow are pulmonary vascular, or arteriolar,
resistance and the size of the pulmonary arteries.

The pulmonary to systemic flow ratio deter-
mines systemic arterial oxygen saturation and Po2

after birth. If it is assumed that there is complete or
almost complete admixture of pulmonary and sys-
temic venous blood at the high ventricular or trun-
cus level, the greater the pulmonary to systemic
flow ratio, the higher the systemic arterial oxygen
saturation (see Chapter 3).
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Figure 19.1 Truncus arteriosus in a fetus: course of the
circulation, oxygen saturations (circled), and pressures. m,
mean pressure.
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In the infant with truncus arteriosus who has
large pulmonary arteries with no orifice stenosis,
the decreased pulmonary vascular resistance after
birth will produce a modest increase in pulmonary
blood flow, and systemic arterial oxygen saturation
will increase immediately to about 75–80%. The
pulmonary blood flow returning to the left atrium
results in an increase in left atrial pressure; this,
associated with a decrease in IVC return by elimi-
nation of umbilical venous return, closes the fora-
men ovale. Left ventricular end-diastolic pressure
also increases slightly, but the ventricle is capable of
ejecting the volume of blood presented. In the early
postnatal period the arterial oxygen saturation and
Po2 are moderately reduced, but there are no other
hemodynamic disturbances. The course of the cir-
culation in the neonatal period is shown in Fig-
ure 19.2. The continuing decrease in pulmonary
vascular resistance after birth results in a progres-
sive increase in pulmonary blood flow. Systemic
arterial oxygen saturation increases due to the
increase in pulmonary to systemic flow ratio and
may reach 88–90%. The increased pulmonary

venous return to the left atrium and ventricle pro-
duces a progressive elevation of left atrial and left
ventricular end-diastolic pressures and an increase
in left ventricular stroke volume. The large increase
in pulmonary blood flow will result in left ventricu-
lar failure if the volume load is presented rapidly to
the ventricle so that there is inadequate time for
compensatory left ventricular hypertrophy. Usually,
the decrease in pulmonary vascular resistance
occurs over a 2–3 week period, but many infants
with truncus arteriosus develop cardiac failure
within the first week after birth. This early onset of
failure is usually due to the presence of associated
truncal valve insufficiency. However, lack of nor-
mal development of pulmonary vascular smooth
muscle before birth may result in a more rapid
postnatal decline of pulmonary vascular resistance
(see above). The early manifestations of cardiac
failure are associated with left ventricular failure
and pulmonary edema, but right ventricular failure
also develops (Figure 19.3). Other factors con-
tributing to the development of cardiac failure are
discussed in detail in Chapter 7.
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Figure 19.2 Truncus arteriosus in a newborn infant: course
of the circulation, oxygen saturations (circled), and
pressures. The pulmonary ostia are not stenosed and the
pulmonary vascular resistance has dropped moderately. m,
mean pressure.
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Figure 19.3 Truncus arteriosus in an infant: course of the
circulation, oxygen saturations (circled), and pressures.
Pulmonary vascular resistance has fallen markedly,
resulting in cardiac failure. m, mean pressure.
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Because the low pulmonary vascular resistance
produces a rapid runoff from the truncus into the
pulmonary circulation, a low diastolic pressure and
wide pulse pressure might be expected in the trun-
cus and the aorta and its branches. This accounts
for the prominent pulses noted in these infants.
Although this is noted in some infants with truncus
arteriosus with high pulmonary to systemic flow
ratios, arterial pulses are not always prominent.
This could be due to the fact that, when pulmonary
vascular resistance is very low, a large proportion of
blood ejected during systole passes from the trun-
cus into the pulmonary circulation during systole.
The amount entering the aorta and the systemic
circulation is small and therefore systolic pressure
is rather low and the pulse pressure is not increased.
In these infants the pulmonary blood flow is very
high and cardiac failure is common. When pul-
monary blood flow is not markedly increased, as in
those infants who have mild to moderate pul-
monary artery stenosis, arterial systolic pressure is
higher and pulse pressure is increased. Reduction
in pulmonary blood flow by either progressive 
pulmonary artery stenosis or development of pul-
monary vascular disease will decrease diastolic
runoff and pulse pressure will approximate normal.

Many infants succumb from heart failure in early
infancy; if this can be controlled, the pulmonary
vessels develop the secondary changes related to
persistent pulmonary hypertension and increased
blood flow (see Chapter 5). Severe intimal prolifer-
ation and occlusive pulmonary vascular disease
may occur within the first year, but sometimes the
process is slower and may take many years before
marked vascular obstructive changes develop. As
pulmonary vascular resistance increases, pul-
monary blood flow decreases and left ventricular
failure improves because the volume overloading is
reduced. Associated with the decreased pulmonary
to systemic flow ratio, the arterial oxygen satura-
tion falls progressively.

In infants who have moderate degrees of stenosis
or diffuse narrowing of the pulmonary arteries, a
finding more common in type II and especially type
III truncus, pulmonary blood flow does not
increase greatly after birth. Associated with the
decrease in pulmonary vascular resistance, arterial
oxygen saturation will be increased to a limited
extent. When the pulmonary arteries are reason-

ably well developed, the flow may be adequate to
maintain an arterial saturation of 75–85%, but not
large enough to cause left ventricular failure. These
patients may have a more favorable course, with
only moderate cyanosis; however, the stenosis tends
to become progressively more severe with advanc-
ing age. This could be due to lack of growth of the
orifice appropriate for age, but usually appears to
be associated with an intimal proliferative process.
The time course for this process varies greatly; 
it may develop during the first year, but may be
slower, so that the child may have mild cyanosis
with no other symptoms for several years. The
stenosis of the pulmonary ostia creates a pressure
drop between the truncus and the pulmonary arter-
ies and thus protects the pulmonary arterioles
against the development of pulmonary vascular
disease. Some patients have stenosis of the ostium
of one pulmonary artery, with a free opening in the
other. This usually results in a moderately large
total pulmonary blood flow, which maintains arte-
rial oxygen saturation in the range 75–85%, but
cardiac failure is not common. The arterioles in the
lung supplied by the artery with a narrow ostium
are protected from the development of vascular
obstruction, but progressive disease occurs in the
other lung, and increasing cyanosis will develop. 
In type IV truncus arteriosus, also referred to as
pseudotruncus, pulmonary arteries are absent and
pulmonary blood flow is provided by MAPCAs.
The circulatory dynamics are similar to those in
tetralogy of Fallot with pulmonary atresia and are
presented in Chapter 14. 

In all patients with truncus arteriosus, the rela-
tionship between pulmonary and systemic vascular
resistances determines the pulmonary to systemic
flow ratio. A decrease in systemic vascular resist-
ance not associated with any change in pulmonary
vascular resistance will result in preferential flow
into the systemic circulation and the proportion of
ventricular output distributed to the lung will
decrease. Thus pulmonary to systemic flow ratio is
reduced, resulting in a fall in arterial oxygen satura-
tion. The fall in pressure in the aorta and the trun-
cus will result in reduction in pulmonary blood
flow and a fall in total oxygen uptake in the lung,
which will further contribute to the decrease in
arterial oxygen saturation. These mechanisms are
similar to those occurring in tetralogy of Fallot and
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are discussed in detail in Chapter 14. A fall in 
systemic vascular resistance, which often occurs
with sedation or during anesthesia, will result in a
decrease in arterial oxygen saturation. Similarly,
the fall in systemic vascular resistance associated
with exercise will result in a fall in pulmonary to
systemic flow ratio, but the fall in arterial oxygen
saturation is greater because oxygen consumption
is increased. 

Truncal valve anomalies
Truncal valve insufficiency
This association is common, occurring in about
half of all individuals with persistent truncus. About
half of these patients have moderate to severe
insufficiency, which has a major influence on the
circulatory dynamics, as well as on the clinical pre-
sentation and prognosis. The fetal heart may be
enlarged because of the large volume load resulting
from the valvar insufficiency in utero. The afterload
presented by the pulmonary circulation is high in
utero, but decreases rapidly postnatally as a result of
the pulmonary vasodilatation associated with ven-
tilation. However, resistance in the aortic distribu-
tion increases after birth because the relatively
low-resistance umbilical circulation is eliminated.
Thus the total afterload on the truncus is probably
not changed significantly. However, pulmonary
blood flow increases as pulmonary vascular resist-
ance falls, and this results in a greater volume of
blood returning to the left atrium and ventricle and
an increase in total cardiac output. Truncal regur-
gitation will thus increase after birth; the combina-
tion of increased pulmonary blood flow and truncal
regurgitation places a huge volume load on the 
ventricle and cardiac failure is very likely to result.

After repair of the truncus arteriosus by connect-
ing the pulmonary arteries to the right ventricle, the
volume of blood passing through the truncal valve,
which now functions as the aortic valve, is only the
systemic blood flow. The output across the valve is
thus greatly reduced and the amount of regurgita-
tion may decrease considerably.

Truncal valve stenosis 
This is not as common as insufficiency. Severe
stenosis is unusual, and is not well tolerated
because it presents an increased afterload on both
ventricles. After pulmonary vascular resistance has

fallen, a large proportion of the volume traversing
the valve is delivered to the pulmonary circula-
tion. Severe stenosis will restrict the combined out-
put and systemic blood flow could be markedly
compromised.

Milder degrees of stenosis, with systolic pressure
gradients of up to about 60 mmHg, are encoun-
tered. The magnitude of the pressure gradient does
not have the same implications as in isolated aortic
stenosis, because a large volume traverses the valve.
After correction of the truncus, the output across
the valve is greatly reduced, because only systemic
blood flow now passes through it and the gradient
will be reduced significantly.

Aortic arch anomalies
As mentioned above, about 10% of patients with
truncus arteriosus have aortic arch interruption. In
the early postnatal period, the arterial oxygen satu-
ration is moderately reduced, but as pulmonary
vascular resistance falls and pulmonary blood flow
increases, it increases to as high as 85–90%. Mixing
of left and right ventricular blood in the truncus is
usually almost complete, although oxygen satura-
tion in the pulmonary artery may be slightly lower
than that in the ascending aorta. Blood flow to the
descending aorta is derived exclusively through the
ductus arteriosus, so that if there is some degree of
preferential flow of right ventricular blood into the
pulmonary artery, there may be a somewhat lower
oxygen saturation in descending as compared with
ascending aortic blood. The difference is not usu-
ally more than about 5%. While the ductus arterio-
sus is widely patent, pressure and blood flow in the
descending aorta are well maintained, but the flow
is also determined by pulmonary vascular resist-
ance. If resistance is low, blood will be prefer-
entially distributed to the lungs and the volume
passing to the descending aorta will be limited. To
maintain normal flow to the descending aorta, the
ventricles would have to increase their output, but
pulmonary blood flow would be greatly increased,
resulting in left atrial and left ventricular enlarge-
ment. The predominant features are those of car-
diac failure. Constriction of the ductus arteriosus
will reduce blood flow into the descending aorta,
resulting in poor perfusion of the lower body. It will
also tend to further increase pulmonary blood flow
and thus exaggerate the cardiac failure. Factors
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responsible for the manifestations of cardiac failure
are discussed in Chapter 7. Because pulmonary
blood flow is high and systemic blood flow is nor-
mal or, especially when ductus arteriosus constric-
tion occurs, reduced, the arterial oxygen saturation
and Po2 are maintained at high levels. If ductus
arteriosus constriction results in marked reduction
in flow to the lower body, oxygen delivery to the
lower body will occur despite relatively high oxygen
saturation; tissue hypoxia may result and metabolic
acidemia develop (see Chapter 3).

Without surgical treatment, the majority of
infants with truncus arteriosus types I or II suc-
cumb during the first year as a result of cardiac 
failure. If cardiac failure can be controlled, some
patients survive to adolescence and even adult life.
Pulmonary vascular changes usually begin to develop
within the first year and may progress rapidly. This
is associated with a reduction in pulmonary blood
flow and progressive fall in arterial oxygen satura-
tion. The consequences of pulmonary vascular
obstructive disease are discussed in Chapter 5. 

Infants with type III truncus arteriosus may not
develop severe cardiac failure, because some degree
of stenosis of the pulmonary arteries is common.
Pulmonary blood flow is therefore not increased
markedly when pulmonary vascular resistance falls.
As a result of the lower pulmonary to systemic 
flow ratio, arterial oxygen saturation is consider-
ably reduced. Also, there is frequently progressive
stenosis of the pulmonary arteries with a progres-
sive fall in arterial oxygen saturation. Patients with
type IV truncus are similar to those with tetralogy
of Fallot and pulmonary atresia (see Chapter 14).

Clinical features

Although many clinical features are common to all
types of persistent truncus arteriosus, there are
some differences in presentation, largely related to
the pulmonary to systemic flow ratio. The different
types are therefore presented separately.

Truncus arteriosus types I and II
In the immediate postnatal period mild cyanosis is
noted, usually with no other symptoms. Cyanosis
then decreases as pulmonary blood flow increases,
but large increases in flow usually result in cardiac
failure, manifested by increased respiratory effort,

excessive perspiration, and hepatomegaly. This
usually develops within about 2–4 weeks, but may
appear during the first week if there is insufficiency
of the truncal valve. The upper and lower extremity
pulses may be well felt, but usually when the infant
is in cardiac failure the pulses are not very pro-
minent. If cardiac failure improves, as the infant
develops, the pulse pressure may increase and the
pulses will have a bounding character. If truncus
arteriosus is complicated by aortic arch interrup-
tion, the upper and lower extremity pulses may
both be normal or somewhat reduced during the
first few days after birth, but as the ductus arterio-
sus constricts, the lower extremity pulses become
progressively weaker. Blood pressure measure-
ments often show a narrow pulse pressure in the
infant in cardiac failure, but it widens with increas-
ing age. The lower extremity blood pressure falls
when the ductus arteriosus constricts if aortic arch
interruption complicates the persistent truncus.

The heart becomes clinically enlarged, with a 
diffuse impulse; usually activity at the lower left
sternal border predominates, but with truncal valve
insufficiency the apical impulse is often hyper-
active. The first sound is accentuated and is loud 
at the mid-left sternal border; usually the sound is
single, but it may be narrowly split. It is difficult 
to explain this observation, as one would expect to
hear a single second sound when only one semilu-
nar valve is present. It is possible that because the
valve cusps are frequently thickened, they do not all
close simultaneously. A prominent systolic ejection
click is frequently heard at the lower or mid-left
sternal border; if present in an infant in cardiac fail-
ure, the diagnosis of truncus arteriosus should be
considered. A third heart sound may be present at
the apex.

In infants with cardiac failure there is usually 
a medium-frequency systolic ejection murmur at
the upper left sternal border, radiating to both
lungs. A low-frequency mid-diastolic murmur is
often heard at the apex. An early decrescendo dias-
tolic murmur may be audible along the left sternal
border, associated with truncal valve insufficiency.
When pulmonary vascular disease develops, cyanosis
increases but the manifestations of cardiac failure
improve; also, precordial activity decreases, the 
systolic murmur becomes softer, and the mid-
diastolic murmur disappears. 
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Truncus arteriosus type III 
The clinical features are determined by the size of
the pulmonary arteries and the severity of stenosis
of the pulmonary ostia. If the pulmonary arteries
are large and there is minimal stenosis, pulmonary
blood flow will be large and the features are similar
to those of types I and II. Usually there is some
restriction to pulmonary blood flow; the symptoms
of cardiac failure are not usually severe and a mod-
erate degree of cyanosis is evident. The pulses 
are usually prominent in both upper and lower
extremities and the blood pressure shows a wide
pulse pressure. Precordial activity is increased at
the lower left sternal border but the cardiac impulse
is not very hyperactive. The heart sounds are sim-
ilar to those described above, but continuous mur-
murs may be heard at the upper left or right sternal
border or in the back; these murmurs may radiate
to the chest. They are due to flow across the stenotic
ostia of the pulmonary arteries. In the early post-
natal period, the features are related to moderate
increases in pulmonary blood flow, because the ostial
stenosis is usually not evident or is mild. Within
weeks to months, the stenosis progresses and cyanosis
increases and the continuous murmurs become
more common. Progressive occlusion of the pul-
monary arteries results in disappearance of mur-
murs and severe cyanosis. One pulmonary artery
may be connected with the truncus, but receives its
blood flow through a ductus arteriosus. Closure of
the ductus will result in an increase in cyanosis.

Truncus arteriosus type IV
The clinical features are described in the section on
tetralogy of Fallot with pulmonary atresia in
Chapter 14.

Investigations

Electrocardiography
The electrocardiogram varies greatly. Most patients
have a normal axis or right axis deviation of varying
degree. Right ventricular forces are almost always
increased and usually there is combined ventricular
hypertrophy. Occasionally, left ventricular forces
may be dominant.

Chest radiography
The heart size is increased within a few days after

birth in types I and II truncus arteriosus; this is
related to the increase in pulmonary blood flow.
When significant truncal valve insufficiency is pre-
sent, cardiomegaly may be noted at birth. The
enlargement usually involves both ventricles, but
often left ventricular enlargement dominates, par-
ticularly if aortic insufficiency is associated. The
pulmonary vascularity is increased within a few
days after birth, showing initially prominent pul-
monary arteries extending to the periphery of the
lung fields. When cardiac failure ensues, pulmo-
nary edema may produce haziness of the markings,
particularly in the hilar regions. The characteristic
feature of persistent truncus arteriosus is a narrow
superior mediastinum due to absence of the main
pulmonary artery. However, although this finding
is common, it may not be evident in type I truncus
because the presence of a pulmonary trunk may
create a shadow in the pulmonary artery region.
The aortic arch is right-sided in about 25% of
patients with truncus arteriosus; it has been sug-
gested that the presence of a right aortic arch associ-
ated with increased pulmonary vascular markings
should create a high degree of suspicion for the
diagnosis of persistent truncus. In types III and IV
truncus, the heart is not usually as large and the
pulmonary arterial markings are not as prominent.
The superior mediastinum is usually narrow and
the pulmonary arterial segment is not evident.
Significant stenosis of one or both pulmonary
arteries is associated with a decrease in pulmon-
ary arterial markings. When pulmonary vascular
obstructive disease develops, the heart size de-
creases; the central pulmonary arterial markings
are very prominent, but there is a paucity of peri-
pheral arterial markings in the lungs.

Echocardiography
Two-dimensional imaging and color flow Doppler
studies have made it possible to obtain most of the
information necessary for diagnosis and thera-
peutic considerations in patients with persistent
truncus arteriosus. The single large trunk exiting
the heart can be defined. The truncus overrides the
ventricular septum to variable degrees. Usually it is
positioned fairly evenly over both ventricles, but it
may be displaced to lie predominantly over either
the left or right ventricle. The ventricular septal
defect can be defined; it is usually large and in the
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outlet septum, but occasionally extends to the
membranous septum. The truncal semilunar valve
should be carefully examined; it is contiguous to
the mitral valve. Most commonly, the valve is 
tricuspid, but may be quadricuspid or bicuspid.
Rarely one or five cusps are present. The vale leaflets
are often thickened and may not move freely.
Truncal valve insufficiency is common, but it is
difficult to gauge the severity of the regurgitation
accurately. With color flow Doppler studies, the
duration of regurgitation during diastole, the degree
to which the ventricles fill, and the breadth of the
regurgitant jet have been used as indications of
severity. The presence of stenosis of the valve is
demonstrated by assessing the velocity of flow
beyond the truncal valve. The flow velocities to the
pulmonary arteries and aorta may be different, so
that it may be difficult to assess the degree of steno-
sis accurately. However, significant degrees of
stenosis are unusual.

Defining the origin of the pulmonary arteries is
one of the most important aspects of the examina-
tion. The presence of a partial aortopulmonary sep-
tum characterizes type I truncus; the origin of both
the left and right pulmonary arteries from the com-
mon pulmonary trunk segment confirms the diag-
nosis. In type II truncus, the pulmonary arteries can
be seen to originate from the posterior aspect of the
truncus a short distance above the valve. In this
type it is important to identify the relationship of
the coronary artery ostia to the pulmonary artery
origins, because damage to coronary arteries could
result from surgery to separate the pulmonary
arteries from the trunk. Pulmonary arteries may be
difficult to identify in type III truncus because they
arise some distance from the truncal valve and are
frequently small. It is important to attempt to
locate the origin of the pulmonary arteries to dis-
tinguish the lesion from tetralogy of Fallot with
pulmonary atresia, in which only a single arterial
trunk (the aorta) exits the heart. The size of the 
pulmonary arteries should be measured and the
presence of stenosis assessed by Doppler flow
examination.

Coronary artery anomalies should be defined. As
mentioned above, a common origin of both coro-
nary arteries from a single ostium or origin of both
coronary arteries from ostia in the same sinus of
Valsalva occur in about 25% of patients with trun-

cus arteriosus. The anomalies are not usually
important in surgical repair.

The presence of interruption of the aorta may be
difficult to identify by ultrasound examination. The
large ductus arteriosus may readily be mistaken as
the arch of the aorta. It is therefore important to
search for the origin of the innominate and carotid
and subclavian arteries. A feature that strongly sug-
gests the presence of interruption is the smooth
continuous curve of the left side of the ascending
aorta image into the left carotid artery. Other fea-
tures readily identified by ultrasound examination
are the presence of a right aortic arch, which is
found in 25–30% of patients, and persistent left
superior vena cava draining into the coronary sinus
(10–15% of individuals with persistent truncus).

Cardiac catheterization and
angiocardiography
General considerations
Prior to the introduction of ultrasound examina-
tion, cardiac catheterization and angiocardio-
graphy were usually necessary to make a definite
diagnosis of truncus arteriosus. The procedure is
now not usually necessary, because most of the
morphological features can be defined by ultra-
sound examination. Occasionally, it may not be
possible to identify the precise origin of pulmonary
arteries by ultrasound studies and catheterization is
necessary. Other indications for catheterization
include definition of the presence and severity of
obstruction at the pulmonary artery ostia and along
the course of the pulmonary arteries. Although
delineation of the presence of coronary artery
anomalies is not as important as it was previously, 
it is still potentially important if surgery is being
considered. Another important indication for
catheterization is to estimate pulmonary vascular
resistance to decide whether it is too greatly elev-
ated to consider surgery. This issue is usually 
raised in infants or children who have survived the
infancy period and have developed pulmonary vas-
cular changes.

Approach and catheter manipulation
It is usually easy to pass the catheter into the trun-
cus from the right ventricle; it then may pass into
the ascending aorta and to the innominate artery or
around the arch to the descending aorta. In type I
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truncus the catheter may enter the pulmonary
trunk and then the left or right pulmonary artery.
The course is such that it may not be recognized
that the catheter has passed through the truncus to
reach the pulmonary arteries, and it may be consid-
ered to be normal. The exact course of the catheter
may be even more difficult to resolve when it enters
the truncus and passes to the descending aorta
through the ductus arteriosus. It is commonly not
appreciated that the infant has an interruption of
the aortic arch, because the ductus is close to the
arch. It may therefore be difficult to distinguish
passage across a normal arch from passage across
the ductus to the descending aorta. Another lesion
that must be differentiated from truncus arteriosus
is aortopulmonary fenestration; in this lesion, the
catheter may be passed from the pulmonary artery
through the fenestration into the ascending aorta
and then around the arch to the descending aorta.
It is difficult, from the course of the catheter alone,
to distinguish these conditions.

To assess the presence of pulmonary ostial or
pulmonary arterial stenosis, it is important to
attempt to catheterize each pulmonary artery and
to measure pressure along the course of the artery
and across the ostium. Catheterization of the pul-
monary arteries is often more readily achieved
from a retrograde arterial approach.

Oxygen saturation and blood gases
Superior and inferior vena caval oxygen saturations
are usually normal but may be reduced if cardiac
failure is present or if there is a marked decrease in
systemic arterial saturation. In infants with a large
pulmonary blood flow, an increase in right atrial
oxygen saturation may be noted, due to left-to-
right shunting across the foramen ovale; the increase
is usually only 5–8% but may be as high as 15–20%.
Right ventricular oxygen saturation is sometimes
increased compared with right atrial levels, due 
to left-to-right shunting through the ventricular
septal defect or to truncal valve insufficiency. This
is variable, and samples obtained in the body or
apex of the ventricle frequently show only a small
increase in saturation. The fact that both left and
right ventricular blood is ejected into the truncus
during systole and that little blood from the left
ventricle crosses the ventricular septal defect to
enter the body of the right ventricle probably

explains these findings. However, a sample taken in
the right ventricle just below the semilunar valve
does demonstrate the increase in oxygen satura-
tion. Pulmonary venous oxygen saturation may 
be reduced to 85–90% in infants with pulmonary
edema; Po2 may be as low as 40–50 mmHg and
Pco2 increased to 40–45 mmHg. 

When pulmonary blood flow is markedly reduced,
usually in type III or IV truncus, pulmonary venous
Po2 may be raised to 110–115 mmHg, Pco2 reduced
to 15–20 mmHg, and pH increased to 7.45–7.48
due to an increase in the ventilation–perfusion
ratio. Oxygen saturation in the left atrium is often
lower than that in the pulmonary vein due to right-
to-left shunting across the foramen ovale. Oxygen
saturations in the left ventricle are often similar to
those described for the right ventricle; the inflow
and apical regions have oxygen saturations similar
to those in the left atrium, but the outflow region
may have a lower saturation, because the right ven-
tricular stream may produce shunting at this site.

Although it is usually assumed that mixing of left
and right ventricular blood is fairly complete in
truncus arteriosus, there may be considerable dif-
ferences in oxygen saturations in the pulmonary
and systemic arteries. This is particularly likely in
type I truncus, but may also be observed in type II.
Oxygen saturation in the pulmonary artery may be
as much as 8–10% lower than that in the systemic
arteries in type I truncus, but the difference is less in
type II. In patients in whom the pulmonary arteries
arise from the posterior or lateral portions of the
truncus or from the aorta, the oxygen saturations in
systemic and pulmonary arterial blood are usually
identical. The actual levels of oxygen saturation and
Po2 are related to the pulmonary to systemic flow
ratio; with large pulmonary blood flow, levels of
85–90% are usual. In the infant with type IV trun-
cus, the systemic arterial oxygen saturation may be
as low as 25–30% with a Po2 of 20–25 mmHg, and
pH may be markedly reduced.

The effects of oxygen administration on systemic
arterial oxygen saturation and Po2 are also related
to the magnitude of pulmonary blood flow; 100%
oxygen administration can increase the amount of
dissolved oxygen by about 1.5 mL/dL in pul-
monary venous blood. If pulmonary blood flow is
large, this can constitute a major contribution 
of oxygen to the total mixture of pulmonary and
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systemic venous return. Oxygen saturation may
increase to 100% and Po2 to 150–250 mmHg.
However, if pulmonary blood flow is very low, the
amount of additional oxygen provided in dissolved
form is relatively small and there is only a small rise
in oxygen saturation and Po2 of systemic arterial
blood (see Chapter 3).

The changes in arterial oxygen saturation may be
very useful in evaluating the responsiveness of the
pulmonary circulation to vasodilator agents. This is
discussed in detail below in the section on vascular
resistances.

Blood flows and shunts
Systemic blood flow is reduced in infants in cardiac
failure, but it may be increased in patients who have
a markedly decreased arterial oxygen saturation.
Pulmonary blood flow varies greatly, from very
high levels in patients with no pulmonary arterial
stenosis and relatively low pulmonary vascular
resistance to low levels in patients with pulmonary
stenosis, high pulmonary vascular resistance or
absent pulmonary arteries.

Calculation of shunts is not very reliable because,
in many instances, there is bidirectional shunting
and the shunts may occur at different levels. 
Thus, blood shunted left to right at the atrial level
may then be shunted right to left through the ven-
tricular septal defect or into the truncus and then 
to the aorta. Therefore, it is not feasible to estimate
the magnitude of the true or anatomical shunt. 
An estimate of the total volume of pulmonary
venous blood that recirculates through the 
lungs (physiological left-to-right shunt) and the
systemic venous blood that enters the systemic
arteries without entering the lungs (physiological
right-to-left shunt) can be made from the following
equations:

Physiological left-to-right shunt = Ap − Aep

Physiological right-to-left shunt = As − Aep

where Ap is pulmonary blood flow, As systemic
blood flow, and Aep effective pulmonary blood
flow. The physiological left-to-right shunt is large
in patients with large pulmonary blood flows and
the physiological right-to-left shunt is large in those
with marked cyanosis. Pulmonary to systemic flow
ratios may be as high as 3.5–4.0 when pulmonary

flow is high, or reduced to 0.5 when pulmonary
flow is low.

Pressures
Right atrial pressure may show a slightly increased
a wave to levels of 8–10 mmHg but mean pressure
is normal, although it may be raised in infants in
cardiac failure. Right ventricular end-diastolic pres-
sure may be increased to 8–10 mmHg and systolic
pressure is at systemic arterial levels. The systemic
arterial and truncus pressures vary considerably.
Infants with a huge pulmonary blood flow usually
have cardiac failure and systolic and diastolic pres-
sures are reduced. In patients with normal or reduced
pulmonary flows, systemic arterial pressures are
usually normal. In older infants and children, in
whom pulmonary blood flow is moderately in-
creased, there is often a low diastolic pressure and
wide pulse pressure. The left atrial mean pressure is
increased in patients with large pulmonary blood
flows and the v wave is large and may reach 15–
20 mmHg, but left ventricular end-diastolic pressure
is usually only moderately increased to about 
10–15 mmHg. When pulmonary flow is reduced,
mean pressure in the left atrium may be 2–3 mmHg
lower than, or equal to, that in the right atrium; the
a wave is lower and the v wave may be equal to the a
wave. Pressure in the pulmonary artery is identical
to that in the truncus and the ascending aorta in the
absence of ostial stenosis. However, when marked
stenosis is present, it may be reduced to low levels,
with mean pressures of only 10–15 mmHg. When
pulmonary blood flow is derived from a MAPCA
arising from the descending aorta, pressure in it
may vary from systemic arterial levels to very low
levels if the orifice is stenosed.

Pulmonary and systemic vascular resistances
Systemic vascular resistance is usually normal 
when arterial oxygen saturation is above about 65%,
but may be increased when saturation is reduced 
as a result of cardiac failure. Pulmonary vascular
resistance, representing the resistance across the
pulmonary vascular bed, is high, in the range 
8–10 units/m2 in the immediate postnatal period. 
In infants with no pulmonary arterial ostial steno-
sis, the pulmonary vascular resistance falls to 3–
5 units/m2 within the first few weeks after birth but
it does not reach normal levels. In some patients,
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pulmonary vascular resistance may rise quite
rapidly again within the first year, but occasionally
may not reach levels above 8 units/m2 for several
years, although there is invariably a progressive
increase in resistance. In patients with pulmonary
stenosis, pulmonary vascular resistance is low.

Estimation of pulmonary vascular resistance in
each lung is difficult; this is important in patients
who have stenosis of the pulmonary artery to one
lung, with systemic pressure in the other pul-
monary artery. It is not possible to calculate the
magnitude of pulmonary flow to each lung by the
Fick method, unless it is feasible to measure oxygen
uptake in each lung. A reasonable indication of the
magnitude of flow to each lung can be obtained by
radioisotope injection, with scanning of both lungs
or by computed tomography or magnetic reson-
ance imaging.

For decisions regarding possible surgery in 
older infants and children who have developed an
increased pulmonary vascular resistance, it is im-
portant to know whether the pulmonary vessels are
still reactive. The response to pulmonary vasodila-
tor agents has been used to assess this, but pressure
measurements are not helpful because the pul-
monary arterial and aortic pressures both fall if
either pulmonary or systemic vasodilatation occurs.
An estimate of the effect of vasodilator drugs can be
obtained by measuring systemic arterial and mixed
venous oxygen saturations before and after admin-
istration of a pulmonary vasodilator agent (see
Chapter 5). The study is most reliable if the mixing
of pulmonary and systemic venous return is fairly
complete, but is useful even if mixing is not com-
plete. If the pharmacological agent produces a
greater reduction in pulmonary than systemic vas-
cular resistance, there will be a relative increase in
pulmonary blood flow, since perfusion pressures
are the same, and the mixed systemic arterial oxy-
gen saturation will increase. However, if there is 
little effect on pulmonary vascular resistance, the
oxygen saturation will either fall slightly or not
change. It is important to measure mixed venous
oxygen saturation to be sure that it does not change
significantly after administration of the drug.

Angiocardiography
Injections of contrast medium into the left or 
right ventricle may show the truncus and the sites

of origin of the pulmonary arteries, but these features
are usually more clearly demonstrated with a direct
injection into the truncus. Both left and right 
ventricular injections define the ventricular septal
defect, because the injection results in passage of
contrast material across the defect. With the right
ventricular injection, the pulmonary arteries may
fill preferentially in type I truncus. If the injection
in the truncus is made through a catheter passed
progradely through the truncal valve, it may be
difficult to accurately assess the degree of truncal
valve insufficiency. This is more reliably evaluated
by injecting into a catheter passed retrogradely
from a peripheral artery. This injection demon-
strates the presence of one semilunar valve and it
may be possible to determine the number of cusps.
Also the presence of a right aortic arch will be
identified. When a common pulmonary segment is
present, it is located on the left posterior aspect of
the wide common truncus just above the valve and
the left and right pulmonary arteries arise from it.
When the pulmonary arteries arise from the trun-
cus directly, the presence of ostial stenosis should
be assessed and the diameter of each vessel noted.
The coronary arteries should be examined to deter-
mine whether there is any anomaly. However, 
in those individuals with large pulmonary blood
flows, the contrast medium may be so diluted that
coronary arteries are not well visualized. If the
artery to the lung arises some distance from the
truncal valve or from the descending aorta, it may
be advisable to inject contrast medium into the
aorta just proximal to the vessel to give better visu-
alization than can be obtained from a supravalvar
injection. If a catheter can be manipulated into the
artery, an injection can be made directly to assess its
size and possible distal stenosis. When pulmonary
arterial ostial stenosis is marked, blood flow to the
lung may be decreased and the vessels are narrow.
In the absence of stenosis, the pattern of the pul-
monary vessels may give some indication of the
level of pulmonary vascular resistance. When it is
not greatly increased there is rapid flow of contrast
medium into the lung, with filling of the small ves-
sels and pulmonary capillaries, and venous filling
appears early and the veins are clearly visualized.
When pulmonary vascular resistance is high, the
central pulmonary arteries are dilated and often
tortuous but there is poor filling of smaller vessels,
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deficient capillary filling, and a poorly visualized
venous phase.

As with ultrasound examination, the diagnosis
of aortic arch interruption may be difficult by
angiography. The truncus is seen as a large chamber
above the valve; the pulmonary arteries usually
originate from the lateral sides of the truncus and a
small ascending aorta arises from the upper por-
tion. The ductus passes posteriorly and to the left.
The large ductus arteriosus leading from the trun-
cus to the descending aorta can readily be mistaken
for the aortic arch and the ascending aorta is
thought to be the innominate artery. The appear-
ance of the left carotid artery, as described in the
ultrasound section above, is often helpful in diag-
nosing the interruption.

Differential diagnosis

In infants in failure, truncus arteriosus must be dis-
tinguished from other lesions that cause cardiac
failure and are associated with mild cyanosis.
Lesions such as aortopulmonary transposition with
ventricular septal defect, double-outlet right ven-
tricle, tricuspid atresia with ventricular septal
defect with or without aortopulmonary transposi-
tion, single ventricle and total anomalous pul-
monary venous drainage are the more important
lesions to consider. The left axis deviation and
dominant left ventricular forces in the electrocar-
diogram noted with tricuspid atresia and the
paucity of left ventricular forces in patients with
total anomalous pulmonary venous drainage are
helpful differentiating points. The absent or small
pulmonary artery segment on the radiograph sug-
gests either truncus arteriosus or aortopulmonary
transposition but, as mentioned above, the pul-
monary arterial shadow may be present in some
instances. Ultrasound examination readily differ-
entiates the various lesions.

In older infants and children, the presence of a
continuous murmur with evidence of a large left-
to-right shunt may create confusion with aortopul-
monary fenestration or patent ductus arteriosus.
The patient with truncus arteriosus is cyanotic, but
this may be so mild that it may not be appreciated;
also, if cardiac failure is present, cyanosis may occur
due to pulmonary edema associated with any of 
the lesions. The radiograph may be helpful if the

pulmonary artery segment is deficient. Ultra-
sound studies usually readily provide the correct
diagnosis.

In patients with markedly decreased pulmonary
blood flow, the differentiation must be made from
other causes of marked cyanosis with reduced pul-
monary flow. These include pulmonary atresia
with intact ventricular septum, tricuspid atresia,
atrioventricular septal defect with pulmonary steno-
sis, double-outlet right ventricle with pulmonary
stenosis, and tetralogy of Fallot with severe pul-
monary stenosis or pulmonary atresia. The differ-
ential diagnosis of these lesions is discussed in
Chapters 14, 15 and 16.

Principles of management

Without treatment, most patients with truncus
arteriosus die within 6–12 months after birth, usu-
ally due to severe cardiac failure. Within the past
15–20 years the management has changed dramati-
cally. Surgical repair can now be accomplished with
a relatively low mortality, even in small infants. The
principle of the operation is to close the ventricular
septal defect so that the left ventricle communicates
with the aorta. A valved or nonvalved conduit is
placed between the right ventricle and the pul-
monary arteries.

Prior to the development of this approach, the
only palliative procedure that was available was
pulmonary arterial banding. If there was a common
pulmonary artery segment, it was sometimes pos-
sible to band the short common segment with good
results, but when the pulmonary arteries arise
directly from the truncus it was necessary to band
each vessel separately. This was an extensive pro-
cedure and it was very difficult to estimate how
much constriction should be produced in each
artery. The procedure had a high mortality, and
inadequate or excessive narrowing of one or both
vessels at the site of banding was common after the
surgery. 

In early experience with surgical repair, the mor-
tality in infants was high, and it was preferred in
most centers to delay the procedure for 2–3 years.
Cardiac failure was treated with digitalis and diuretic
agents. If a good response was obtained, the infant
was followed and assessed repeatedly with regard to
the possible development of increasing pulmonary
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vascular resistance. If it was noted that precordial
activity became less prominent, that cardiac failure
improved, that the apical mid-diastolic flow mur-
mur disappeared, and that cyanosis increased, it
was likely that pulmonary vascular resistance was
increasing and surgery was performed.

Recently it has been recommended that surgery
be performed in early infancy. This eliminates the
risks for persistent cardiac failure and the develop-
ment of pulmonary vascular disease. In most 
centers, a valved aortic or pulmonary arterial
homograft is used as the conduit between the right
ventricle and the pulmonary arteries. In type I trun-
cus, the common pulmonary trunk segment is sep-
arated from the truncus and this is attached to the
homograft. In types II and III truncus, the indi-
vidual pulmonary arteries are detached and some
reconstruction is required to make the connection.
In type IV truncus, a unifocalization procedure is
performed, as described for tetralogy of Fallot with
pulmonary atresia (see Chapter 14).

If truncal valve insufficiency is either not present
or is mild, surgical results are excellent. In a series of
65 patients in whom surgery was performed within
the first postnatal month, 23% had moderate to
severe truncal valve insufficiency and 12% had an
interrupted aortic arch. A valved aortic or pul-
monary allograft was used for right ventricular
outflow reconstruction and the aortic valve was
repaired or replaced to relieve the insufficiency.
Surgical mortality was only 5% [4]. These excellent
results are not achieved in all centers. Although
these exceptional results are achievable in the first
postnatal month, many consider that outcomes are
somewhat improved if surgery is delayed until the
second to third month. The practice at these centers
is to routinely perform the surgery at 2–3 months,
unless the infant has uncontrollable cardiac failure
or has an associated interruption of the aortic arch.

The presence of moderate to severe truncal 
valve insufficiency dramatically influences survival.
Whether detected before or after surgical repair, in
early experience the mortality was about 33% soon
after surgery, with another 20% succumbing within
10 years. Mechanical or homograft replacement
was attended by a high operative mortality and did
not achieve good results. Recently, several centers
have reported encouraging results with direct
repair of truncal valves with marked insufficiency

[4]. It remains to be seen whether this approach will
be successful.

The association of interrupted aortic arch con-
siderably increases the mortality with repair of
truncus arteriosus, and it was suggested that the
repair be performed in two procedures. However,
recently, excellent results have been achieved with
complete repair of both lesions during the first
month after birth [4].

The conduit placed between the right ventricle
and the pulmonary artery in the earliest procedures
on patients with truncus arteriosus were nonvalved
tubes. They were quite effective, but it was impor-
tant to use narrow tubes to avoid development of
marked pulmonary insufficiency. The second
approach was to use a woven tube graft with a
porcine valve (Hancock valve). Subsequently, aortic
or pulmonary allografts, which included the semi-
lunar valve, have been used. Most recently, bovine
jugular vein grafts with a tricuspid bovine venous
valve have been used. These bovine conduits
appear to be as effective as aortic homografts [5].

The insertion of a conduit between the right ven-
tricle and the pulmonary arteries during early
infancy usually requires that it be replaced at some
later period. The period after which replacement is
necessary varies greatly, but in various centers the
median is 5–6 years. Replacement is necessary
because the conduit may become too small with 
age and right ventricular pressure increases. Also
the homograft valve may become thickened and
stenosed resulting in right ventricular hyperten-
sion. Another concern is the development of
homograft valve regurgitation. The indications for
replacement are reviewed in Chapter 14.

In types II and III truncus, relief of obstruction at
the orifice, or more distally in the pulmonary arter-
ies, is frequently necessary. Surgical attempts were
often not successful and were often associated with
restenosis. Transcatheter balloon dilation of the
obstructed area, often with the insertion of a stent,
has been quite successful in relieving these stenoses.
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ductus arteriosus, patent (continued)
complications 128
differential diagnosis 139–40
hemodynamics 131–4
infective endocarditis 142–3
investigations 137–9
large 132–4, 139–40, 141
left-to-right shunt lesion association 136–7
management 128–31, 140–4
mitral atresia 273, 274, 283
persistent 131–40
premature infant 122–31
pulmonary arterial oxygen saturation 48, 75
silent 135, 141–2
small to moderate-sized 132, 134–5, 140, 141–2
surgery 131, 143–4
unobstructed foramen ovale 273

ductus venosus
blood flow 13
fetal human 13
fetal lamb 2, 3, 4, 5, 13
perinatal changes 29–30
total anomalous pulmonary venous connection 328,

329
dye dilution curves 77

Ebstein anomaly 389, 451–63
adolescents 458–9
angiocardiography 461
aortopulmonary transposition differential diagnosis

497
atrial arrhythmias 456, 457, 461
atrial septal defects 196, 463
blood flows 461
cardiac catheterization 460–1
chest radiography 459
children 456–7, 458–9
clinical features 457–9
cyanosis 458, 461, 462–3
differential diagnosis 461–2
ductus arteriosus 455
echocardiography 459–60
electrocardiography 459
embryology 451–2
exercise effects 457
fetal circulation 452–4
fetal management 462
foramen ovale 454
heart sounds 458–9, 461
hemodynamics 452–7
investigations 459–61
left ventricle 456
left ventricular output 453–4

management 462–3
morphology 451–2
neonates 454–6, 457–8, 462–3
oxygen saturation 460
postnatal circulation 454–7
posture effects 457
pressures 460
prostaglandins 458, 462
pulmonary circulation/vasculature 454
right ventricle 455–6
tricuspid insufficiency 457, 463
tricuspid regurgitation 397, 453
vascular resistance 461

elastase, vascular 103, 105
endocardial fibroelastosis 251–2, 261
endothelial damage, shear stress 105
endothelin 95–6, 101, 103, 105
epinephrine 34
exercise 360–1, 400–1, 457
extracellular fluid volume 20

Fick technique 67–77
arteriovenous difference 76
cardiac output calculation 70
errors 74–7
flow calculation during oxygen administration 76–7
open-circuit method 69–70
oxygen consumption measurement 67–77
problems 74–7
pulmonary blood flow 75
shunt calculation 70, 71–4
systemic blood flow 74–5

filtration coefficient 18–19
fluid infusions, premature infants 33, 34
foramen ovale

aortic atresia 267–8
aortic stenosis 234–5, 238
aortopulmonary transposition 471, 476–8, 481–2,

504–5
blood flow 13
closure at birth 28
Ebstein anomaly 454
fetal human 13
fetal lamb 2, 3, 4, 5
mitral atresia 267–8
neonatal aortic stenosis 234–5
patent 180, 200, 201, 414–15
postnatal circulation 182–3
pulmonary stenosis 402, 414–15
pulmonary venous drainage obstruction 327
restriction 265, 274, 471

aortic atresia 282
aortopulmonary transposition 504–5
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mitral atresia 265, 282
relief 281
severe 272–3
total anomalous pulmonary venous drainage

anomaly 335
right-to-left shunt 40
total anomalous pulmonary venous connection 327,

331–2
tricuspid atresia 432–3
unobstructed 273–4

forward triangle method 78–9, 80
Frank–Starling mechanism 13, 16
functional assessment 62–86

cardiac output 67–80
quantitative ultrasound techniques 84–6
valve area calculation 84, 85
vascular resistance 80–4

Gorlin formula 84

heart
pulmonary vein drainage 321
volume of blood flow 7, 8

heart murmurs
Ebstein anomaly 458–9, 461
functional in atrial septal defect differential diagnosis

195–6
truncus arteriosus communis 519

heart rate 13–14
adolescent changes 35, 36
cardiac output 14
childhood changes 35, 36
fetal response to reduced oxygen delivery 17
variation 17

heart transplantation, aortic atresia 286–7
heat loss, oxygen consumption 53
hemoglobin

adult 31, 54
changes at birth 31
concentration 12, 37, 60
fetal 31, 54, 155–6
oxygen saturation 41–3, 54
oxygen uptake 60
ventricular septal defect 155–6

hepatic artery, fetal lamb 8
hepatic veins

blood flow 13, 30
fetal human 13
fetal lamb 2, 3, 4, 13
oxygen saturation 6, 46–7

hepatoportal system, pulmonary vein drainage 321
hydrops fetalis 18–20, 264, 349
hypercalcemia, idiopathic infantile 230

hypoglycemia, aortopulmonary transposition 479
hypometabolic response 53
hypometabolism, hypoxic 57
hypoplastic left heart syndrome 226, 258–61

blood flow interference 259–60
causes 258–61
clinical features 272–4
differential diagnosis 278–9
fetal diagnosis 279–81
genetic factors 259
investigations 274–8
left ventricular dysfunction 260–1
management 279–87
microcephaly 270
total anomalous pulmonary venous connection

differential diagnosis 341
hypoxemia

aortopulmonary transposition 486
body temperature fall 57
carotid chemoreceptors 58
chemoreceptors 55, 57–8
definition 54
fetal lamb 4
fetal response to reduced oxygen delivery 17
hormonal effects 55
local vascular responses 55–6
metabolic acidemia 92
neonates 45
oxygen consumption 57
pulmonary atresia 52
response to acute 54–6
systemic arterial 49, 101
tetralogy of Fallot 359

hypoxia
acute 101
definition 54
ductus arteriosus 122
lactate metabolism 59
myocardium 56
pulmonary circulation effects 101–4
pulmonary vascular resistance 92
response mechanisms 101–4
tetralogy of Fallot 359–60, 377–9

hypoxic spells 359–60, 377–9

idiopathic hypertrophic subaortic stenosis (IHSS) 226
idiopathic infantile hypercalcemia 230
indicator dilution techniques 77–80
indomethacin 129–30
infective endocarditis 142–3, 318, 365–6, 375, 438
inferior vena cava 8

admixture of oxygenated and systemic venous blood
4–5
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inferior vena cava (continued)
fetal lamb 2, 3–4, 6, 8
oxygen saturation 6, 46, 47, 75
pressure 6, 62
venous return 75

intraamniotic pressure 5–6
intravascular pressure 62

lactate 54, 59, 61
left atrial hypertension 109–10
left atrial pressure 14, 16, 65–6

pulmonary vascular resistance calculation 82
total anomalous pulmonary venous connection 339

left atrium
development 324
oxygen saturation 49

left ventricle
afterload 16, 153
blood flow in fetal lamb 8
congenital cardiovascular malformations in fetus 20–1
development 324
diminutive in aortic/mitral atresia 266–71
double-inlet 496
Ebstein anomaly 456
ejection

velocity 67
volume 21

function in aortic stenosis 235–7
hypoplastic 237, 257–87 (see also hypoplastic left

heart syndrome)
myocardial hypertrophy in patent ductus arteriosus

142
oxygen saturation 49–50
premature infants 33
pulmonary stenosis 390
total anomalous pulmonary venous connection 324

left ventricular failure, aortopulmonary transposition
487

left ventricular outflow obstruction 158, 209, 240, 484
left ventricular output (LVO)

after birth 32
aortopulmonary transposition 471
ductus arteriosus size/orientation 21–2
Ebstein anomaly 453–4
fetal human 10, 11–12
obstruction 22
tetralogy of Fallot 352–3
vagal stimulation 14
ventilation 26, 28

left ventricular pressure 66–7
left atrial pressure difference 66
systolic 6, 67, 167
total anomalous pulmonary venous connection 340

leukotrienes 95
liver, blood flow 3

fetal lamb 6, 7–9
pulmonary vein drainage 321

lungs
embryology/development 87–8
fetal growth 89
oxygen uptake 51

lymphatic flow, venous pressure 19–20

major aortopulmonary collateral arteries (MAPCAs)
348, 353, 354, 357–8

angiocardiography 373
blood flow 371
echocardiography 368
pulmonary atresia 366, 367
stenosis 367
tetralogy of Fallot surgery 382–3
truncus arteriosus communis 506, 507

metabolic acidemia 54, 58, 61, 92
methoxamine 82
microcephaly 270
milrinone 34
mitral atresia 257–87

blood flow 269–70, 277
cardiac catheterization 276–8
cardiac failure 264
cerebral blood flow 264–5, 270
chest radiography 274–5
circulation after birth 266–72
clinical features 272–4
coronary blood flow 270
differential diagnosis 278–9
diminutive left ventricle 266–71
echocardiograpy 275–6
electrocardiography 274
fetal circulation 261–6
fetal diagnosis 279–81
foramen ovale 265, 267–8, 282–7
hemodynamics 261–72
intact ventricular septum 257–8, 261–4
investigations 274–8
management 279–87
morphology 257–8
oxygen distribution to tissues 266
oxygen saturation 47, 271, 276
palliation 284–6
pressures 277
pulmonary circulation development 265–6
pulmonary vascular resistance 269
right ventricle 270
shunts 277–8
surgery 284–7
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systemic arterial oxygenation 271
systemic arterial pressure 269–70
systemic vascular resistance 269
ventricular septal defect 258, 264, 271–2, 274, 278

mitral regurgitation 211
mitral stenosis, bronchiolar compression 110
mitral valve, calculation of area 84
murmur of physiological peripheral pulmonary stenosis

99–100
Mustard procedure, aortopulmonary transposition

499–501
myocardial capillaries 390–1
myocardial contractility 15–16
myocardial hyperplasia/hypertrophy 390
myocarditis, acute 279
myocardium

cortisol effects 29
DNA concentration 32
energy source 30
fetal 15–16, 31–2
hypoxia 56
perfusion 395
protein concentration 32
pulmonary stenosis 390–1
sympathetic innervation 16
triiodothyronine effects 29

myocytes 31–2
myosin light chain (MLC) 92–3
myosin light chain (MLC) kinase 92–3

Nakata index 381
neonates

arterial oxygen saturation 39
hypometabolic response 53
oxygen consumption during hypoxemia 57
oxygen dissociation curve 45
pulmonary arterial pressure 64

nitric oxide
ductus arteriosus 120
hypoxia response 101–2
lung oxygenation 97–8
pulmonary arterial pressure 96
pulmonary vasodilatation 56
vasodilatation 94, 109

nitric oxide inhibitors 130–1
nitric oxide synthase, endothelial 101–2, 120
non-steroidal anti-inflammatory drugs (NSAIDs) 22, 34
norepinephrine 16
Norwood procedure 281, 284–6
NOTCH gene mutations 294

ostium primum defects 209, 221, 222–3
oximetry 38–9

oxygen
attached to hemoglobin 43–5
capacity 37, 44
cardiac chamber levels 45–50
congenital cardiovascular malformations 109
content 37–8
deprivation 58–9
dissolved 38, 43–5
extraction 53–4
fetal supply reduction 54–7
postnatal circulation 1
postnatal supply reduction 57–61
pulmonary vascular resistance effects 83, 109
requirements 50–1, 154–5
solubility in blood 43
supply

reduction 54–61
to tissues in tetralogy of Fallot 358–9, 378

systemic transport 51–2, 60
tissue distribution 266
uptake in lungs 51

oxygen, partial pressure (Po2) 41–3
coronary circulation 30
fetal pulmonary vasculature 91–2
hypoxia response 102, 103
maternal ewe 6
oxygen administration 59
pulmonary arterial 91–2
pulmonary venous 48–9, 59
systemic arterial oxygen saturation 50, 54
total anomalous pulmonary venous connection

322–3
venous 54

oxygen administration 59
adverse effects 59–61
aortic arch interruption 304
aortic atresia 283
aortic stenosis 235
aortopulmonary transposition 479
benefits 59–61
coarctation of the aorta 301
flow calculation 76–7
maternal ewe 6
mitral atresia 283
reduced systemic blood flow 60–1
respiratory distress syndrome 283
tetralogy of Fallot 360
total anomalous pulmonary venous connection 329,

342
truncus arteriosus communis 516–17

oxygen consumption 52–3
body surface area 53
body temperature maintenance 51, 52–3
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oxygen consumption (continued)
cardiac output 29
cold stress 53
environmental temperature 53
fetal human 12, 51, 52, 56–7
fetal lamb 9, 10, 12, 51, 52
Fick technique 67–77
hypoxemia 57
measurement 67–77
myocardial 30
open-circuit method of measurement 69–70
postnatal 53

oxygen delivery 51–2
acidemia 43
fetal lamb 9, 10
oxygen reduction mode 56
reduced 17

oxygen dissociation curve 41–3, 44, 44–5
oxygen saturation 38–9

aortic atresia 271, 276
aortic stenosis 247
aortopulmonary transposition 469, 470, 492, 493, 

494
arterial 38–9
ascending aorta 23, 75
atrial septal defect 193–4
atrioventricular septal defect 218
cardiac chambers 45–50
coronary circulation 30
descending aorta 50, 75
differences between right arm and legs 39–41, 59
Ebstein anomaly 460
fetal lamb 3, 5, 6
hemoglobin 41–3, 54
hepatic veins 6, 46–7
inferior vena cava 46, 47, 75
left atrial 49
left ventricular 49–50
mitral atresia 47, 271, 276
P50 value 43
pulmonary arterial 22–3, 48, 75
pulmonary atresia 394
pulmonary stenosis 394, 409, 411
right atrial 47
right ventricular 47–8
superior vena cava 46, 47
systemic arterial 50, 54, 74
Taussig–Bing anomaly 41
tetralogy of Fallot 352, 370, 371, 374
total anomalous pulmonary venous connection

324–5, 337–8
tricuspid atresia 440
truncus arteriosus communis 509, 516–17

ventricular septal defect 166–7
oxyhemoglobin 38

P50 value 42, 43
persistent pulmonary arterial hypertension of the

newborn 59–60, 96, 341
PGI2 (epoprostenol) 111, 112
pH, oxygen dissociation curve 42
phosphodiesterase inhibitors 95
Poiseuille equation 80–1
portal venous system 2, 3, 7–8, 30
posture 360–1, 457, 488
potassium channels, oxygen-sensitive 56, 98
preload 14–15
premature infants

atrial septal defect 188, 197
congenital cardiovascular malformations 110
ductus arteriosus 122–31
left-to-right shunt response 110
postnatal circulatory changes 32–4
ventricular septal defect 154

pressure gradient estimation 86
propranolol 378–9
prostaglandins

aortic arch interruption 304
aortic stenosis 235, 250
aortopulmonary transposition 479, 498 –9
coarctation of the aorta 301, 305–6
ductus arteriosus 119–20, 123, 129–30, 283, 329
ductus venosus regulation 30
Ebstein anomaly 458, 462
lung expansion 97
pulmonary stenosis 416–17, 418
pulmonary vascular resistance 97, 111, 112
tetralogy of Fallot 377
total anomalous pulmonary venous connection

329–30, 342
vasodilatation 94

pseudotruncus 506
pulmonary arterial blood, oxygen saturation increase

22–3
pulmonary arterial hypertension 40, 106, 109–10,

200–1
pulmonary arterial oxygen partial pressure 91–2
pulmonary arterial oxygen saturation 75
pulmonary arterial pressure 63–5

acute hypoxia 101
atrial septal defect 105
atrioventricular septal defect 219
diastolic 64, 167
ductus arteriosus obstruction 22, 96
fall with medial muscle layer regression 98
mean 64
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pulmonary stenosis 412
systolic 63–4, 67, 194
tetralogy of Fallot 372
total anomalous pulmonary venous connection

339–40
ventricular septal defect 167
wall thickness 96
wedge 65, 339

pulmonary arterioles 88, 106
pulmonary arteriovenous fistula 49
pulmonary artery

angiocardiography 373, 374
banding 222
dilatation 402
flow patterns 90–1
hypoplasia in tetralogy of Fallot 349
Nakata index 381
obstruction 391–2
oxygen saturation 22–3, 40–1, 48
postnatal change 99–100
tetralogy of Fallot surgical correction 380–1
wall composition 88
wall thickness 96

pulmonary atresia 21
cardiac catheterization 407–11
circulatory adjustments after birth 396–8
clinical features 403–5
differential diagnosis 412–16
ductus arteriosus 393–4
fetal 392–3
functional 410
hypoplastic right ventricle 419–22
hypoxaemia 52
intact ventricular septum 386–425
investigations 405–13
management 416, 417–22
oxygen saturation 49, 394
pressures 410
prognosis 424–5
pulmonary blood flow 52
right ventricle size 397
ventricular–coronary artery communications

394–6
well-developed right ventricle and marked tricuspid

regurgitation 419
see also tetralogy of Fallot

pulmonary autograft, aortic stenosis 254
pulmonary circulation

aortic blood 73
aortopulmonary transposition 474–5, 476, 491
atrial septal defect 107
atrioventricular septal defect 219
birth 26

congenital heart disease effects 104–12
ductus arteriosus 22, 139
effective 72
fetal human 13, 87–96

flow changes 89–90
flow patterns 90–1
functional aspects 89–96
morphology 87–9
pulmonary vascular tone regulation 91–2

fetal lamb 1, 4, 13
Fick method 75, 77
hypoxia effects 101–4
mechanical factors 96
oxygen administration 59–60
postnatal changes 96–100
postnatal increase 96, 105–6
pulmonary stenosis 409
pulmonary: systemic blood flow ratio 72–3

admixture lesions 73–4
systemic oxygen transport 52
tetralogy of Fallot 353–61, 358
total anomalous pulmonary venous connection

323–4, 326
truncus arteriosus communis 510
vasoactive agents 93–6
vasoconstrictor response 93, 95–6
vasodilator response 64, 83–4, 93, 94–5
ventricular septal defect 168

pulmonary edema 18, 154, 157
pulmonary stenosis 64–5, 387–8

adults 404–5
angiocardiography 407–8, 410–11, 412–13
aorta 390
aortopulmonary transposition 472, 484–5
aortopulmonary transposition with ventricular septal

defect 488, 494–5, 497–8, 503–4
arrhythmias 401
atrial septal defect differential diagnosis 196, 415–16
balloon angioplasty 417–18, 423– 4
blood flow patterns 392–3, 409, 411
cardiac catheterization 407–13, 415, 416
changes with growth 398–400
chest radiography 405–6
children 404–5, 407, 411–13, 422–4
circulation

adjustments after birth 396–403
fetal 391–6

classification 386–7
clinical features 403–5
coronary blood flow 400
cyanosis 406–7, 413–14, 416–17
differential diagnosis 412–16
ductus arteriosus 390, 393–4, 396–7
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pulmonary stenosis (continued)
echocardiography 406–7
electrocardiography 405, 414–15, 416
embryology 387–91
exercise effects 400–1
fetal management 416
foramen ovale 402, 414–15
hemodynamics 391–403
intact ventricular septum 386–425, 414–15
interventional procedures 417–24
investigations 405–13
left ventricle 390
management 416–25
mild 402–3, 405
moderate 405
moderate to severe 398–402
morphology 387–91
murmur of physiological peripheral 99–100
myocardium 390–1
neonatal 403–4
oxygen saturation 394, 409, 411
pressures 410, 411–12
prognosis 424–5
right ventricle 388–90
severe 396–8, 403–5, 407–11, 417–18
shunts 409
surgery 417–24
tetralogy of Fallot differential diagnosis 375
total anomalous pulmonary venous connection 329
tricuspid regurgitation 397–8
tricuspid valve 388–90
truncus arteriosus communis 511
ultrasound 415
valve orifice changes 401–2
ventricular septal defect 414–15, 484–5
ventricular–coronary artery communications 394–6
see also tetralogy of Fallot

pulmonary trunk
fetal 88
postnatal change 99–100
postnatal regressive change 107–8
stenosis 387
tetralogy of Fallot 373

pulmonary valve
absent in tetralogy of Fallot 361, 367, 368–9, 374, 375,

383–4
calculation of area 84
congenital absence 348–9, 350–1, 353
pulmonary stenosis 64–5, 387–8, 412
residual insufficiency 424–5

pulmonary vascular disease 107, 190
pulmonary vascular maturation 103
pulmonary vascular obstruction 221

pulmonary vascular resistance
acute hypoxia 100, 101
aortic atresia 269
aortopulmonary transposition 41, 480–1
atrial septal defect 194–5
atrioventricular septal defect 219
birth 26, 28
calculation 82–4
congenital cardiovascular malformations 109–10
ductus arteriosus 139
fall with medial muscle layer regression 98
fetal 89–90
hypoxia 92
increasing in aortic/mitral atresia 284
large patent ductus arteriosus 141
mitral atresia 269
oxygen effects 83
oxygen-sensitive potassium channels 98
physical expansion of lungs by gas 97
premature infants 33–4
prostaglandins 97
pulmonary arterial flow patterns 90–1
pulmonary arterial Po2 91–2
pulmonary arterial pressure 64
pulmonary circulation responsiveness 83
regulation 92–3
total anomalous pulmonary venous connection 326
treatment in congenital cardiac disease 111–12
truncus arteriosus communis 510, 511, 517–18
ventricular septal defect 157, 158, 163–4, 168, 171

pulmonary vascular smooth muscle cells 88, 102, 103
pulmonary vascular smooth muscle layer persistence

105, 106
pulmonary vascular tone regulation, fetal 91–2
pulmonary vasoconstriction 40
pulmonary veins 1, 88

see also total anomalous pulmonary venous connection
pulmonary venous obstruction 326–31, 340–1
pulmonary venous Po2 48–9, 59
pulmonary venous pressure 65, 194, 339
pulmonary venous return

obstruction 332–3, 334–5
unobstructed 333–4, 342

pulmonary venous stenosis 321–2
pulmonary venous wedge pressure 66
pulmonary vessel morphology in ventricular septal

defect 157, 158
pulmonary vessel walls 102

medial muscle layer 98, 103, 106–7

radioisotopes, blood flow measurement 78
reactive oxygen species 96
red cells, organic phosphate 42
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respiration, atrial septal defect 186
respiratory distress syndrome 279, 283
respiratory effort, ventricular septal defect 155
Rho kinase inhibitors 95
right atrial pressure 6, 14, 16, 62–3

aortic stenosis 247
atrial septal defect 194
left atrial pressure difference 65–6
total anomalous pulmonary venous connection 339
ventricular septal defect 167

right atrium, oxygen saturation 47
right ventricle

afterload 16
aortic atresia 270
congenital cardiovascular malformations in fetus 20,

21
dilatation in tetralogy of Fallot surgical correction 380
Ebstein anomaly 455–6
hypoplastic 419–22

aortopulmonary transposition 472–3
aortopulmonary transposition with ventricular

septal defect 485, 488–9, 495, 498, 504
mass after birth 32
mitral atresia 270
obstruction 63, 64
oxygen saturation 47–8
pulmonary stenosis 388–90, 425
size 389, 397, 407
suicidal 423

right ventricular outflow obstruction
atrioventricular septal defect 208–9
tetralogy of Fallot 347, 352, 354–6, 362–6, 379
ventricular septal defect 158

right ventricular outflow tract
stenosis with complete atrioventricular septal defect

213
tetralogy of Fallot 373

right ventricular output (RVO)
after birth 32
aortopulmonary transposition 471
ductus arteriosus size/orientation 21
fetal human 10, 11–12
obstruction 22
vagal stimulation 14
ventilation 26

right ventricular pressure 63, 64
pulmonary stenosis 412
systolic 6, 63, 67, 194

atrioventricular septal defect 218–19
ventricular septal defect 167

tetralogy of Fallot 356–7, 372
total anomalous pulmonary venous connection

339–40

sarcomeres, myocardial 15
sarcoplasmic reticulum, myocardial 15–16
shear stress, endothelial damage 105
sheep

fetal circulation 2–9, 469
fetal heart rate 14
fetal myocardial contractility 15–16
fetal preload 15
maternal arterial blood 6

Shprintzen syndrome 296
shunts

aortic atresia 277–8
aortic stenosis 247
aortopulmonary transposition 473–4, 481–3, 491–2
atrioventricular septal defect 207, 210, 211–12, 219
bidirectional in patent ductus arteriosus 50
calculation by Fick method 70, 71–4
congenital cardiovascular malformations 110–11
dependent 111
left-to-right 5, 34

calculation 72, 73
detection 45–6
indicator dilution technique 79
premature infant response 110
pulmonary vascular resistance 82
ventricular septal defect 47

mitral atresia 277–8
obligatory 111
pulmonary stenosis 409
right-to-left 5, 39, 40

calculation 72
ductus arteriosus 39, 59
indicator dilution technique 79–80
oxygen administration 59
ventricular septal defect 49–50

tetralogy of Fallot 371–2
total anomalous pulmonary venous connection

338–9
tricuspid atresia 438, 442, 444–7
truncus arteriosus communis 517
see also atrial septal defect

sildenafil 111, 112
sinus venosus defects 181, 200
Starling law 18–19
stenting 283, 316
stroke, cryptogenic 201
stroke volume 13–14, 36
subclavian artery 39, 40, 293
subendocardial fibroelastosis 251–2, 261
sudden death, aortic stenosis 239
superior vena cava

fetal lamb 4, 6, 8
flow in premature infants 33
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superior vena cava (continued)
oxygen saturation 6, 46, 47
pressure 6, 62
pulmonary vein connection/drainage 320–1
venous return 8, 75

sympathetic nervous system, ventricular septal defect
154–5

syncope, aortic stenosis 239
systemic arterial oxygen saturation 50, 54, 74
systemic arterial pressure 66–7

aortic atresia 269–70
fetal lamb 6
mitral atresia 269–70
premature infant 33
tetralogy of Fallot 357
total anomalous pulmonary venous connection 340

systemic blood flow
aortopulmonary transposition 474–5
Fick technique 74–5
pulmonary blood flow ratio 72–4
pulmonary stenosis 409
reduction 60–1
total anomalous pulmonary venous connection

324–6
systemic blood pressure, premature infant 33
systemic oxygen transport (SOT) 51–2, 60
systemic vascular resistance

aortic atresia 269
aortopulmonary transposition 480–1
birth 30
calculation 81–2
decreasing in aortic/mitral atresia 284
mitral atresia 269
reduction in premature infants 34
truncus arteriosus communis 511–12, 517–18
ventricular septal defect 168

systemic venous pressure, fetal 20

Taussig–Bing anomaly 41, 443–4, 489–90, 496
temperature

body 30, 51, 52–3, 57, 154
environmental 28–9, 30, 53, 154, 479

tetralogy of Fallot 345–84
absent pulmonary valve 361, 367, 368–9, 374, 375,

383–4
anatomy 345–8
angiocardiography 372–4
Blalock–Taussig shunt 375–7
blood flow 371–2
blood oxygen capacity 358–9
cardiac catheterization 369–74
cerebral abscess 375
cerebrovascular incidents 375
children 377–9

clinical features 361–7
complete atrioventricular septal defect 213
complications 375
cyanosis 365, 366, 375, 377
differential diagnosis 374–5
ductus arteriosus 348–9, 350, 353
early total correction 381–2
echocardiography 367–9
embryology 349–51
exercise effects 360–1
fetal circulation 351–3
genetics 350–1
hemodynamics 351–61
hypoxemia 359
hypoxia 359–60, 377–9
infective endocarditis 365–6, 375
infundibular hypertrophy 355–6
investigations 367–74
left ventricular output 352–3
management 375–84
neonates 377
oxygen administration 360
oxygen saturation 352, 370, 371, 374
oxygen supply 358–9, 378
postnatal circulation 353–61
postural change 360–1
pressures 372
propranolol 378–9
prostaglandins 377
pulmonary atresia 347–8, 366–7, 382–3
pulmonary blood flow 353–61
pulmonary insufficiency 380
pulmonary valve congenital absence 348–9, 350–1,

353
right ventricular outflow obstruction 347, 352,

354–6, 362–6
right ventricular pressure 356–7
shunts 371–2
stenosis 377–9
surgery 375–7, 379–84

tetralogy spells 359–60
thermodilution, blood flow measurement 77–8
tolazoline hydrochloride 83, 108–9
total anomalous pulmonary venous connection 320–43

angiocardiography 340
aortic atresia differential diagnosis 278–9
aortopulmonary transposition differential diagnosis

497
atrial septal defect differential diagnosis 196–7
blood flow 338
cardiac catheterization 336–40
clinical features 332–5
differential diagnosis 340–2
ductus arteriosus 327–8
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ductus venosus 328, 329
echocardiography 335–6
embryology 322
fetal circulation 322–4
foramen ovale 327, 331–2
with foramen ovale restriction 335
hemodynamics 322–32
hypoplastic left heart syndrome differential diagnosis

278–9
investigations 335–40
magnetic resonance imaging 340
management 342–3
mitral atresia differential diagnosis 278–9
morphology 320–2
neurodevelopmental complications 343
oxygen administration 329, 342
oxygen saturation 47, 324–5, 337–8
Po2 alteration 322–3
postnatal adaptations/hemodynamics 324–32
pressures 339–40
prostaglandins 329–30, 342
pulmonary blood flow 326
pulmonary circulation development 323–4
pulmonary stenosis 329
pulmonary vascular resistance/response 326
pulmonary venous drainage obstruction 326–31
pulmonary venous return obstruction 332–3
pulmonary/systemic blood flow relationship 324–5
shunts 338–9
surgery 342–3
systemic blood flow 324–6

tricuspid atresia 427–49
angiocardiography 442
aortopulmonary transposition 428, 431, 434–6, 438
Blalock–Taussig shunt 444–5, 447–8
blood flows 441–2
cardiac catheterization 439–42
cardiac failure 443–4
chest radiography 439
clinical features 436–8
complications 438
cyanosis 442–3
differential diagnosis 442–4
ductus arteriosus 432
echocardiography 439
electrocardiography 438–9
embryology 428–9
fetal circulation 429–31
foramen ovale 432–3
hemodynamics 429–36
infective endocarditis 438
intact ventricular septum 430–1, 432–3, 436–7,

444–8
investigations 438–42

management 444–9
morphology 427–8
normal aortopulmonary relationship 427–8, 431,

433–4, 437–8
oxygen saturation 49, 440
postnatal circulation 431–6
pressures 440–1
shunts 438, 442, 444–7
ventricular septal defect 428, 431, 433–6, 437–8,

448–9
aortopulmonary transposition differential

diagnosis 496
tricuspid regurgitation 397–8, 419, 453, 458
tricuspid valve

aortopulmonary transposition 466–7
fetal lamb 2, 3, 4
insufficiency 208, 389, 410, 457, 463
pulmonary stenosis 388–90
size 389
see also Ebstein anomaly

triiodothyronine (T3), birth levels 28–9
truncal valve 512

insufficiency 512, 520
truncus arteriosus communis 497, 506–20

angiocardiography 518–19
aortic arch

anomalies 507, 512–13
interruption 509, 519, 520

blood flow patterns 509, 517
blood gases 516–17
cardiac catheterization 515–19
cardiac failure 510, 511, 519
chest radiography 514
classification 506
clinical features 513–14
coronary artery anomalies 515
cyanosis 513, 514, 519
differential diagnosis 519
echocardiography 514–15
electrocardiography 514
embryology 507–8
fetal circulation 508–9
genetic factors 508
heart murmurs 519
hemodynamics 508–13
investigations 514–19
management 519–20
morphology 506–7
oxygen administration 516–17
oxygen saturation 509, 516–17
postnatal circulation 509–13
pressures 517
pulmonary stenosis 511
pulmonary vascular resistance 510, 511, 517–18
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truncus arteriosus communis (continued)
shunts 517
surgery 519–20
systemic vascular resistance 511–12, 517–18
truncal valve anomalies 512

truncus arteriosus repair 314

ultrasound, quantitative techniques 84–6
umbilical vein

blood flow 4, 7, 8–9, 51
lamb 2–3, 4, 7, 8–9
pressure 6

umbilical venous blood 5, 51
umbilical–placental circulation 1, 9, 12, 25

valve area calculation 84, 85
vascular elastase 103, 105
vascular resistance, functional assessment 80–4
vasoactive agents 93–6, 101–2, 120–1
vasoconstriction, hypoxia response 102
vasoconstrictors, pulmonary circulation response 93,

95–6
vasodilatation

hypoxemia-induced 55–6
nitric oxide 94

vasodilators
hypoxia response 101–2
pulmonary circulation response 64, 83–4, 93, 94–5,

108–9
venous blood 1, 2

admixture of oxygenated and systemic 4–5
ventilation, birth changes 25–6, 27, 28–9
ventricles

size estimation in neonates 246
see also left ventricle; left ventricular entries; right

ventricle; right ventricular entries
ventricular septal aneurysms 168
ventricular septal defect 148–77, 169

afterload effect on left ventricle 153
altitude 153–4
angiography 168–9
aortic atresia 258
aortic insufficiency 159, 170–1
aortic oxygen saturation 50
aortic regurgitation 165
aortic stenosis differential diagnosis 250
aortic valve prolapse 165
aortopulmonary transposition 466, 472–3, 480–2,

503–4
hypoplastic right ventricle 485
investigations 493–4
pulmonary stenosis 484–5, 488, 494–5, 497–8,

503–4
associated lesions 158–62

blood flow 168
cardiac catheterization 166–9
cardiac failure 153–6

factors 156–62
children 175–7
cineangiography 168–9
classification 148–9
clinical features 162–5
coarctation of the aorta 301–2, 306–7
differential diagnosis 169–71
doubly committed subarterial defects 177
Down syndrome 154
echocardiography 165–6
electrocardiography 165
fetal circulation 149–51
hemodynamics 149–53
hemoglobin concentration 155–6
infancy 171–5
investigations 165–9
large 152–3, 162–4, 170, 171–2, 175–6
management 171–7
medium-sized 160, 164–5, 170, 173–4, 176
metabolism 154–5
mitral atresia 258, 264, 271–2
morphology 148–9
neurohormonal changes 156–7
oxygen requirements 154–5
oxygen saturation 166–7
postnatal circulation 151–3
premature infants 154
pulmonary edema 154, 157
pulmonary stenosis 414–15
pulmonary vascular resistance 157, 158, 163–4, 168,

171
pulmonary vessel morphology 157, 158
radiography 165
shunts

left-to-right 47, 167–8
right-to-left 49–50

small 159–60, 164, 169–70, 172–3, 176
smooth muscle regression 106
spontaneous closure 160–2
surgery 174–5
sympathoadrenal stimulation 154–5
systemic vascular resistance 168
tetralogy of Fallot differential diagnosis 375
transcatheter closure 177
tricuspid atresia 428, 431, 433–6, 437–8, 448–9

aortopulmonary transposition differential
diagnosis 496

see also tetralogy of Fallot
ventricular–coronary artery communications 394–6, 407

Williams syndrome 230, 243
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