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Preface

Ten years ago it was fashionable, and largely correct, to say that the right heart had been

ignored in terms of its functional contribution to the circulation in acquired and con-

genital heart disease. While it remains a popular characterization, our understanding of

right heart hemodynamics, pathophysiology, and its contribution to cardiac disease has

matured immensely. It seems timely then to revisit this increasingly important area in

cardiovascular disease.

Similar to our first contribution on the topic (The Right Heart in Congenital Heart

Disease, ISBN 1 900 151 847) this book represents the written narrative from an interna-

tional symposium, bringing together experts in the field of right heart disease from all over

the world. More than simply a proceedings document, the mandate for each of the authors

was to produce a state-of-the-art contribution for a standalone textbook that we hope to

be definitive in the field. Consequently, this book leads us from the most recent findings

regarding embryologic origins of the right heart to the most practical aspects of manage-

ment of right heart disease in acquired and congenital heart anomalies.

In putting this book together, we, the editors, would like to thank each of the authors

for their excellent contributions. This text comes at a cost of many evenings and weekends

of extracurricular work, but hopefully such a distillation of thought and expertise will

provide the reader with a comprehensive resource. Indeed, we believe this edition remains

unique in its focus. That having been said, we do not discuss the right heart to the

exclusion of its left-sided counterpart. Indeed, the last 10 years have taught us that the

right heart, just as with the left, cannot be described in isolation. There is virtually no

aspect of cardiac anatomy, physiology, or disease that is not influenced by biventricular

interactions. The understanding and therapeutic modification of such interactions will be

a challenge for scientists and clinicians over the next 10 years. In the meantime, we do

hope you find this text a valuable contribution to your library.

Andrew Redington

Glen S. Van Arsdell

Robert H. Anderson
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Basic Topics



Origin and Identity of the Right Heart 1

Benoit G. Bruneau

Great beauty, great strength, and
great riches are really and truly of no
great use; a right heart exceeds all.

Benjamin Franklin

The heart is the first functional organ formed during

embryogenesis, and its normal function is critical for

survival of the mammalian embryo. Defects in embryonic

patterning of the heart are the root cause of human con-

genital heart defects (CHDs) [1, 2]. The major building

blocks of the heart are its two atria, two ventricles, and the

outflow tract that gives rise to the great vessels. Each pair

of chambers, the atria and the ventricles, is thought to

arise initially from a shared primordial chamber that then

separated into left and right components [3]. This division

of the chambers has evolved to permit the adaptation of

vertebrates to life on land by allowing distinct systemic

and pulmonary circulations. Indeed, fish have a single

atrium and a single ventricle, frogs have paired atria but

a single ventricle, and mammals have the fully evolved

four-chambered heart. Not surprisingly, many CHDs dis-

rupt this division of left and right sides, thus leading to

impaired heart function. Several CHDs affect very speci-

fically the right heart, in such instances as hypoplastic

right heart, tetralogy of Fallot, Ebstein’s anomaly, and

tricuspid atresia, to name a few.

Recent evidence has contradicted the view that the left

and right ventricles come from a single embryonic cham-

ber that separates into left and right components. In fact,

the right heart arises from a completely distinct lineage of

cells, termed the anterior, or second heart field [4–7]. This

finding has caused a profound reevaluation of how the

heart forms, and has provided some welcome insight into

the etiology of human CHDs such as those found in

22q11 microdeletion (DiGeorge) syndrome, among

others [8, 9].

1.1 The Second Heart Field and the Origins
of the Right Heart

Aswith several important findings in biology, the discovery

of the origins of the right heart was as a result of a combina-

tion of careful investigation and fortuitous observation.

Three papers appeared simultaneously describing the

embryonic origin of the outflow tract as separate from the

rest of the heart [5–7]. The first two papers utilized classic

embryology techniques such as gene expression analysis,

lineage tracing, explant culture, and cell ablation to show

that a population of cells that did not express heartmarkers,

but was immediately adjacent to the developing heart,

gave rise to a portion of the developing outflow tract

[6, 7]. The third paper was based on the fortuitous expres-

sion in the outflow of the heart of a randomly integrated

lacZ transgene, showing the typical blue staining that lacZ

confers in the outflow tract of the embryonic heart [5].Most

intriguing was the finding that prior to outflow tract for-

mation, the lacZ stainingwas observed in a discrete popula-

tion of cells medial to and posterior from the field of heart

cells that were thought to give rise to the entire heart. The

transgene had integrated into a gene called Fgf10, and

indeedFgf10 expression could be found in the outflow tract.

Two definitive experiments followed that showed that

the outflow tract and right ventricle were added from this

new field of heart cells, dubbed the ‘‘secondary heart

field’’ or ‘‘anterior heart field’’. The first was again a

fortuitous find: mice lacking a gene called Isl1, which

was mostly studied in the context of neural development,

had very malformed hearts [4]. Indeed, mice lacking Isl1

had no outflow tract or right ventricle, and were missing

most of their atria. Further study showed that Isl1 is not

expressed in the heart, instead it is expressed in a field of

B.G. Bruneau (*)
Gladstone Institute of Cardiovascular Disease, Department of
Pediatrics, University of California, 1650 Owens St, San Francisco,
CA, 94158, USA
e-mail: bbruneau@gladstone.ucsf.edu

A.N. Redington et al. (eds.), Congenital Diseases in the Right Heart, DOI 10.1007/978-1-84800-378-1_1,
� Springer-Verlag London Limited 2009
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embryonic cells that appeared to correspond to the newly

defined anterior heart field [4]. Using a clever genetic

labeling technique, Cai et al. were able to show that Isl1-

expressing cells contribute to the heart by migrating into

the developing heart, and that in the absence of Isl1 these

precursors were ‘‘stuck’’ and unable to provide new cells

to the heart. This proved the existence of a second heart

field. The finding of Isl1-expressing precursors indicated

that the cells could be fated, or poised, to become cardiac

myocytes. It was discovered subsequently that some of

these precursor cells persist postnatally, thus providing a

potential source of regenerating heart cells [10]. The sec-

ond set of experiments that proved the existence of a

second heart field was a series of lineage-tracing experi-

ments performed using clonal cell analysis [11, 12]. These

difficult experiments showed that while all heart cells are

related from a very early time point during embryogen-

esis, several lineages arise during development, including

a clear distinction between a lineage that contributes

largely to the left ventricle (the first lineage) and one

that contributes to the outflow tract, right ventricle, and

atria (the second lineage). This was further confirmed by

additional lineage tracing, combined with explant culture

of mice expressing chamber-specific transgenes [13].

It should be noted that the right heart as defined from a

ventricle-centric perspective is in fact the anterior pole of the

heart. Thus, an initially anteroposterior arrangement

becomes left–right. The atria are the exception to this as

they arise from a common chamber that separates into left

and right auricles early in development. Very few markers

distinguish the left and right atria; the only evidentmarker of

one side of the atria during development is Pitx2, which is

expressedprimarily in the left atrium [14].Mice lackingPitx2

display right atrial isomerism, indicating a critical role for

this gene in the left–right identity of the atrial chambers [15].

1.2 Genes That Control Formation
of the Right Heart

Several genes have been identified that specifically con-

trol the formation of the right side of the heart, especially

the right ventricle and outflow tract. These include

Hand2, mBop, Tbx20, Mef2c, and FoxH1. Several of

these, as detailed below, function in an interacting

genetic cascade.

The first gene shown to affect a specific chamber of the

heart was Hand2, formerly known as dHand [16]. A mouse

lackingHand2 was shown to lack the right ventricle specifi-

cally and completely. Hand2 is a transcription factor

expressed largely in the right ventricle [17], and its major

role in right ventricle formation is to promote survival of

themyocardial cells of this chamber [18]. These observations

were of considerable importance in understanding the mod-

ular assembly of the developing heart. The related gene

Hand1 is also thought to be important for the formation

the left ventricle, as it is expressed specifically in the left

ventricle [ 17, 19, 20]. However, genetic deletion of Hand1

has not shown that it confers the same chamber-specific

properties thatHand2 has [19, 21, 22]. Interestingly, expres-

sion ofHand1 throughout the developing heart leads to the

loss of the interventricular septum and of most distinctions

between left and right ventricles, suggesting that the left-

sided expression of Hand1 helps set up the location of the

interventricular septum [23]. More recently, a chromatin-

modifying protein called mBop was shown to be expressed

specifically in heart and muscle, and in mice lacking mBop,

similar lossof therightventriclewasobserved [24].Thiscould

be attributed in part to the regulation ofHand2 bymBop.

Mef2c, another transcription factor gene, was also

found to be important for right ventricle formation [25].

The basis for the loss of the right ventricle in Mef2c

knockout mice was not clear until detailed analysis of

the expression and regulation of Mef2c was performed,

which showed that as for Hand2,Mef2c was expressed at

its highest level in the right ventricle, and prior to this it

was expressed in the anterior heart field [26]. It is still not

clear what gene expression program Mef2c regulates that

is critical for right ventricular formation, but this may

include mBop, as Mef2c is essential for the regulation of

mBop in the right ventricle, acting directly on an enhancer

element that directs expression to this chamber [27]. Yet

another transcription factor gene, FoxH1, was found to

be important for formation of the outflow tract and right

ventricle [28], in large part via regulation of Mef2c.

The T-box transcription factor gene Tbx20 has also

been found to be a critical dose-sensitive factor in the

morphogenesis of the right ventricle. Mice completely

lacking Tbx20 have a severely deformed heart [29–31],

but those with only a partial reduction in Tbx20 have

specific defects in the morphogenesis of the right heart

(Fig. 1.1). Specifically, partial reduction in Tbx20 levels

results in hypoplastic right ventricle, tricuspid atresia, and

persistent truncus arteriosus [31]. The precise reason for

the sensitivity of the right ventricle to decreased Tbx20

dosage is not clear, but it is likely to be related to Tbx20’s

preferential expression in the right ventricle primordia.

The mechanisms underlying the defects observed are yet

to be determined.

Finally, the Gata4 transcription factor is critical for

heart formation and differentiation, but its most pro-

nounced role is in the formation of the right ventricle

[32]. Again, Hand2 expression was decreased in Gata4

knockout mice, suggesting that Gata4-mediated regula-

tion of Hand2 could account for the defective right

4 B.G. Bruneau



ventricle formation downstream of Gata4. It also inter-

acts with Isl1 to activate Mef2c in the primary heart field

[33]. As Gata4, Isl1, and Tbx20 also interact to activate

gene expression [31, 33, 34], one can envisage a

tight regulation of multiple genes that are critical for

activation of gene expression in the right heart

progenitors.

Thus, an intricate intersecting network of transcription

factors is clearly essential for the formation of the right

ventricle and outflow tract.

Fig. 1.1 Tbx20 regulates formation of the right heart. Top: Tbx20
knockdown embryo at embryonic day (E) 9.5 (right, viewed from
the left side) has severely hypoplastic right ventricle, and absent
outflow tract. Compare to wild-type (WT) embryo viewed from
the right side (left). Embryo body is translucent white, heart tissue

in translucent red, and heart chamber filled in solid yellow. Bottom:
Tbx20 partial knockdown results at E13 in hypoplastic right ven-
tricle (rv) and persistent truncus arteriosus (PTA; compare to criss-
crossing outflow of WT) Adapted with permission from Ref. [42]
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1.3 Tbx1 and the Etiology of Outflow
Tract Defects

An evidence that is immediately relevant to clinical patho-

genesis came from the study of Tbx1 in the second heart

field. Advanced mouse engineering experiments had

revealed that Tbx1 was the most likely gene responsible

for the cardiac and thymic defects in human 22q11.2

microdeletion syndrome, also known as DiGeorge syn-

drome [35–37]. Indeed, discrete mutations in TBX1 were

identified in patients with 22q11.2microdeletion syndrome

lacking any chromosomal microdeletion [38]. However,

the expression pattern of Tbx1 in embryogenesis did not

directly correlate with the defects observed, especially the

outflow tract anomalies seen in Tbx1 mutant mice.

It was a lineage analysis similar to that performed with

the Isl1 gene that gave an answer. The Tbx1-dependent

cell lineage contributes to the outflow tract and the distal

portion of the right ventricle, and in mice lacking func-

tional Tbx1, this contribution is abrogated [9]. Gain of

function experiments in which the field of Tbx1 was

expanded led to an expansion of the outflow tract, show-

ing that Tbx1 is both necessary and sufficient for growth

of the outflow tract [8].

How then does Tbx1 regulate the expansion and dif-

ferentiation of the outflow tract? It may be partly via the

regulation of fibroblast growth factor (FGF) genes,

including the Fgf10 gene that initially led to the identifica-

tion of the second heart field. Both Fgf10 and the related

gene Fgf8 appear to be regulated by Tbx1 in the mouse

[8, 9]. In fact, a potential role for Fgf8 had been already

presumed from investigating mice that lacked the Fgf8

gene, in which outflow tract and aortic arch defects strik-

ingly similar to those in Tbx1mutant mice were observed

[39–41]. Indeed, Tbx1 and Fgf8 genetically interact in the

formation of the outflow tract [42].

1.4 The Right Ventricle Has a Distinct Gene
Expression Program

Besides its obviously distinct morphology, the right ven-

tricle expresses a genetic program that is distinct from

that of the left ventricle. In this most comprehensive

assay, microarray analysis of the main cardiac chambers

was performed to gain a global view of chamber-specific

gene expression [43, 44]. Not surprisingly, more differ-

ences were seen between atria and ventricles, but several

genes were found to be differentially expressed between

left and right ventricles. Interestingly, the response of the

left and right ventricles to remodeling postinfarction was

significantly different, for example, for such genes as the

Ca2+ ATPase gene Serca2a and other calcium-handling

protein-encoding genes [43]. In another important exam-

ple, the distribution of repolarizing ion channels is mark-

edly distinct between the right and left ventricles [45–47],

presumably imparting important features to the right

ventricular myocardium.

Several studies aimed at delineating the cardiac-specific

regulatory elements of several genes have uncovered sur-

prising modularity in the control of chamber-specific gene

expression. For example, the regulatory elements of the

Nkx2-5 gene, which is ubiquitously expressed throughout

the heart at all stages of development, including adulthood

[48], can be isolated as modular elements, several of which

drive expression specifically in the right ventricle [49].

Modularity of enhancer function has also been shown

with those controlling several cardiac contractile proteins.

In these cases, both right heart-specific enhancers have

been identified, as well as enhancers that are actively

excluded from the right heart, indicating perhaps both

positive and negative regulation of chamber-specific gene

expression [13, 50–52]. Other enhancers that can confer

specific right ventricular expression include the mBop,

Hand2, and Mef2c enhancers, conforming with their pre-

dominant expression in this chamber [27, 28, 33, 53].

1.5 Conclusions

The distinct identities and morphologies of the chambers

of the heart have their origins in the earliest glimpses of

cardiac differentiation. The recent evidence obtained from

embryological studies has provided a complete reevalua-

tion of the origin of the right side of the heart, and this

important set of findings will set the stage for our under-

standing of the basis of right-sided congenital heart

defects, as well as the different adaptive physiology of the

right heart. Further challenges await, but at least it is now

for the heart, unlike in politics, clear where the right and

left come from, and where they stand on the issues!
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How Much of the Right Heart Belongs to the Left? 2

Andrew C. Cook and Robert H. Anderson

2.1 Introduction

In the preceding chapter, we have seen how from the

outset of development the right heart has very separate

origins from the left. We have learned how the cells from

the secondary heart field are responsible for the formation

of the right ventricle and outflow tract, and how they are

added to the initial linear heart tube slightly later in

development compared to the part that gives rise to the

left ventricle [1–5]. We now know that the apical compo-

nents of the ventricles balloon from the linear heart tube,

which is made up of primary myocardium, and that the

molecular characteristics of the working myocardium of

the right and left ventricles thus formed differ markedly

from the primary variant [6]. In this chapter, we explore

how these embryonic features are carried over into the

structure of the heart subsequent to the completion of

septation. In an effort to describe just how much, in

morphological terms, of the right heart belongs to the

left, we begin by emphasizing the current gaps in our

understanding of the mechanics of early myocardial orga-

nization. We then define our approach to analysis of the

ventricular component of the heart. We put this into the

historical perspective of myocardial structure and con-

trast this traditional approach, based on centuries of

investigation, andwhich is in keeping with our own obser-

vations, with recent spurious suggestions that the myo-

cardium making up the ventricular mass can be

unwrapped in the form of a unique band, which takes its

origin in the fashion of skeletal muscle from the pulmon-

ary trunk, and inserts at the aorta [7]. In terms of this

latter concept, we show that, despite its apparent attrac-

tion to those seeking to explain the helical movements of

the ventricular mass during contraction and relaxation, it

is fatally flawed due to the total lack of supporting scien-

tific evidence.

2.2 Organization of the Ventricular
Myocardium

Recent work on the molecular biology of the embryonic

myocardium has provided new insights into the origins of

the populations of cells that give rise to the walls of the

morphologically right and left ventricles. There is now little

doubt that a second migration of cells from the initial

heart-forming field is crucial for the formation of the mor-

phologically right ventricle, the outflow tract, and the

arterial trunks [1–5]. Marking experiments [5], as well as

immunohistochemical labeling [1–4], have shown that this

population of cells is added to the initial linear heart tube,

the latter primordium giving rise almost exclusively to the

morphologically left ventricle (Fig. 2.1). Inmousemutants,

subsequent to knock-out of the gene d-hand, there is a

virtual absence of the morphologically right ventricle [8,

9]. Similarly, experiments in the chick, in which parts of the

secondary heart-forming field are ablated, produce

abnormalities of the right heart, including tetralogy of

Fallot [10]. The studies of Moorman and colleagues

showed how expansion from the myocardium forming

the linear heart tube, so-called primary myocardium, was

responsible for formation of the atrial appendages and the

apical components of the ventricles [6]. They also showed

that the apical part of the left ventricle ballooned from the

initial linear heart tube, while the apical part of the right

ventricle ballooned from the part of the tube derived from

the second migration from the heart-forming fields

(Fig. 2.2). This ballooning model provides strong evidence

to support the concept that, from the outset, the ventricles

are modifications of a primitive blood vessel. The evidence

at molecular level to support this notion is equally convin-

cing, with the chamber myocardium of both ventricles

having a distinctive phenotype when compared with the

characteristics of the primary myocardium [6].

All of these experiments, however, have been per-

formed at the very early stages of development, well

before the ventricular myocardium becomes organized
A.C. Cook (*)
Department of Cardiac Services, Great Ormond Street Hospital for
Children, London, UK

A.N. Redington et al. (eds.), Congenital Diseases in the Right Heart, DOI 10.1007/978-1-84800-378-1_2,
� Springer-Verlag London Limited 2009
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Fig. 2.1 Two sets of mouse embryos (upper and lower panels) have
been marked either with the label DiI (panels a and b) or stained to
show expression of fibroblast growth factor 8 (fgf8). In the left hand
panel (a), the DiI (red dot) marks the cranial border of the forming
heart crescent. Themiddle panel shows the same two embryos follow-
ing further culture. In both, the DiI label is now located between the

developing left (LV) and right ventricles (RV). This demonstrates that
the right ventricle has been added onto the part of the heart derived
initially from the myocardial crescent. The content that has been
added is highlighted by the beta-galactosidase expression in panel c
Figure courtesy: Prof Nigel Brown, St. George’s Medical School,
London, UK, who conducted the experiments

Fig. 2.2 The ballooningmodel of development of the atrial (RA, LA)
and ventricular (RV, LV) chambers as promulgated byMoorman and
his colleagues, with the artwork modified with their permission from
their initial illustrations. The arrows show the direction of flow of
blood. The artwork illustrates the expansion of the chamber myocar-
dium (yellow) from the primary myocardium of the initial heart tube

(coloured in grey). Note that it is the atrial appendages, and the apical
components of the ventricles, that are the components produced by
ballooning
Modified and reproduced with kind permission of Prof
Anton Moorman, Academic Medical Centre, Amsterdam, The
Netherlands
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into the three-dimensional network of aggregated myo-

cytes set in their supporting fibrous matrix typical of the

postnatal heart.While the structure of the ventricular walls

has been extensively studied since the time of Senac in the

eighteenth century, very little is known about the timing

and mechanism for the transformation from early stages,

with primarily trabeculated myocardial walls, to the defi-

nitive situation in which the large component of the wall is

made up of compacted myocardium. Unraveling the

mechanics of these changes will not only provide answers

to the understanding of basic myocardial organization in

the normal heart, but also to the processes underscoring

ventricular noncompaction, particularly the association

between noncompaction and various forms of congenital

cardiac disease. What little evidence that exists currently

suggests that, in the frame of developmental evolution,

myocardial organization is a relatively late event, and one

which occurs subsequent to the completion of cardiac

septation, in other words, in the period following the end

of the eighth week of fetal gestation. There have been

hardly any studies of the three-dimensional changes occur-

ring during the early organization of the fetal ventricular

myocardium, the notable exception being the careful study

of Jouk and his colleagues [11]. In their most recent study,

these authors confirm that, in the developing human heart,

there is no evidence to support the notion of a unique

myocardial band, although they have hesitated to extrapo-

late concerning the structure of the postnatal heart. With

regard to the developing heart, additional information can

be gleaned indirectly from studies of the organization of the

fetal myocardium at a cellular level, particularly in terms of

the organization of intercellular contacts. It is intuitive to

suggest that any aggregated collections of myocytes cannot

achieve an axial orientation, be it tangential or radial, until

the myocytes themselves have developed their own specific

axes. The axis of an individual myocyte is determined by the

presence of intercalated discs at its poles, which themselves

depend on the formation and organization of tight junctions

between adjacent myocytes. Several investigators have now

shown that the development of intercalated discs is progres-

sive throughout fetal development. Initially, tight junctions

and gap junctions are both arranged in circumferential man-

ner around eachmyocyte [12, 13].Work fromour laboratory

using human fetal myocardium shows that, even at 14 weeks

of gestation, tight junctions, as demonstrated using antibo-

dies for cadherins, are arranged around the periphery of each

myocyte (Fig. 2.3a). It is not possible at this early stage of

development, therefore, to discern the orientation of specific

myocytes. Only between 14 and 20 weeks of gestation do we

see the gradual coalescence of the tight junctions, as marked

by pan-cadherin, at the poles of the myocytes, and the sub-

sequent appearance of stepped, and then more linear, inter-

calated discs (Fig. 2.3b–d). To our mind, it is only from this

time of development that the three-dimensional organization

of the myocardium can be ascertained. During the same

period, our gross observations show that the myocardial

walls undergo the process of compaction. Over this period,

the structure of the walls of both ventricles changes from an

Fig. 2.3 Sections from human fetuses ranging in gestation from
14(a), 16(b), 18(c), 20(d), 24(e) weeks gestation compared to a
heart seen on the first day of postnatal life (e).They are stained to
show the tight junctions between the maturing myocytes using anti-
bodies to Cadherin, and show the progressive development of the

intercalated discs, and therefore polarity of the myocytes. Initially,
the junctions are located around the entire periphery of the cells. It is
only beyond 24 weeks that these line up at the ends of the cells. Only
once the polarity of the myocytes has been achieved can the ‘grain’
of the myocardium can be determined
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arrangement in which the greater part of the mural thick-

ness is made up of a trabecular network, with deep recesses

extending from endocardium close to the epicardium

(Fig. 2.4a) into the more typical postnatal pattern, with

discrete compact and noncompact layers, the compact

layer then predominating (Fig. 2.4b). At this stage, we are

unable to state whether the extensive columns of cells that

initially made up the initial trabecular layer themselves

coalesced to form the compacted part of the wall, or

whether the lace-like layer effectively disappeared, perhaps

by the process of apoptosis. Further analysis of the changes

is required at a gross level, not only to aid our understand-

ing of normal myocardial organization, but also to permit

us to understand the pathological changes seen in indivi-

duals with noncompaction. There is now evidence that,

even among populations of healthy individuals, there is

variation in the normal degree of myocardial compaction

[14]. Rather than being a distinct pathology, this suggests

that those with noncompaction, as defined by current

echocardiographic criterions, form the tail of a normal

distribution of compaction found among the general popu-

lation. If this is the case, it will be crucial to understand

whether there is a cut-off in terms of proportions of trabe-

cular and compacted layers, at which a normal distribu-

tional variant becomes a distinct pathological entity.

2.3 Analysis of the Ventricular Segment
of the Heart

Leaving these unresolved questions aside, we can now

provide reasonable recommendations as how best to

approach the structure of the ventricular mass in the fully

formed heart, and how to analyze this part when the heart

is congenitally malformed. We can then ask how this

knowledge of the basic structure of the ventricles permits

us to determine how much of the morphologically right

ventricle belongs to the left? Examination of congenitally

malformed hearts shows that the most consistent means of

describing normal and abnormal ventricles is to take note

of their three functional components, namely, the inlet, the

apical trabecular portion, and the outlet (Figs. 2.5 and 2.6).

While both the morphologically right and left ventricles

contain all of these three components in the normal situa-

tion, there are major differences in the relationship of the

components within the two ventricles. These differences

are relevant to the overall organization of themyocardium.

On both the right and left sides, the ventricular mass

extends from the atrioventricular to the ventriculoarterial

junctions (Figs. 2.5 and 2.6). The junctions themselves are

discrete and obvious anatomic entities, albeit that the ana-

tomic ventriculoarterial junctions are crossed by the semi-

lunar attachments of the leaflets of the arterial valves, with

these latter structures marking the hemodynamic junc-

tions. On the left side of the heart, the valves guarding

the ventricular inlet and outlet components are positioned

directly adjacent to one another, with fibrous continuity

present between their leaflets, thus permitting the two

valves to fit within the circular profile of the left ventricle

(Fig. 2.7). Within the right ventricle, the situation is mark-

edly different. The atrioventricular and ventriculoarterial

junctions are well separated from one another by the mus-

cular supraventricular crest, being positioned at either

end of a banana-shaped right ventricular cavity. Hence,

the pulmonary valve lacks any fibrous continuity with any

of the other three cardiac valves, being elevated from the

Fig. 2.4 Changes in proportion of the trabecular as opposed to
compact myocardium in the walls of the ventricles of the early
human embryo (panel a) and the adult heart. In the embryo (a), the
trabeculations within the left ventricle (LV) are thick (yellow arrow),

whereas the extent of the wall formed by compact myocardial is
minimal. The reverse is true of the adult heart, in which most the
trabecular layer in the left ventricle has been lost, with the compact
myocardium predominating (blue arrow). RV – right ventricle
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ventricular base by the free-standingmuscular sleevewhich

forms the subpulmonary infundibulum (Fig. 2.7). Indeed,

it is this extension to the right ventricular cavity, provided

by the free-standing subpulmonary infundibulum which

allows the pulmonary valve to sit to the left side of the aortic

root when the heart is viewed in attitudinally appropriate

position. This free-standing nature of the subpulmonary

infundibulum also shows that the outlet component of the

right ventricle has no relationship to the left ventricle, in

keeping with its initial embryonic origins (Fig. 2.8). Proof of

its individuality is provided by the Ross procedure, when

the surgeon excises the entire infundibulum and the pul-

monary valve, cutting obliquely across its base in order to

avoid the septal-perforating arteries, but not entering the

left ventricle in so doing. The myocytes forming the

Fig. 2.7 A short axis section of the ventricular mass demonstrates
well the difference in shape between the right and left sides of the
heart, and the relationships between inlet and outlet ventricular
components. The left ventricle has a circular profile, with the ven-
tricular septum forming the anterior border. Contained within this
profile are both the aortic (Ao) and mitral valves (MV). In contrast,
the right heart curves around the left ventricle, with the inlet (TV)
and outlet (PV) separated by the musculature of the supraventricu-
lar crest and subpulmonary infundibulum

Fig. 2.6 As with the right ventricle (Fig. 2.5), the normal left
ventricle can also be described in terms of its inlet, apical trabecular,
and outlet components. In the left ventricle, however, there is
fibrous continuity in the ventricular roof between the leaflets of
the arterial and atrioventricular valves (dashed red line)

Fig. 2.8 A parasternal long axis section of an adult heart shows
how the outflow tract of the right ventricle overlies the aortic (Ao)
root. A fibrofatty tissue plane (arrows), containing the septal-
perforating arteries, can be seen separating the aortic root and
septum from the free-standing muscular subpulmonary infundibu-
lum (infund). LV – left ventricle; LA – left atrium

Fig. 2.5 The normal right ventricle can readily be described as
possessing inlet, apical trabecular, and outlet components. Note
that the supraventricular crest, incorporating the subpulmonary
infundibulum, interposes between the attachments of the leaflets
of the valves guarding the inlet and outlet components
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infundibular sleeve are aggregated primarily in circumfer-

ential fashion, with their long axes encircling the outflow

tract (Fig. 2.9). At the base of the infundibulum, there are

inner, longitudinally aligned myocytes, these forming the

series of septoparietal trabeculations that branch laterally

from the prominent septomarginal trabeculation, or septal

band (Fig. 2.9).

It is only the inlet and apical trabecular portions of the

right ventricle, therefore, which are directly related to

their left-sided counterparts. It is then only the apical

trabecular components of the two ventricles that are

arranged in directly apposing manner, such that, for

instance, a defect within the apical component of the

right ventricle passes into the apical component of the

left. This is not the case with the inlet component of

the right ventricle. In the normal heart, due to the deeply

wedged location of the subaortic outflow tract, the right

ventricular inlet is adjacent to the outlet, rather than the

inlet, of the left ventricle. A defect opening from the inlet

of the right ventricle looks directly into the outlet of the

left ventricle (Fig. 2.10). This relationship of the ventri-

cular components means that the part of the ventricular

septum related to the inlet of the right ventricle is, for its

larger part, an inlet–outlet septum. Indeed, there is very

little true inlet septum in the normally constructed heart.

In the normally constructed heart, as well seen in short

axis (Fig. 2.7), the greater part of the muscular septum is

an integral part of the left, rather than the right, ventricle.

Indeed, as shown in the next section, the majority of the

myocytes making up the septum are aligned in circular

fashion around the left ventricle. Of late, questions have

been raised concerning a line seen by echocardiographers

within the ventricular septum. It has been suggested that

this represents the plane of cleavage between the right and

left sides of the septum [15]. It is certainly the case that

such a plane of cleavage can be found at the ventricular

base, with the branches of the septal-perforating arteries

passing down through this plane between the back of

the subpulmonary infundibulum and the aortic root

Fig. 2.10 The image shows the relationship between the inlet com-
ponent of the right ventricle (RV) and the outlet of the left ventricle
(LV). A short axis section has been taken across an adult heart, near
its base, to show how the inlet of the right ventricle, guarded by the
septal leaflet of the tricuspid valve, is directly opposite the outlet of
the left ventricle (dotted lines on septum). This relationship exists
because of the wedged location of the outlet of the left ventricle
between the left side of the ventricular septum and the aortic leaflet
of the mitral valve (dashed red line). PV – pulmonary valve

Fig. 2.9 The dissection shows the orientation of the aggregated
myocytes within the right ventricular outflow tract. The myocytes
within this region of the heart are aggregated together in oblique
fashion, and encircle the infundibulum (arrows) on the epicardial

surface (a). Internally (b), the outflow is lined by a series of muscular
bundles, including the septo-parietal trabeculations (arrows) and the
septomarginal trabeculation (star). PT – pulmonary trunk; TV –
tricuspid valve
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(Fig. 2.8). When assessed in the long axis planes, none-

theless, the plane is also seen to be positioned so as to

place the larger part of the septum with the left ventricle,

with only a minor part of its thickness having a right

ventricular identity. It remains to be established, therefore,

whether it is this plane of cleavage providing the entrance

for the septal-perforating arteries (Fig. 2.8) that also repre-

sents the line identified by echocardiographers.

That the muscular ventricular septum belongs primarily

to the left ventricle is also supported by its structure when

the heart is congenitally malformed. In the setting of hypo-

plasia of the left ventricle, the size of the left ventricular

cavity has a marked influence on the support provided for

the tension apparatus of the tricuspid valve (Fig. 2.11). In

hypoplasia of the right ventricle, in contrast, the thickened

septum seen when the apical and outlet components are

obliterated bymural hypertrophy protrudes into the outlet

of the left ventricle, showing again the importance of the

relationship of the inlet of the right to the outlet of the left

ventricle. And when the inlet of the right ventricle is totally

absent, as in univentricular connection to a dominant left

ventricle, the incomplete right ventricle is positioned either

to the right or the left, but on the anterosuperior shoulders

of the dominant left ventricle (Fig. 2.12).

2.4 The Myocardium as a Three-Dimensional
Network

The importance of providing a correct description for the

basic anatomic plan of the ventricular mass becomes

more apparent when we then examine closely the arrange-

ment of the myocytes that are aggregated within the

ventricular mass. It has long been known that, at a histo-

logic level, and after the end of the first trimester, myo-

cytes possess a long axis, with intercalated discs at their

poles (Fig. 2.4), enabling them to join together in chains.

Fig. 2.11 These two hearts show the close interplay between the
right and left ventricles (RV, LV), demonstrating the changes in the
conformation of the right ventricle and its trabeculations that result
from deformation of the left ventricle due to hypoplastic left heart
with aortic atresia and patent mitral valve and intact ventricular
septum. In both panels, the septomarginal trabeculation (starred) is
not attached to the right side of the ventricular septum, as it usually
is in the normal heart, but has become a free-standing structure
within the right ventricle. In the lower panel (b), the ventricular
septum (red dashed line) bows to the left, and encroaches on the
inlet of the right ventricle. TV – tricuspid valve; RA – right atrium;
LA – left atrium

Fig. 2.12 The relationship of a
hypoplastic and incomplete
right ventricle to the dominant
left ventricle when there is
double inlet left ventricle. The
incomplete right ventricle
(MRV) can be located either to
the left (panel a), or right (panel
b) of the dominant left ventricle
(dom LV), but is always situated
anterosuperiorly with respect to
the ventricular septum, the
ventricular septum itself
interposing between the apical
trabecular parts of the ventricles
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Each myocyte also possesses side branches, which form

side-to-side connections with their neighbors, the overall

arrangement forming a three-dimensional meshwork sup-

ported by a fibrous matrix. It is this arrangement that

allows for the coordinated conduction of the cardiac

impulse, and also for contraction of the myocardium.

Therefore, to explain the thickening of the ventricular

walls occurring during ventricular systole, it is best to

consider the myocytes to be arranged so that they can slip

among each other within the mesh. This is because the

myocytes thicken by no more that 5% as they shorten,

whereas the ventricular walls thicken by at least 40% dur-

ing systole [16]. This rearrangement of the myocytes within

the thickness of the ventricular wall is made possible

because of the organization of the matrix of connective

tissue. This is arranged as epimysial, perimysial, and endo-

mysial networks (Fig. 2.13).Although the perimysial layers

surround individual groups of myocytes, the arrangement

is not sufficiently uniform to permit the aggregates to be

described as fibers, nor is the perimysial component of the

fibrous matrix arranged in such a fashion as to permit

discrete layers, or sheets, of myocytes to be recognized

within the thickness of the ventricular walls. Instead, the

matrix provides an elastic scaffold that supports the inter-

mingling myocytes, permitting their probable realignment

across the ventricular wall during the process of systolic

thickening. Despite this lack of fascial sheaths traversing

the ventricular walls in radial direction, and the known

absence of discrete muscular bands within the ventricular

mass, it has long been recognized that a prevailing grain

can be discernedwithin the various depths of the walls. The

orientation of this grain varies markedly relative to the

equatorial plane of the atrioventricular junctions, depend-

ing on the depthwithin the walls (Fig. 2.14). Already by the

middle of the nineteenth century, this change in grain had

been illustrated by Pettigrew [17], although his illustrations

do give the marked, albeit unjustified, impression of dis-

crete layers within the wall (Fig. 2.15). He summarized at

the beginning of the twentieth century that such layerswere

no more than artifacts of dissection, stating that ‘‘unlike

the generality of voluntary muscles, the fibres of the ven-

tricles, as a rule, have neither origin nor insertion, that is,

they are continuous alike at the apex of the ventricles and

at the base’’ [17]. During the course of the twentieth cen-

tury, many others showed that it was possible to dissect the

ventricular mass by a process of progressive peeling, thus

revealing the orientation of the long axes of the aggregated

myocytes. In two important reviews, first Lev and Simkins

[18], and then Grant [19], pointed to the essential artifac-

tual nature of such dissections, which of necessity are

destructive, parts of the wall having to be removed to

reveal the deeper constituents.

Due to the subjective nature of such dissections, and

the difficulty in providing accurate three-dimensional

reconstruction of the histologic arrangement, it is

hardly surprising that current interpretations of the

three-dimensional pattern of the myocytes continue to

vary markedly. Some have suggested that the ventricular

walls are uniformly compartmentalized by laminar sheets,

which extend in a radial fashion from epicardium to

endocardium [20]. This is despite the fact that even the

most cursory examination of a full-thickness section of

ventricular myocardium shows the absence of any such

uniform fibrous structures (Fig. 2.16). Jouk and his col-

leagues [11] have described a system of nested warped

pretzels within the cone of left ventricular myocardium,

albeit there is great difficulty in understanding their con-

cept. Throughout the latter part of the twentieth century,

however, an even more radical suggestion was made,

namely, that the ventricular mass could be unwrapped

in the form of a unique myocardial band [7]. This concept

has now been enthusiastically championed by a group of

surgeons, who not only propose that surgical maneuvers

should be designed according to the concept, but also

advance new theories of embryogenesis on the basis of

the purported anatomic findings [21–23]. These surgeons

also choose to ignore totally the corpus of existing ana-

tomic evidence, not least that the septum belongs to the

left ventricle, arguing, again in the total lack of evidence,

that the septum is the lion of the right ventricle.

The caveats involved in demonstrating the structure

of the ventricular mass, therefore, are worthy of further

Fig. 2.13 The fibrous matrix supporting the ventricular myocytes
in the normal heart differs markedly from the fibrous sheaths that
demarcate different skeletal muscles. In the heart, the fibrous matrix
takes the form of a three-dimensional supporting mesh that can be
described on the basis of an endomysial weave surrounding indivi-
dual myocytes, and joining them via struts. Bundles of myocytes are
then encased in markedly anisotropic fashion by the perimysial
weave, with the entire ventricular walls encased in the thicker epi-
mysial layers, which form the endocardium and the epicardium
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emphasis. As pointed out by Lev and Simkins [18], and

Grant [19], the patterns produced by dissection are very

much at the whim of the prosector. It is important,

therefore, to validate any dissections with histological

studies, and equally important to reconstruct the

histological findings themselves so as to provide an accu-

rate three-dimensional model of ventricular mural archi-

tecture. Previous investigations made by both dissection

and histological studies have shown that within the walls

of the left ventricle the orientation of the long axis of the

Fig. 2.15 The helical nature of the myocardial grain has long been recognized, albeit often misinterpreted. These two etchings show early
descriptions of myocardial grain found within the left heart as produced by Pettigrew in the nineteenth century

Fig. 2.14 The dissections show the change in the myocardial grain,
representing the overall orientation of the aggregated myocytes, in
the superficial, middle, and deep layers of the ventricular walls.
Within the left ventricle, there is a prominent middle layer (panel b),
which is circumferential, and represents the triebwerkzeug described
by Krehl. This layer is absent or minimal within the normal right
ventricle. The superficial (epicardial, panel a) and deep (endocardial,

panel c) layers run obliquely and at right angles to each other. Note
that there is continuity between the superficial fibres of the right and
left heart (yellow arrows). The nature of the overlapping fibers, as well
as other intruding fibers, is ignored completely when the heart is
unwrapped using the method of Torrent-Guasp
Dissections prepared by Prof. Damian Sanchez-Quintana, University
of Badajoz, Spain, and reproduced with his permission
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aggregated myocytes relative to the equatorial plane,

known as the helical angle, changes from values of

608–808 superficially, through arrays of myocytes with

their long axes parallel to the Equator, and then to

deeper arrays, which again move closer to longitudinal

orientations, but with angles opposite to those forming

the superficial parts of the walls (Fig. 2.17). Most of

these investigations presume that all the myocytes are

also oriented with their long axes parallel to the epicar-

dial and endocardial surfaces, that is, oriented in

tangential fashion. When careful studies are made to

examine the precise angle of these myocytes relative to

the transmural plane, which is possible when the myo-

cytes themselves are cut along their long axis, a signifi-

cant proportion is found to intrude within the wall,

running from the epicardium toward the endocardium.

These histological studies showing the presence of

intruding myocytes have now been confirmed by reso-

nance imaging studies in porcine hearts, and a solitary

human heart [24]. The three-dimensional mesh, with

change not only of the helical angle, but also of the

angle of intrusion, the latter varying in relation to both

remaining orthogonal planes, permits a better explana-

tion to be provided for the different forces that can be

recorded within the depths of the left ventricular wall.

The larger part of these forces aids ventricular emptying,

and hence is described as unloading. The smaller part, in

contrast, still further augments the contraction, and

therefore, these forces are auxotonic [16]. Both forces

act in an antagonistic fashion to permit normal systolic

contraction, followed by diastolic thinning of the ven-

tricular walls.

There is also a change in orientation of the myocytes

aggregated within the depths of the walls of the right

ventricle. Unlike the situation in the left ventricle, very

few myocytes, other than those forming the subpulmonary

infundibulum, are seen with a circular orientation for their

long axes. The myocytes orientated in circular fashion

within the left ventricle had previously been termed by

Krehl [25] as the triebwerkzeug, being recognized by him

as providing the activating force for ventricular emptying.

In this respect, therefore, it is surely significant that sub-

stantial arrays of myocytes oriented in circumferential

fashion are found in the hypertrophied walls of the right

ventricle of patients with tetralogy of Fallot (Fig. 2.18).

Their functional correlate remains to be determined.

2.5 Unraveling the Unique Myocardial Band

As already discussed, it is the ability of individual dissec-

tors to impose their own will on the ventricular mass by

following the grain within the myocardium that has led

currently to one of themost popular, and yet most flawed,

concepts of myocardial organization, namely, that of the

unique myocardial band. Although promoted as providing

a revolution in understanding, there is no scientific evi-

dence supporting these claims. It is certainly possible to

recognize helical configurations within the ventricular

walls, but these exist globally within the three-dimensional

mesh, although the precise angulation of the helices varies

from site to site. As we have discussed, such helical

Circular fibres
(“triebwerkzeug”)

Helical angle of
Deep fibres

Helical angle of
Superficial fibres

Fig. 2.17 This schematic summarizes the orientation of the aggre-
gated myocytes within the ventricular walls as shown by the dissection
illustrated in Fig. 2.14. The so-called helical angle within the left
ventricle changes from the epicardium (superficial layer) to the endo-
cardium (deep layer). Note the myocytes aggregated together in cir-
cular fashion to form the middle layer of the left, but not right
ventricle. Note also that the helical angles of the myocytes making
up the superficial and deep layers of the wall are perpendicular to one
another
Original artwork prepared by Professor Paul Lunkenheimer,
University of Munster, Germany, and modified with his permission

Fig. 2.16 The section of myocardium from the ventricular wall of a
porcine heart shows that, while there are fibrous strands between
collections of adjacent myocytes (arrows), these do exist as a laminar
sheets. There is marked anisotropy in the arrangement of these
thickened perimysial strands
Original section prepared by Professor Paul Lunkenheimer, Uni-
versity of Munster, Germany, and modified with his permission
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configurations have long been recognized [17]. They are

readily explained simply by the change in radial axis of the

aggregated myocytes within the depth of the ventricular

walls. It is impossible to unwrap the ventricular walls

uniformly to produce the solitary muscular strip pur-

ported to have its origin at the pulmonary trunk, and its

insertion at the aortic root. Not only does such unraveling

take no notice of the basic anatomic arrangement of the

ventricular mass but the very process of dissection entails

the production of artifactual cleavage planes within the

myocardium (Fig. 2.14a). If it were possible to dissect the

myocardium as a solitary band, and if it acted like a pulley

rope as proposed by Torrent-Guasp [7], fibrous sheaths

separating the various components of the band would be

required as they wrap around each other, as is the case

with skeletal muscles. If the dissectors were following the

long axis of the aggregated myocytes, then cells within the

unraveled band would require to be aligned in uniformly

parallel fashion to its long axis. Neither of these anatomi-

cal features has been demonstrated by the supporters of

the unique myocardial band. Furthermore, a recent inves-

tigation of the alignment of the myocytes aggregated

within the unwrapped myocardial band shows no evi-

dence of the necessary parallel arrangement [26]. Instead,

there is marked disarray along the length of the band,

and at different depths within the band. Thus, there is no

evidence whatsoever to support the concept of the unique

myocardial band. In contrast, the evidence continues

to emerge, from dissection, histology, and now three-

dimensional reconstruction, to show that the ventricular

walls take the form of a three-dimensional meshwork

of myocytes set within a supporting matrix of fibrous

tissue.

2.6 Conclusions

Much of the previous work related to the ventricular mass

has concentrated on the left ventricle, with relatively few

attempting to describe the relationship between the two

ventricles. As we have shown, there is a close anatomic

relationship between two of the three components of the

right and left ventricles, specifically their apical trabecular

portions, and the part of the ventricular septum that

separates the inlet of the right ventricle from the outlet

of left. How the myocardium becomes organized into a

three-dimensional meshwork, encased in a fibrous matrix

extending from one ventricle to the other, is uncertain.

Finding the link between the known separate embryonic

origins of the morphologically right and left ventricles

and their known mature spatial organization will be the

key to future understanding of the interplay between the

right and left ventricles.
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Right Ventricular Physiology 3

Andrew N. Redington

In Chapters 1 and 2, the unique embryonic and anatomic

features of the right ventricle were discussed. In this chap-

ter, the physiology of the normal and abnormal right ven-

tricle will be discussed, with particular emphasis on the

relationship between the right ventricle and the pulmonary

vascular bed (heart–lung interactions) and its relationship

with the left ventricle (ventriculo-ventricular interactions).

3.1 The Normal Right Ventricle

Given the anatomic discussions in Chapter 2, it is perhaps

spurious to discuss right ventricular physiology as an

independent phenomenon. This concept will be further

explored in the section regarding ventriculo-ventricular

interactions. Nonetheless, the right ventricle has a unique

physiology, largely dependent upon the low hydraulic

impedance characteristics of the pulmonary vascular bed.

While there are some data to suggest that the myocardium

itself is intrinsically different than the left (e.g., a faster

twitch velocity in isolated right ventricular muscle bundles

greater than the left [1]), the characteristics of right ventri-

cular contraction are primarily dependent on its loading

conditions. Right ventricular output approximates that of

the left, but the right ventricular cardiac output is achieved

with a myocardial energy cost of approximately one-fifth

of that of the left. Not only is this because of the low-

pressure pulmonary system, but also because of the unique

characteristics of the right ventricular pressure–volume

relationship. It was Shaver et al. in 1971 [2], who first

suggested that the ‘‘isovolumic’’ periods of the right ven-

tricle may bemarkedly different than that of the left. Using

simultaneous micromanometer pressure recordings in

humans undergoing cardiac catheterization, he described

the so called ‘‘hangout period’’—the time difference

between pulmonary arterial dichrotic notch and simulta-

neous right ventricular pressure measurement. The hang-

out period was absent on the left side of the heart (the left

ventricular pressure and aortic pressure were identical

and synchronous at the time of the aortic dichrotic

notch), whereas pulmonary valve closure was occurring

well after the onset of right ventricular pressure decline in

the normal right heart (Fig. 3.1). Furthermore, this hang-

out period shortened with increasing right ventricular

afterload. The implication of this hangout period was

that pulmonary blood flow continued in the presence of

right ventricular pressure decline. It was not until 1988 that

human right ventricular pressure–volume relationships

were defined [3]. Using biplane angiograms with simulta-

neous pressure measurements, the normal right ventricular

pressure–volume relationship was defined as a triangular or

trapezoidal form, with ill-defined periods of isovolumic

contraction, and particularly isovolumic relaxation.

This pattern has subsequently been confirmed by many

other authors [4, 5]. Interestingly, despite the lack of an

obvious ‘‘end systolic’’ shoulder, the elastance model of

ventricular performance appears to be valid for that of

the right ventricle. In an important study performed

by Burkhoff et al. [6], appropriate changes in maximal

elastance, defined as maximal pressure/volume (Emax)

rather than end-systolic elastance (Ees), were noted

with changes in inotropy, with the slope of maximum

pressure/volume being linear over a wide range of

boundary conditions.

Thus, unlike the square-wave pump of the left ventri-

cle, the right ventricle is an energetically efficient pump.

As mentioned above, however, this efficiency is almost

entirely predicated by the low pulmonary hydraulic impe-

dance. Interestingly, when the morphologic left ventricle

is anatomically sited beneath the normal pulmonary

artery (e.g., in the setting of congenitally corrected trans-

position), its pressure–volume characteristics are identical

to those of the normal right ventricle [7]. Furthermore,

small changes in afterload lead to major changes in right
A.N. Redington (*)
Department of Paediatrics, Hospital for Sick Children, Toronto,
ON, Canada

A.N. Redington et al. (eds.), Congenital Diseases in the Right Heart, DOI 10.1007/978-1-84800-378-1_3,
� Springer-Verlag London Limited 2009

21



ventricular pressure–volume relationships and its perfor-

mance [7]. With a slowly progressive rise in pulmonary

arterial impedance, there is a progressive change toward a

‘‘left ventricular’’ pattern of the pressure–volume loop.

However, it is well known that acute changes in acute

pulmonary impedance (e.g., acute massive pulmonary

embolism) are poorly tolerated by the right ventricle.

Consequently, it has been suggested that the afterload

reserve of the normal right ventricle is approximately

one-third of that of the left ventricle.

3.2 Heart–Lung Interactions

While the pressure–volume relationships of the normal

right ventricle are a manifestation of one form of heart–

lung interaction, there is clearly another important factor

that must be taken into account when assessing both the

normal and abnormal right heart circulation. The influ-

ence of the mechanical work of breathing has a major

impact on beat-by-beat and breath-by-breath right heart

hemodynamics [8]. With each inspiration, the small

(2–5 cm/H2O) change in intrapleural pressure leads to a

significant increase in venous return and right ventricular

preload. This accounts for the waxing and waning of right

ventricular stroke volume during the respiratory cycle.

The converse, that is, a fall in right ventricular stroke

volume as mean airway pressure increases, is, in part,

due to changes in preload, but not entirely. In a fascinat-

ing study by Henning [9], the original concept developed

by the classical experiments of Cornand [10] was chal-

lenged. Cournand had shown, in experiments involving

healthy young volunteers, that facemask positive pressure

ventilation led to a fall in cardiac output, and postulated

that this was a consequence of decreased preload because

of decreased venous return consequent upon increased

intrathoracic pressure. In Henning’s later experimen-

tal canine study, the typical fall in cardiac output was

observed with a modest increase in mean airway pressure

during positive pressure ventilation. However, restora-

tion of preload with volume infusions (back to the base-

line levels) failed to restore right ventricular stroke volume

to baseline. This important study confirms the afterload

dependency of right ventricular contractile performance.

Even relatively modest changes in total pulmonary resis-

tance (in this case, imposed by a small change in mean

airwaypressure) leads to decreased contractile performance

and a worse cardiac output. This reduction in cardiac out-

put of approximately 10–15% with positive pressure ven-

tilation has been confirmed in subsequent studies [11],

both in children and adults with normal right ventricular

physiology. In the congenitally malformed right heart cir-

culation, these heart–lung interactions can be even more

profound. The Fontan procedure is an ideal natural model

of beneficial heart–lung interactions. In the absence of a

subpulmonary right ventricle, and increasingly nowadays,

in the absence of a subpulmonary blood reservoir (right

atrium), the pulmonary hemodynamics are markedly de-

pendent on the work of breathing. This concept will be

explored in more detail in chapter 23 and will not be

explored in any greater detail here. Suffice it to say, that

Fig. 3.1 The left hand panel shows the relationship between
left ventricular pressure and aortic dichrotic notch pressure
and timing. The hangout period is 10 ms. The right hand
panel shows similar micromanometer recordings made in the

right ventricle (RV) and pulmonary artery. Note how the RV
pressure has fallen to low levels by the time of pulmonary
valve closure, marked at its dichrotic notch. See text for
details
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these heart–lung interactions have a major impact on post-

operative management and progress in patients with

complex congenital heart disease, and cardiac output can

frequently bemanipulated by changes in ventilatory strategy.

3.3 Ventriculo-ventricular Interactions

While it has been traditional to consider ventricular phy-

siology as independent entities pertaining to either the left

or the right ventricle, this concept is clearly flawed. Not

only do the ventricles share the same visceral cavity (the

pericardium), but also share common myofibers (See

chapter 2), particularly in their superficial layers [12].

Consequently, it is impossible to consider abnormalities

of the right ventricle in isolation, and vice versa.

It is now well known that normal right ventricular

contractile performance is markedly dependent on that

of the left. In a classical physiological experiment pub-

lished in 1994, Damiano and colleagues [13] beautifully

demonstrated this ventricular interdependence. By elec-

trically isolating the two ventricles, in the otherwise intact

heart, they were able to demonstrate the effect of contral-

ateral ventricular contraction. Right ventricular contrac-

tion, in the presence of an otherwise inert left ventricle, led

to very little contribution to left ventricular pressure

developments. However, left ventricular contraction led

to marked pressure generation in the electrically isolated

right ventricle. This suggests that the normal geometry of

the right ventricle, wrapped around the left ventricle in its

short axis, produces right ventricular shortening, as well

as a ‘‘trans-septal’’ contribution to right ventricular pres-

sure generation. Indeed, the authors suggested that

approximately 30% of the contractile energy of the right

ventricle was generated by that of the left. A further

illustration of the left ventricular contribution to right

ventricular contraction is demonstrated by Hoffman

and co-workers [14]. In their experiments, the whole of

the right ventricular free wall was replaced by a noncon-

tractile material. Remarkably, right ventricular pressure

generation was virtually normal, despite the lack of a

contractile element to the right ventricular free wall.

Interestingly, enlargement of the artificial right ventricle

markedly undermined the ability of the ‘‘right ventricle’’

to generate pressure. The author suggested that intact

ventricular geometry was required for this beneficial

ventriculo-ventricular interaction. There was tentative

evidence that a dilated right ventricle in and of itself

generated adverse ventriculo-ventricular interactions,

however. As the right ventricular cavity was enlarged in

this experiment, left ventricular pressure generation also

fell. Whether this was a series effect (reflecting reduced

right ventricular cardiac output and therefore leading to

reduced left ventricular preload) or a parallel effect

(changes in right ventricular geometry adversely affecting

left ventricular contractile performance) could not be

answered in this experiment. In a follow-up to this experi-

ment, the question as to whether this interaction is a series

or parallel effect was examined using simultaneous con-

ductance catheter-derived pressure–volume analysis in

the right and left ventricles as right ventricular dilata-

tion is induced. This study, performed by Brooks and

co-workers [15], generated right ventricular dilatation by

right coronary artery ischemia. Load-independent indices

of ventricular contractile performance were measured

during this acute geometric change, in order to tease out

the fundamental mechanisms of ventriculo-ventricular

interactions. Furthermore, the experiments were per-

formed with an open and intact pericardium, to better

understand the influence of pericardial constraint on this

phenomenon. The results of this study were clear. In the

presence of an intact pericardium, acute right ventricular

dilatation interferes with left ventricular contractile per-

formance in a parallel fashion. Intrinsic left ventricular

contractility was reduced with right ventricular dilata-

tion, presumably reflecting adverse geometry and abnor-

mal function of shared myofibers. Figure 3.2a shows right

ventricular pressure–volume relationships under these cir-

cumstances. There is a marked fall in both left ventricular

volumes, as well as end-systolic pressure. Figure 3.2b

shows the effect of releasing pericardial constraint. Under

these circumstances, there is virtually no change in left

ventricular size, but a similar fall in left ventricular end-

systolic pressure, again reflecting decreased contractility.

Albeit an experiment in pigs, this latter study suggests that

any disease that leads to acute right heart dilatation may

manifest itself in terms of not only adverse right ventricu-

lar, but also left ventricular contractile performance. The

results of the experiment suggest that modification of right

ventricular contractile performance could be mediated by

changes in left ventricular contractility [16, 17], an area

hitherto unexplored clinically. In experimental studies of

right ventricular failure, acute aortic constriction to

abruptly increase left ventricular afterload and pressure

generation, led to increased right ventricular stroke volume

and pressure generation. If a similar effect were demon-

strable clinically, then efforts to increase left ventricular

function might have beneficial secondary effects on right

ventricular dysfunction, and vice versa.

These ventriculo-ventricular interactions are clearly

important in congenital heart disease where both acute

and chronic abnormalities of right ventricular function

and volume are frequently encountered. In tetralogy of

Fallot, for example, there is a loose, but linear, relation-

ship between right ventricular and left ventricular ejection
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fraction, as the right ventricle dilates [18]. Furthermore,

when present, abnormal left ventricular function (in the

presence of chronic pulmonary regurgitation and right

ventricular dilatation) predicts a worse outcome in terms

of survival [19]. Other direct geometric implications of

ventriculo-ventricular interactions are increasingly

understood. For example, in congenitally corrected trans-

position, tricuspid valve competency can be related

directly to septal position. It is now well established that

modification of septal position by increasing subpulmon-

ary morphologic left ventricular pressure can modify the

degree of tricuspid incompetence by its effect on septal

leaflet apposition to the anterosuperior and mural leaflets

[20]. This is discussed in more detail in Chapter 11.

Finally, the whole area of ventriculo-ventricular interac-

tions, particularly with the advent of biventricular pacing,

has become increasingly relevant in congenital heart dis-

ease and represents a fruitful area of potential research in

the future.

3.4 Summary and Conclusion

Physiologically, the normal right ventricle is very differ-

ent from its left ventricular counterpart. The impact of

congenital heart disease, and its modification by surgery,

provide for natural models of both abnormal right ven-

tricular physiology, and in particular, heart–lung and

ventriculo-ventricular interactions. With increasing

understanding of the relevance of these issues, more

applicable therapeutic interventions will be developed.
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The Pulmonary Vascular Bed



Pulmonary Endothelial Control of the Pulmonary
Microcirculation 4

Peter Oishi and Jeffrey R. Fineman

4.1 Introduction

The development of pulmonary hypertension and its

associated altered vascular reactivity commonly accom-

pany congenital cardiac disease. The risk and timing of

the development of advanced pulmonary arterial hyper-

tension are dependent upon the type of cardiac defect,

and likely a presently uncharacterized genetic predisposi-

tion. The cardiac defects associated with the greatest risk

are those that cause increased pulmonary blood flow and/

or pulmonary venous pressure, which subject the pulmon-

ary vasculature to pathologic mechanical forces. Over-

time, these abnormal hemodynamics lead to progressive

functional and morphologic abnormalities, including

altered pulmonary vascular reactivity, increased pulmon-

ary vascular resistance, and structural alterations, or

remodeling, of the pulmonary vasculature [1–4]. Early

surgical repair of these congenital cardiac malformations

has decreased the incidence of irreversible pulmonary

vascular disease. Even children with reversible vascular

changes, nonetheless, suffer significant morbidity and

mortality in the peri- and postoperative periods second-

ary to both chronic and acute elevations in pulmonary

vascular resistance. In addition, mild elevations in pul-

monary vascular resistance in infants with functionally

univentricular physiology may eliminate certain surgical

options, such as caval-pulmonary anastomoses and the

Fontan procedures. The state of the pulmonary vascula-

ture, therefore, is often the principal determinant of the

clinical course and feasibility of surgical treatment.

Although the pathophysiology of pulmonary arterial

hypertension associated with congenitally malformed

hearts is still incompletely understood, increasing evidence

suggests that early pathological changes result from pul-

monary vascular endothelial dysfunction that develops as

a consequence of its exposure to abnormal mechanical

forces, such as increased pressure and flow. In particular,

a broad body of evidence indicates that aberrations in the

nitric oxide and endothelin systems are intimately involved

in the development of altered vascular reactivity and pul-

monary arterial remodeling.

In the remaining sections, we present an initial overview

of the cascades of nitric oxide and endothelin, with a focus

on the pulmonary circulation. Thereafter, the pathophy-

siologic role of abnormal pulmonary vascular endothelial

function in pulmonary arterial hypertension in the setting

of congenital cardiac disease will be reviewed, with an

emphasis of the therapeutic implications.

4.2 Biosynthesis and Regulation of Nitric
Oxide

Nitric oxide is a labile humoral factor produced by nitric

oxide synthase from l-arginine in the vascular endothe-

lial cell [5–7] (Fig. 4.1). Three isoforms of the synthase

have been identified. Constitutive forms are present in

endothelial cells and neurons, and a third inducible iso-

form is present in macrophages [8–10]. The predominant

vascular source of nitric oxide arises from stimulation of

endothelial nitric oxide synthase (eNOS). Once produced,

nitric oxide diffuses into the smoothmuscle cell, resulting in

vascular relaxation by increasing concentrations of guano-

sine 3050-monophosphate (cGMP), via the activation of

soluble guanylate cyclase [11, 12]. Nitric oxide is released

in response to a variety of factors, including the shear stress

produced by flow, and the binding of certain endothelial-

dependent vasodilators, such as acetylcholine, ATP, and

bradykinin, to receptors on the endothelial cell [13, 14].

Although initially considered to be a constitutively

expressed enzyme, a large and increasing literature demon-

strates that eNOS is dynamically regulated at the transcrip-

tional, post-transcriptional, and post-translational levels
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[15–18]. For example, laminar shear stress increases tran-

scription, while stimuli such as growth of cells increase

expression by prolonging the half-life of the eNOS

mRNA [19, 20]. In addition, factors such as intracellular

location, interactions with other proteins such as calmo-

dulin, caveolin, and heat shock protein 90, phosphoryla-

tion, and the availability of the substrate and co-factors,

may all dynamically regulate eNOS activity [15–18,

21–23]. The regulation of eNOS by mechanical forces is

complex and incompletely understood. A variety of sys-

tems tested experimentally have clearly been shown to

demonstrate that fluid shear stress upregulates expres-

sion of the eNOS gene by activation of the 50-promotor

region [19]. Similarly, during life, increases in flow sec-

ondary to exercise are associated with increased expres-

sion of both eNOS mRNA and protein [24]. Fluid shear

stress has also been demonstrated to increase eNOS

activity experimentally [15–18]. This appears to be regu-

lated, in part, by potassium channels and serine phos-

phorylation [25, 26]. The potential effects of pressure on

eNOS transcription are less well delineated, but the

majority of experimental studies suggest that pressure

alone does not upregulate expression [19, 27]. In addi-

tion to these biomechanical forces, other factors that are

particularly relevant to congenital heart disease, and

that are known to regulate eNOS, include growth fac-

tors, changes in oxygen tension, and vasoactive factors

such as endothelin-1.

Basal release of nitric oxide is an important mediator

of both resting pulmonary and systemic vascular tone in

the fetus, newborn, and adult, as well as a mediator of the

normal fall in pulmonary vascular resistance that occurs

immediately after birth [6, 28, 29]. Interestingly, in addi-

tion to its effect on vascular tone, nitric oxide is a potent

inhibitor of platelet aggregation and smoothmuscle mito-

genesis. Given these properties, it is not surprising that

increasing data demonstrate that aberrant NO-cGMP

signaling is integral to the pathophysiology of pulmonary

hypertension, as well as a number of other vascular dis-

orders [30–37].

4.3 Biosynthesis and Regulation
of Endothelin-1

Endothelin-1, a 21-amino acid polypeptide produced by

vascular endothelial cells, has potent vasoactive properties

[38]. The gene for human endothelin-1 is located on chro-

mosome 6, and is translated to a 203-amino acid pep-

tide precursor, abbreviated to preproET-1, which is then

cleaved to form proendothelin-1. Proendothelin, so-called

‘‘big’’ endothelin-1, is then cleaved by a membrane-bound

metalloprotein-converting enzyme, or ECE-1, into its

functional form (Fig. 4.1). ECE-1 exists in two isoforms,

ECE-1� and ECE-1b, with ECE-1� considered to be the

most important biologically [39]. The vasoactive properties

of endothelin-1 are complex, and studies have shown

varying hemodynamic effects on different vascular beds

[40–44]. Its most striking property is its sustained hyperten-

sive action. The hemodynamic effects are mediated by at

least two distinct receptor populations, ETA and ETB, the

densities of which depend on the vascular bed studied. ETA

receptors are located on vascular smooth muscle cells

and mediate vasoconstriction, whereas ETB receptors are

located on endothelial cells and mediate vasodilation [45,

46]. In addition, a second subpopulation of ETB receptors

are located on smooth muscle cells and mediate vasocon-

striction [47]. The vasodilating effects of endothelin-1 are

associated with the release of nitric oxide and activation of

potassium channels [40–42, 48]. Its vasoconstricting effects

are associated with phospholipase activation, the hydroly-

sis of phosphoinositol to inositol 1,4,5-triphosphate and

Fig. 4.1 Schematic of NO-cGMP, ET-1, and arachidonic acid cas-
cades, with the pharmacologic site of action of the current and
experimental endothelial-based pulmonary hypertension therapies
Both l-arginine and antioxidants may increase bioavailable NO by
improving NOS production; inhaled NO and inhaled PGI2 are
endothelium independent and selective vasodilators secondary to
rapid inactivation. They induce vascular relaxation by increasing
cGMP and cAMP, respectively. Sildenafil acts by inhibiting PDE5
and thereby preventing the breakdown of cGMP, and bosentan is a
combined ET receptor anatogonist.
PGI2 ¼ prostaglandin I2, PLA2 ¼ phospholipase A2, AA ¼ ara-
chidonic acid, TXA2¼ thromboxane A2, L-Arg ¼ l-arginine,
L-Cit ¼ L-citrulline, NOS ¼ nitric oxide synthase, ET-1 ¼
endothelin-1, ETA ¼ endothelin A receptor, ETB ¼ endothelin
B receptor, NO ¼ nitric oxide, sGC ¼ soluble guanylate cyclase,
GTP ¼ guanosine-5’-triphosphate, cGMP ¼ guanosine-3’-5’cyc-
lic monophosphate, , GMP ¼ guanosine monophosphate, AC ¼
adenylate cyclase, ATP ¼ adenosine-5’-triphosphate, cAMP ¼
adenosine-3’-5’-monophosphate, AMP ¼ adenosine monopho-
sphate, PDE5 ¼ phosphodiesterase type 5.

30 P. Oishi and J.R. Fineman



diacylglycerol, and the subsequent release of calcium ions

[49]. Experimental studies on the pulmonary circulation

from our laboratory, and others, have demonstrated that

exogenous endothelin-1 can produce sustained vasocon-

striction, transient vasodilation, or a biphasic response of

transient vasodilation followed by sustained vasoconstric-

tion [40–42, 48]. In the clinical situation, vasoconstriction

induced by endothelin-1 occurs in both isolated pulmonary

arteries and veins [50, 51]. The varied hemodynamic

responses to exogenous endothelin-1 are dependent upon

a variety of factors, including species, baseline pulmonary

vascular tone, integrity of the vascular endothelium, altera-

tions in receptor densities and receptor binding, and age.

Endothelin-1 is produced by a variety of cells within the

lung, including vascular endothelial cells, vascular and air-

way smooth muscle cells, and airway epithelial cells [52].

Although not completely delineated, the regulation of

its production appears to occur at the transcriptional level

of both preproET-1 and ECE-1. Experimental studies

demonstrate that expression of preproET-1 mRNA is

increased in endothelial cells exposed to various stimula-

tions, which include growth factors, cytokines, and vaso-

active substances [53–56]. In addition, levels of ECE-1

mRNA may be increased by exposure to growth factors

and vascular injury [57–59]. Other potential regulators of

levels of endothelin-1 in plasma and the tissues include

rapid release from intracellular secretory granules, altera-

tions in ECE-1 activity, and alterations in clearance, which

appear to be mediated in part by ETB receptors [60–63].

The regulation of endothelin-1 by mechanical forces is in-

completely understood. Experimental data suggests that it

is regulated by shear stress, but its effect is dependent upon

a variety of factors, including the level and duration of the

stimulus, and the cell type investigated [62, 64–67]. The

majority of these studies suggest that laminar shear stress

decreases expression of the preproET-1 and ECE-1 genes,

as well as release of endothelin itself [62, 64–66]. The

limited data in pulmonary vascular endothelial cells, how-

ever, suggest that laminar shear stress does not alter

expression of the endothelin gene [68]. Similarly, increases

in flow of blood to the lungs seen in the clinical situation

secondary to exercise or pneumonectomy are not asso-

ciated with significant changes in pulmonary levels of

endothelin-1 [69–72]. Information on the effect of mechan-

ical stretch and pressure on regulation is even sparser, but

very limited data does suggest that stretch and pressure

upregulate expression and release of endothelin-1. For

example, cultured vascular endothelial cells exposed to

either increases in chamber pressure or mechanical stretch

demonstrate increased preproET-1 and ECE-1 mRNA,

and rapid release of endothelin-1 [63, 67, 68, 73].

As opposed to nitric oxide, basal activity of endothe-

lin-1 does not appear to have a major role in regulating

normal pulmonary vascular tone, but rather appears

much more prominent when activated in disease states.

In addition to its vasoactive properties, endothelin-1 pro-

motes platelet aggregation, superoxide generation, and

smooth muscle cell mitogenesis, and therefore may parti-

cipate in vascular remodeling [74].

4.4 Endothelial Dysfunction in Congenital
Cardiac Disease

Over the last 2 decades, evidence has mounted to suggest

that endothelial dysfunction is present in patients with

congenitally malformed hearts and pulmonary hyperten-

sion. For example, lung biopsies from children with pul-

monary hypertension secondary to congenital cardiac

disease demonstrate both altered anatomic and meta-

bolic endothelial abnormalities as displayed by altered

endothelial structure and alignment and altered produc-

tion of von Willebrand factor. In addition, patients with

primary or secondary advanced pulmonary hypertension

have alterations in endothelially produced prostanoids,

with elevated excretion over 24 h of a thromboxane A2

metabolite, which promotes vasoconstriction, and reduced

excretion of a prostacyclin metabolite, which promotes

vasodilation [75].

Given the integral role of nitric oxide and endothelin-1

in the mechanisms that affect vascular tone, mitogenesis,

inflammation, and fibrosis, it is not surprising that a

growing number of investigations have focused on a

potential pathogenic role of these factors in the develop-

ment of pulmonary vascular disease. For example, Giaid

et al. [30] demonstrated that, in patients with primary or

secondary forms of pulmonary arterial hypertension,

expression of nitric oxide synthase is significantly reduced

in endothelial cells of pulmonary arteries with medial

thickening and intimal fibrosis [30]. Conversely, endothe-

lin-1 immunoreactivity is abundant in these vessels, and a

strong correlation was observed between the intensity

of immunoreactivity and pulmonary vascular resistance

[76]. Since most patients who undergo histologic evalua-

tion have advanced pulmonary hypertension, it has been

difficult to document endothelial injury as a precursor

of pulmonary hypertension in the setting of congeni-

tal cardiac disease. Interestingly, Celemejar et al. [77]

demonstrated an early selective impairment of endothe-

lium-dependent pulmonary relaxation in infants and

children with increased pulmonary blood flow prior to

the development of pulmonary hypertension, suggest-

ing an early decrease in bioavailable nitric oxide [77].

In addition, elevated levels of endothelin-1 have been

detected in both children and adults with congenitally
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malformed hearts and increased pulmonary blood flow,

and those with pulmonary hypertension have a gradient

of concentrations of endothelin-1 in the plasma across

the pulmonary circulation, suggesting production in the

lungs [78–81]. Interestingly, in adults with congestive

heart failure secondary to congenital cardiac disease,

levels of endothelin-1 in the plasma significantly corre-

lated with functional class in the categorization of the

New York Heart Association, and ventricular impair-

ment, independent of the original cardiac defect, sug-

gesting an important role for endothelin-1 in the cardiac

failure found in association with congenitally mal-

formed hearts [79].

4.5 Animal Models Supporting a Role for
Nitric Oxide and Endothelin in the
Development of Pulmonary Arterial
Hypertension

The use of animal models has greatly enhanced the ability

to investigate the pathogenic role of the cascades in the

early development of pulmonary vascular alterations sec-

ondary to congenital cardiac disease. To model congeni-

tal heart disease with increased pulmonary blood flow, we

created aortopulmonary shunts in fetal lambs. Following

spontaneous delivery, these lambs had hemodynamic and

morphologic alterations that mimicked the human dis-

ease. Subsequently, we have used this model extensively

to characterize early endothelial dysfunction, and its

potential role in the development of pulmonary hyperten-

sion and its associated altered vascular reactivity second-

ary to congenital cardiac disease [82].

At 1 week of life, nitric oxide signaling is intact, as

demonstrated by preserved endothelium-dependent vaso-

dilation and normal tissue levels of NOx, an indirect

measure of bioavailable nitric oxide, eNOS protein, and

eNOS activity. Over the ensuing 8 weeks, endothelium-

dependent pulmonary vasodilation becomes impaired,

and there is a decrease in levels of NOx, suggestive of

decreasing bioavailable nitric oxide, despite unchanged

expression of the eNOS gene. Interestingly, this is asso-

ciated with an increase in superoxide production, which

can actively scavenge nitric oxide and form peroxynitrite.

Peroxynitrite can further decrease production of nitric

oxide by NOS via NOS nitration. The increase in super-

oxide is likely secondary to an upregulation of NADPH

oxidase, which increases superoxide production [83]. In

addition, recent data demonstrate that eNOS itself is a

source of superoxide production in these lambs (Fig. 4.2)

[83]. Under certain conditions, such as decreased precursor

and/or cofactor availability, eNOS can become uncoupled

and make superoxide anions instead of nitric oxide. The

progressive decrease in bioavailable nitric oxide under con-

ditions of increased pulmonary blood flow in these lambs is

likely secondary to a combination of increased scavenging

by superoxide, and decreased production by eNOS.

In contrast to nitric oxide, endothelin signaling is

altered within the first week of life, with increased con-

centrations of endothelin-1 in the tissues, increased pro-

tein levels of ECE-1, and decreased protein and function

of the endothelial, vasodilating ETB receptor [82]. After 4

weeks, an upregulation of the ETA receptor and its asso-

ciated pulmonary vasoconstriction develops in addition

to the above derangements [84]. After 8 weeks, increa-

sed pulmonary blood flow and/or pressure results in

the emergence of ETB-mediated vasoconstriction, which

coincides with the upregulation of ETB receptors on

Fig. 4.2 Both NADPH oxidase and endothelial NO synthase con-
tribute to the increased superoxide generation in lambs with aorto-
pulmonary shunts
Panel A. Unfixed frozen sections (5 mm) of peripheral lung were
prepared from 4-week-old lambs: Control, and after a pulmonary–
aorta communication was established in utero (Shunt) were incu-
bated pretreated with inhibitors of NADPH oxidase (Apocynin),
eNOS (ETU) or both (DPI) then the effects on DHE oxidation
visualized by fluorescent microscopy. Under identical imaging con-
ditions, DHE oxidation was significantly decreased by pretreatment
apoycin, ETU and DPI in the pulmonary vessels of the Shunt lambs
while DHE oxidation was unchanged by all treatments in control
lambs. These data suggest that bothNADPH oxidase and eNOS are
sources of superoxide production in shunt lambs.
B. Average changes in DHE oxidation from images in A were
determined. Values are means – SD; N=6. *P<0.05 versus
untreated.
Adapted from Grobe AC, et al. Am J Physiol, 290:L1069–1077,
2006
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smooth muscle cells (Fig. 4.3) [84]. Interestingly, a report

in humans with advanced pulmonary hypertension sec-

ondary to thromboembolism recently demonstrated a

similar upregulation of smoothmuscle cell ETB receptors,

while ETA receptors were not increased [85]. These data

suggest an important role for both the ETA and ETB

receptors in the pathophysiology of pulmonary arterial

hypertension.

4.6 Endothelial-Based Therapeutic
Strategies

One of the most intriguing aspects of the investigation of

endothelial abnormalities in the pathobiology of pulmon-

ary hypertension is the ability to modulate these casca-

des pharmacologically. Figure 4.1 outlines the current

approved or investigational therapies based on nitric

oxide and endothelin-1, and their point of action within

the cascades. To date, the treatment with the greatest

impact has been the use of inhaled nitric oxide for chil-

dren with pulmonary hypertensive disorders [86–98].

When administered to the lung in its natural gaseous

form, nitric oxide diffuses through the alveolar wall to

reach small pulmonary arteries. It then enters vascular

smooth muscle cells, initiating a cascade that results in

pulmonary vasodilation via increases in cGMP. After

entering the lumens of the blood vessels, nitric oxide is

rapidly inactivated by hemoglobin,which confines its effects

to the pulmonary vasculature. Because of these properties,

inhaled nitric oxide has several advantages over other vaso-

dilators, which include selective pulmonary vasodilation,

rapid onset and elimination, and an improvement in venti-

lation–perfusion matching, due to the exclusive delivery of

the gas to ventilated lung regions. Accordingly, inhaled

nitric oxide has become a mainstay of treatment for acute

pulmonary hypertensive disorders and the assessment of

pulmonary vascular reactivity.

Clearly, the use of intravenous prostacyclin has been the

mainstay of chronic treatment for adults with advanced

forms of pulmonary vascular disease over the past 15 years.

Its limitations include the need for chronic vascular access

and its nonselective vascular effects. Inhaled prostacyclin

has similar pulmonary selectivity to inhaled nitric oxide

secondary to rapid inactivation by hemoglobin. It pro-

duces vasodilation by increasing cAMP concentrations.

Currently, studies on the use of inhaled prostacyclin for

children with pulmonary hypertension are sparse, and

comparison studies between inhaled nitric oxide and in-

haled prostacyclin are lacking [99–109].

Inhibitors of phosphodiesterases, a family of enzymes

that hydrolyze the cyclic nucleotides cAMP and cGMP,

are a relatively new class of cardiovascular agents [110].

There are several different phosphodisterase subtypes,

which have preferential activity for cAMP or cGMP,

and differing tissue distributions. PDE5 is the predomi-

nant subtype in the lung, and is relatively selective for

cGMP [110–112]. Sildenafil is an inhibitor of PDE5 that

has potent pulmonary vasodilating effects secondary to

increasing cGMP concentrations [113]. The oral formula-

tion was recently approved for adults with chronic pul-

monary vascular disease, and recent short-term studies

demonstrate beneficial effects in children with advanced

pulmonary vascular disease [114]. The intravenous for-

mulation is currently being investigated for acute pedia-

tric pulmonary hypertensive disorders [115, 116].

As a result of the increasing data implicating altera-

tions in endothelin-1 in the pathophysiology of pul-

monary hypertension, as discussed above, ET-receptor

antagonism has emerged as a potential therapeutic strat-

egy [36, 76, 117–119]. Bosentan, an oral combined ETA

and ETB receptor antagonist, has demonstrated efficacy

as a chronic therapy for advanced pulmonary vascular

disease [120, 121]. To date, there have been no large studies

on the use of such receptor antagonists for acute pulmon-

ary hypertensive disorders. Their use when given intra-

venously is under investigation, but has not yet reached

clinical trials.

As extensions of the newer experimental data, both

l-arginine supplementation and antioxidant treatment

Fig. 4.3 Immunohistochemial localization of ETA and ETB protein
expression in the lung in vivo from 8-week-old lambs. In both shunt
and control lambs, ETA receptors localize to smooth muscle cells. In
8-week control lambs, ETB receptors localize to endothelial cells and
smooth muscle cells
Polyclonal rabbit ETA and ETB receptor antibodies and monoclo-
nal mouse anti-SMC–actin antibodies were used to localize expres-
sion. ETA and ETB protein expression is shown in red while
SMC–actin expression is shown in green. Co-localization is shown
in yellow. Magnification is 800�
Adapted from Black SM, et al. Circulation, 108:1646–1654, 2003
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are under investigation for children with pulmonary

hypertension. NOS uncoupling may occur in the setting

of altered l-arginine metabolism and/or availability. In

these situations, l-arginine supplementation may increase

bioavailable nitric oxide. Children with pulmonary vas-

culopathy associated with sickle cell disease are known to

have altered arginine metabolism, and recent studies

demonstrate that l-arginine supplementation decreases

pulmonary arterial pressure in these patients [122–127].

Similarly, scavenging superoxide anions may increase

production of nitric oxide by decreasing scavenging and

peroxynitrite production, and improving NOS activity.

Preliminary data suggest that administration of super-

oxide dismutase improves pulmonary hemodynamics in

animal models [128].

4.7 Conclusions

A strong body of evidence indicates that endothelial dys-

function is a keymediator in the pathogenesis of pulmonary

vascular alterations that develop secondary to congenital

heart disease. Endothelial-based therapies, such as intra-

venous prostacyclin, and oral bosentan and sildenafil,

have proven to be efficacious for the chronic treatment

of adults with advanced pulmonary hypertension. Other

endothelial-based treatment strategies, such as l-arginine

supplementation to augment endogenous production of

nitric oxide, and antioxidant treatments to increase its

bioavailability, are currently under investigation. These

strategies may have therapeutic potential in a variety of

disorders associated with congenital cardiac disease. These

may include functional improvement in children and adults

who suffer from pulmonary hypertension and low cardiac

output syndrome following surgical repair of congenitally

malformed hearts, infants and children with functionally

univentricular disease with modest vascular remodeling

that limits surgical options, and adults with Eisenmenger

physiology. Clinical trials are warranted for these exciting

potential endothelial-based therapies.
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The Pathobiology of Pulmonary Hypertension:
Lessons from Experimental Studies 5

Sandra Merklinger

5.1 Introduction

Pulmonary arterial hypertension (PAH), a chronic and

potentially devastating disorder of the pulmonary circu-

lation, arises from multiple and diverse etiologies.

Regardless of the initiating event, PAH is characterized

by progressive structural remodeling of the pulmonary

vascular bed, leading to increased pulmonary artery pres-

sure (PAP) and pulmonary vascular resistance (PVR) and

ultimately, to right-sided heart failure (reviewed in [1]).

5.2 Pathobiology of Pulmonary
Hypertension

The pulmonary circulation is a normally high-flow, low-

resistance, low-pressure system that plays a pivotal role in

gas exchange and oxygen transport. To achieve these

essential functions, the walls of the pulmonary vessels

are thin and subsequently vulnerable to injury from devel-

opmental or acquired disorders affecting the heart or

lungs as well as conditions that may affect the systemic

vasculature. In the healthy individual, transient eleva-

tions in PAP, such as during exercise, are accommodated

by a compensatory increase in the cross-sectional area of

the pulmonary vascular bed owing to recruitment of pre-

viously unperfused vessels. In diseased states, however,

vascular remodeling and vessel occlusion and loss lead to

reduced compliance and progressive elevations in PAP

and PVR.

Despite varying etiologic factors causing PAH, there

are similar structural abnormalities observed during the

progression of this disease. Quantitative analysis of lung

tissue sections from infants and children with congenital

heart disease (CHD) revealed a direct correlation between

severity of altered growth and development of the pul-

monary vascular bed and the hemodynamic state of the

pulmonary circulation [2]. The first feature observed was

extension of muscle into normally nonmuscular periph-

eral arteries. This process was initiated by an increase in

pulmonary blood flow and is related to differentiation of

smooth muscle cells (SMCs) from precursor cells, peri-

cytes, and intermediate cells to mature SMCs [3]. Com-

bined with amild increase (< 1.5 times normal) in the wall

thickness of normally muscular arteries, this initial struc-

tural alteration is consistent with morphometric grade A

changes as established by Rabinovitch et al. [2].

Grade B vascular changes include greater extension of

muscle along normally nonmuscular PAs in conjunction

with medial hypertrophy of the normally muscular prox-

imal arteries (> 1.5 times normal). A distinction of mild

grade B is assigned when medial hypertrophy remains less

than 2 times normal, while more severe hypertrophy (< 2

times normal wall thickness) denotes severe grade B

changes (reviewed in [4]). The increase in medial wall

thickness has been attributed to both hypertrophy and

hyperplasia of resident SMCs and increased deposition of

extracellular matrix (ECM) components and intercellular

connective tissue, which ultimately manifest as an

increase in mean PAP.

The highest morphometric grade, grade C, is attribu-

ted to conditions of vascular remodeling in which the

medial hypertrophy of grade B is exacerbated by a

reduced arterial concentration. Patients with this feature

exhibit an increase in PVR. When the number of arteries

becomes less than half of normal, severe grade C is

assigned. The decrease in artery number is presumably

due to the failure of normal vascularization, although

resorption and loss of existing vessels, especially distal

to occluded arteries with severe neointimal formation

may also occur.

Morphometric grades A and B are refinements of

Heath-Edwards grade I, an earlier nomenclature designed

to classify pulmonary vascular changes [5]. This grading
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system categorizes the progression of arterial changes

(Fig. 5.1) where grade I represents medial hypertrophy.

The remodeling attributed to grade C of the morpho-

metric taxonomy may be found in Heath-Edwards grade

I but is more commonly associated with grade II (cellular

neointimal formation) and invariably with grade III

(occlusive neointimal formation with fibrosis). Grade IV

is identified by early to advanced arterial dilation, while

grades V and VI are consistent with angiomatoid forma-

tion and fibrinoid necrosis, respectively. Plexiform lesions

are seen in grades IV–VI and were classically thought to

represent remodeling or recannalization of occluded ves-

sels, that is, multiple endothelial channels are seen

associated with a dilated media. Although these grading

systems were conceived to describe pulmonary vascular

changes during diseased states, similar pathological fea-

tures, specifically medial hypertrophy and occlusive

neointimal formation, are seen with many systemic vas-

cular diseases, including atherosclerosis and post-cardiac

transplant coronary arteriopathy [6–8].

5.3 The Hypertensive Vessel

In 1986, Rabinovitch et al. applied scanning and trans-

mission electron microscopy to lung biopsy specimens

from patients with CHD to analyze the PA endothelium

for alterations in surface characteristics and intracyto-

plasmic composition, which might reflect abnormal func-

tion [9]. These studies addressed the hypothesis that

heightened pulmonary vascular reactivity resulted from

endothelial dysfunction and that this dysfunction was

related to the progression of pulmonary vascular disease

(PVD) [9]. These studies revealed that the normal cor-

duroy pattern of the endothelium was altered in patients

with PAH, becoming tortuous, in that the endothelial

cells formed winding ridges and deep gorges. This abnor-

mally contoured endothelial surface is thought to be pre-

disposed to altered interactions with marginating blood

cells, possibly slowing their flow or trapping them and

triggering the release of vasoconstrictive substances, such

as thromboxane A2 and B2, both of which have been

described as elevated in PAH patients [10, 11]. Platelet

aggregates could also form blocking small blood vessels.

In addition, alterations in shear stress leads to abnormal

endothelial expression of genes associated with prolifera-

tion of SMCs (e.g., PDGF) [12] and enhanced connective

tissue deposition (TGF-b family) [13]. Indeed, further

studies revealed that the morphologically abnormal

endothelial cells were also functionally altered in that

they produced elevated amounts of a high-molecular

weight form of vonWillibrand factor (vWF) and

decreased antithrombin III, which promotes platelet

aggregation and thrombus formation [14, 15]. More

recent studies have identified a loss of production of the

vasodilators, endothelial-derived relaxing factor (EDRF)

and NO in PAH patients [16, 17], the effects of which may

be further exacerbated by heightened circulating levels of

the vasoconstrictor, endothelin-1 [18, 19].

The earlier electron microscopic study also described

alterations in the internal structure of the endothelium,

noting cytoskeletal reorganization in the form of an

increased density of microfilament bundles and a heigh-

tened metabolic capacity, suggested by the abundant

rough endoplasmic reticulum [9]. In addition, these

Fig. 5.1 Lung sections taken from patients with varying degrees of
pulmonary vascular disease (panels A–F) demonstrating. Heath-
Edwards classification of pulmonary vascular changes. (A) Grade
I: medial hypertrophy. Elastin-van Giesen (EVG) stain, X150. (B)
Grade II: cellular intimal proliferation in an abnormally muscular
artery. EVG, X250. (C) Grade III: occlusive changes. Media is
thickened due to fasciculi of longitudinal muscle and vessel is all
but occluded by fibroelastic tissue. EVG, X150. (D) Grade IV:
dilation. Vessel is dilated and muscular media is abnormally thin.
Lumen is occluded by fibrous tissue. EVG, X150. (E) Grade V:
plexiform lesion. There is cellular intimal proliferation and clusters
of thin-walled vessels that terminate as capillaries in the alveolar
wall. EVG, X95. (F)Grade VI: acute necrotizing arteritis. A severe,
reactive inflammatory exudates is seen through all layers of the
vessel. Hematoxylin eosin stain, X250. [reproduced from [4]]
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ultrastructural studies revealed that the underlying sub-

endothelium wasmarkedly transformed, with the internal

elastic lamina showing evidence of degradation and areas

of neosynthesis. Although modulation of the ECM con-

tent has been related to elevated procollagen synthesis [20]

and the expression of tropoelastin [21] and fibronectin

[22], the mechanism of elastin degradation would subse-

quently be investigated using experimental models of

PVD where it would prove to be pivotal to disease

progression.

A widely accepted toxin-induced model of PAH is the

monocrotaline model used in rats. The lung toxicity, for

which this model is used, is associated with PA changes

that can be correlated with hemodynamic evidence of

progressive PAH and increased PVR [23–26]. Upon mor-

phologic examination, the initiation of malignant pul-

monary vascular changes in adult monocrotaline rats

was associated with the apparent fragmentation of the

internal elastic lamina [25]. This degradation was evident

by day 4 following injection and suggested rapid activa-

tion of an enzyme that could proteolyze elastin and poten-

tially, other ECM components as well. In fact, an early

twofold rise in elastolytic activity 2 days after monocrota-

line injection, with a second peak in activity between day

16 and 28 that correlated with the progression of struc-

tural and functional vascular alterations in the adult ani-

mals has been shown [25].

The concept that this progressive elastolytic activity

was related to the development of malignant abnormal-

ities is consistent with the observation that reversible

hypoxia-induced PAH is associated with only a transient

rise in elastase activity [27]. Characterization of the

elastase enzyme has shown it to be a � 20 kD serine

proteinase, related to the serine proteinase adipsin, and

localized to vascular SMCs [28]. Indeed, serine elastase

inhibitors, administered for 1 week beginning at the time

of monocrotaline injection, suppress the rise in elastolytic

activity and reduce the sequelae of vascular changes [29,

30]. Elastase inhibition was also shown to protect the

endothelium from monocrotaline, likely by preventing

the rise in PAP that contributes to progressive suben-

dothelial edema [30].

5.4 Cell Biology of Pulmonary Hypertension

5.4.1 The Role of Elastase

Insights into the cellular processes underlying pulmonary

vascular remodeling have been derived from analysis of

clinical material, cultured cells, and studies in experimen-

tal animals. As discussed above, the increased activity of

an endogenous vascular elastase in clinical tissues and in

experimental models of PVD has been correlated with the

degree of vascular remodeling (Fig. 5.2) [25]. Elastases

can be serine, cysteine, or metallo proteinases that share

the ability to solubilize elastin fibers and other ECM

proteins [31], particularly in tissues that exhibit regular

matrix turnover. Although serine elastases can be pro-

duced locally by vascular SMCs [28, 32], potent serine

elastases such as human leukocyte elastase, released by

neutrophils, have been causally related to endothelial cell

damage in the development of peripheral atherosclerosis

[33, 34]. Regulatory control of serine elastase activity

is accomplished by the concomitant production of endo-

genous inhibitors like �1-proteinase inhibitor and �2-

macroglobulin [35] and elafin [36]. However, in a variety

of pulmonary and systemic vascular disease states, a pro-

teinase/antiproteinase imbalance ensues, generating an

excess of serine elastolytic activity related to disease pro-

gression [34, 37–40].

Creation of a transgenic mouse that overexpresses

the serine elastase inhibitor elafin [41] demonstrated a

link between heightened elastase-inhibitory activity

and reduced pulmonary and systemic vascular disease,

that is, intimal formation and inflammatory cell infil-

trate in a model of carotid artery wire injury [42].

Similarly, during the arterialization of vein grafts

in rabbits, transfection with an expression vector

Fig. 5.2 Schematic summary of the putative mechanism involved in
the initiation and progression of pulmonary vascular disease. In
response to a stimulus, such as high flow and pressure, a disruption
in the endothelial barrier permits extravasation of plasma factors
into the subendothelium that subsequently induce SMC production
of an endogenous vascular elastase. The proteolytic action of elas-
tase, which is further enhanced by MMPs, leads to the release of
SMC mitogens from storage sites in the ECM and to the upregula-
tion of the ECM glycoprotein tenascin-C, which amplify the SMC
proliferative response. Continued elastase activity is associated with
SMC migration through the breakdown products of elastin, the
elastin peptides. Elastin peptides stimulate the production of fibro-
nectin, a glycoprotein that is pivotal in altering SMC shape, chan-
ging it from a contractile to a motile phenotype
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encoding elafin resulted in reduced intimal formation

and atherosclerotic degeneration in association with

decreased macrophage and T-cell infiltration and sup-

pressed vascular SMC proliferation [43].

It has been established that in response to an injury

(e.g., high flow and pressure of a CHD), the endothe-

lial cell layer is compromised and permits the extra-

vasation of plasma factors into the subendothelium

[32]. These factors, which include apolipoprotein A1,

stimulate the production of SMC elastase activity

through a signal transduction cascade involving phos-

phorylation of focal adhesion kinase and extracellular-

regulated kinase (ERK)-1 [44]. Nuclear translocation

of phosphorylated ERK-1 subsequently phosphorylates

acute myelogenous leukemia (AML)-1, the transcrip-

tion factor for neutrophil elastase [45] and therefore, a

candidate transcription factor for vascular elastase

[46]. In fact, antisense studies suppressing AML-1

production also reduces endogenous vascular elastase

activity [46].

5.4.2 The Role of Matrix Metalloproteinases

The proteolytic action of serine elastase is further

enhanced by the activation of matrix metalloproteinases

(MMPs) found at sites of vascular remodeling [reviewed

in [47]]. That is, elastase can convert MMPs from pro to

active form and can inactivate tissue inhibitors of metal-

loproteinases (TIMPs). Of the approximately 19 identi-

fied MMP family members, the gelatinases (MMP-2 and

MMP-9) are recognized for their ability to degrade type

IV collagen in basement membranes, and gelatins, which

are cleavage products of fibrillar collagens type I, II, and

III. Recent evidence has demonstrated that gelatinases,

formerly thought to have substrate specificity for dena-

tured collagens (gelatins) only, are able to cleave intersti-

tial collagens as well [48, 49]. It was suggested, therefore,

that due to their ability to initiate and maintain the

degradation of fibrillar collagens, gelatinases might play

a more important role in the remodeling of collagenous

ECM than has been previously thought [50].

Proteolytic degradation of the ECM is an essential

feature of repair and remodeling during wound healing

in various tissues (e.g., skin, vessel, heart). The role of

MMPs in vascular pathologies has also been well docu-

mented [51–54]. Upregulation of MMP-1, -2, -3 and -9 by

lipid-laden macrophages and vascular SMCs [55]

has been related to atherosclerotic plaque instability

including ulceration and rupture of aneurysms [56–59].

Furthermore, Strauss and colleagues [60–62] have

shown that experimentally induced restenotic lesions are

characterized by serine elastase as well as MMP activity

and excessive deposition of ECM components. Heigh-

tened MMP-2 and MMP-9 expression have been identi-

fied following balloon injury [63–65] andMMP inhibition

has resulted in partial reduction in lesion size due to both

a decrease in ECM accumulation and in inhibition of

vascular SMC migration [53, 61, 66, 67]. The precise

mechanism whereby excessive or inappropriate expres-

sion of MMPs may contribute to the pathogenesis of

lung disease remains unknown, but these and other stu-

dies suggest a probable role for MMP-induced SMC

migration and ECM synthesis.

5.4.3 The Role of Tenascin-C and Fibronectin

It has been determined that serine elastases can degrade

the ECM and consequently release mitogenically active

SMC growth factors, such as bFGF [68]. This function

could be amplified via activation of MMPs. For cells to

respond optimally to growth factors, however, their

receptors must be available for ligand binding. Jones

et al. demonstrated that this occurs when SMCs attach

to the specific ECM glycoprotein tenascin-C, which is

also upregulated in response to proteolytic matrix degra-

dation [69]. This group identified a correlation between

tenascin-C expression and severity of vascular lesions,

and confirmed that tenascin-C co-localizes both tempo-

rally and spatially with proliferating SMCs, and promotes

cell growth in response to bFGF and epidermal growth

factor (EGF) [70].

The mechanism whereby tenascin-C promotes SMC

proliferation was investigated in cell culture. Experiments

using rat PA SMCs [71], where cell shape was altered by

culturing cells on either attached or floating collagen gels,

revealed an increase in tenascin-C expression when cells

were cultured on attached gels. To offer further support

of the relationship between cell shape and tenascin-C

expression, microarray analysis identified tenascin-C as

a gene upregulated in SMCs exposed to cyclic strain [72].

On attached collagen, deposition of endogenous tenascin-

C is enhanced and acts as a pro-proliferative factor in that

it further increases SMC number in response to bFGF

and is a prerequisite for EGF-dependent SMC prolifera-

tion (Fig. 5.3) [71]. This process involves tenascin-C

induced clustering of �vb3 integrins, which leads to rear-

rangement of actin filaments into focal contacts, and to

concomitant aggregation of growth factor receptors [71].

Specifically, EGF receptors are clustered and when

ligation with EGF occurs, a tyrosine phosphorylation

cascade is set into motion that culminates in a nuclear
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signal associated with cell growth. The collaboration of

tenascin-C with growth factor receptors to induce prolif-

eration has also been reported in other cell types [73–75].

Indeed, in lung biopsy tissue from patients with PAH,

increased expression of tenascin-C co-distributes with

increased immunoreactivity for EGF [69].

5.4.4 The Role of Elastin and Fibulin-5

The continued proteolytic action of elastase is also related

to SMC migration associated with neointimal formation

and occlusive PVD [reviewed in [76]]. The mechanism

involved in this process has been related to expression of

the matrix glycoprotein fibronectin, which is enhanced in

pulmonary artery lesions with evidence of neointimal

formation in patients with PAH [69]. By studying the

ductus arteriosus, a fetal vessel in which abnormally

assembled elastin is associated with the development of

obstructive intimal cushions, Zhu et al. determined that

neointimal formation is mediated by elastin peptides [77].

Further investigation revealed that elastin peptides are

capable of upregulating fibronectin production, not only

in the ductus arteriosus [78], but also in coronary arteries

post-transplantion [76]. In the latter, selective elastase

inhibition with elafin prevented neointimal formation by

suppressing fibronectin-dependent SMC migration [79].

Recently, another elastin-binding protein was identi-

fied. Fibulin-5 (also known as DANCE or EVEC), a

calcium-dependent ECM protein has been shown to loca-

lize to the surface of elastic fibers in vivo where it acts as a

scaffold protein anchoring the elastic fibers to cells [80,

81]. The mechanism involved was related to its role as an

integrin ligand, capable of binding to cell surface integrins

(eg., �vb3, �vb5, and �9b1) through an RGD motif, and

to elastin by its Ca2+-binding EGF-like repeats [82].

Fibulin-5 is expressed abundantly in great vessels and

cardiac valves during embryogenesis and in many adult

tissues that contain elastic fibers. Mechanical injury has

been shown to increase expression of fibulin-5 in vascular

endothelial and SMCs [82, 83] suggesting a regulatory

role for fibulin-5 in vasculogenesis and endothelial cell

function. In fact, deletion of the fibulin-5 gene in mice

produces profound elastinopathy (eg., disorganization of

elastic fibers) in the skin, lung, and vasculature [80, 81].

Fibulin-5, by providing anchorage of the elastic fibers to

cells is thought to facilitate stabilization and organization

of the fibres [81] potentially augmenting their resistance to

degradation.

5.5 Insights into Regression of Pulmonary
Hypertension

5.5.1 Induction of Apoptosis

Based on our knowledge of the pathogenesis of PAH,

attempts to prevent progression or to induce regression

of advanced disease have targeted methods that inhibit

vascular cell proliferation and migration. Apoptosis is a

Fig. 5.3 Schematic model of the regulation and function of tenas-
cin-C and its role in smooth muscle cell proliferation. (A) Vascular
SMCs attach and spread on native type I collagen using b1 integrins.
Under serum-free conditions, the cells withdraw from the cell
cycle and become quiescent. (B) Degradation of native type I col-
lagen by elastase and MMPs leads to exposure of cryptic RGD
(Arg-Gly-Asp) sites that preferentially bind b3 subunit-containing
integrins. In turn, occupancy and activation of b3 integrins signal
the production of tenascin-C. (C) Incorporation of multivalent
tenascin-C protein into the underlying substrate leads to further
aggregation and activation of b3-containing integrins (�vb3), and
to the accumulation of tyrosine-phosphorylated (Tyr-P) signaling
molecules and actin into a focal adhesion complex. The tenascin-C-
dependent reorganization of the cytoskeleton leads to clustering
of EGF receptors (EGFR). (D) Addition of the EGF ligand to
clustered EGFRs results in rapid and substantial tyrosine phos-
phorylation of the EGFR and activation of downstream pathways
culminating in the generation of nuclear signals leading to cell
proliferation. Adapted from [71]
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process of programmed cell death induced by the loss of

cell/matrix interactions that is critical in embryonic devel-

opment and tissue homeostasis [84, 85]. Adhesion of cells

to the matrix predominantly through integrin binding [86]

is necessary for survival of differentiated cells in the car-

diopulmonary system including, but not limited to,

endothelial and SMCs and is also crucial for mesenchy-

mal stem cell differentiation [87]. This adhesion provides

a tensional integrity that mediates cell behavior by

mechanical forces [86], such as sheer stress for endothelial

cells [88] and tensile stress for vascular SMCs [89]. Loss of

this cellular tensional integrity results in apoptosis of

adherent cells and has been related to intracellular and

extracellular-mediated events.

In vascular pathology, apoptosis has been observed

in primary atherosclerotic lesions [90, 91], in restenosis

after percutaneous atherectomy [91], and in saphenous

vein aorto-coronary grafts following occlusion [92]. In

the rat model of balloon catheter vascular injury,

apoptosis of SMCs is integral to neointimal formation

[93]. Following injury, there is a rapid induction of

SMC apoptosis (within 30 min) [94], resulting in a

temporary loss of SMCs [95]. A temporal overlap of

proliferating and apoptotic SMCs is later observed

peaking at 20 days postinjury and ceasing with reen-

dothelialization of the vessel at about 45 days [90, 93, 96].

Low levels of apoptosis, occurring in conjunction with

continued cell proliferation, therefore, are involved in a

chronic remodeling process.

In clinical disease, apoptosis has also been implicated

in atherosclerotic plaque instability [51], thrombus for-

mation [97, 98], induction of unstable angina, and may

increase the risk of acute myocardial infarction [99]. The

ability to control vascular SMC apoptosis, therefore, may

offer tremendous potential to alter the structure and

properties of the vessel wall.

5.5.2 Organ Culture Studies

Studies in PA organ culture have permitted investiga-

tion of the SMC response in the whole vessel in situa-

tions of stress unloading and in response to various

inhibitors. In comparison to cultures on attached col-

lagen gels, floating of cultures resulted in repression of

elastase and tenascin-C expression, leading to SMC

apoptosis, resorption of excess ECM, and regression

of disease [100]. Treatment of hypertensive PAs in

adherent collagen gels with elastase, MMP, or �vb3
integrin inhibitors similarly induced regression of PA

hypertrophy directly.

5.5.3 Intact Animal Studies

Extrapolating the findings from organ culture studies to

the intact rat with experimentally induced PAH has led to

investigations into the potential reversibility of estab-

lished PVD. Transplantation of a hypertensive lung har-

vested from a rat followingmonocrotaline injection into a

normal rat effectively offloaded the pressure in the

affected lung, and resulted in progressive normalization

of medial hypertrophy and extension of muscle into distal

vessels [101]. In a monocrotaline rat model of advanced

PAH, the efficacy of orally available elastase inhibitors

and epidermal growth factor receptor blockers has been

demonstrated by the induction of disease regression [102,

103]. In both studies, survival was associated with SMC

apoptosis in the abnormally muscularized and hypertro-

phied PAs and regression of medial wall thickening

accompanied by PAP normalization.

With a focus on the microcirculation, cell-based gene

therapy was applied successfully in the monocrotaline rat

model. Campbell et al. [104] used cell-based methods of

gene transfer to deliver SMCs transfected with either

NOS or the angiogenic growth factor VEGF, and

found, in both instances, reduced development of mono-

crotaline-induced PAH and attenuation of pulmonary

vascular and RV remodeling.

Statins, the HMG-CoA reductase inhibitors, confer

antiproliferative benefits by suppressing endothelial and

vascular SMC responses to vascular injury in animal

models. Nishimura and colleagues [105, 106] demon-

strated in a monocrotaline rat model that treatment with

simvastatin could reduce RVH and increase SMC apop-

tosis in the neointima and medial walls of PAs. Addition-

ally, statins have been shown to induce upregulation of

eNOS leading to vasodilation [107], and Akt kinase [108],

which may contribute to vessel repair by increasing circu-

lating endothelial progenitor cells.

Future Directions

Despite vast improvements in our knowledge of the

pathophysiology of PAH, it remains a disease where

medical treatment is limited and largely supportive. Pul-

monary hypertension is a multifactorial disease involving

both genetic and environmental factors and elucidating

mechanisms that might protect against progression or

that induce regression of disease may help in the future

development of new treatment strategies. Since oral elas-

tase inhibitors are not currently available, investigation

of alternative strategies (e.g., EGF receptor blockade

and cell-based gene therapy) to induce regression of
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pulmonary vascular remodeling need to be intensively

evaluated. In addition, the search for new biomarkers of

PAH and mechanisms that might protect against suscept-

ibility to PVD need to be pursued and the translation of

these and other emerging therapies to the patient popula-

tion need to be of paramount importance.
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6.1 Introduction

The pulmonary circulation differs considerably from its

systemic counterpart. The delicate pulmonary microvascu-

lature consists mainly of an endothelial monolayer, with

scant support from the matrix, and incomplete muscular-

ization. Under normal circumstances, the pulmonary vas-

cular bed functions as a high-flow, low-impedance system

that must accommodate the entire cardiac output with low

arterial pressures [1]. In patients with pulmonary arterial

hypertension, in contrast, this unique hemodynamic system

is compromised due to vasoconstriction, the narrowing of

arterioles, and the obliteration and remodeling of the pul-

monarymicrovessels leading to a progressive and persistent

elevation in pulmonary arterial pressure [2]. Clinically,

pulmonary arterial hypertension is defined as a sustained

elevation of pulmonary arterial pressure to more than

25 mmHg at rest, or to more than 30 mmHg with exercise

[3]. Despite improvements in symptomatic treatments, no

current therapy can improve the underlying pathological

abnormalities of this devastating condition. As our insight

into the pathogenesis of its primary or idiopathic form

evolves, it is hoped that a better understanding of the

complex molecular pathways that interact to maintain the

homeostatic balance of the pulmonary vascular bed will

lead to the development of innovative new strategies that

may provide clinicians with the ability not only to stabilize,

but also to reverse, the progression of the disease.

6.2 The Precapillary Arterioles: The ‘‘Achilles’
Heel’’ of the Lung Vasculature?

The pathobiology behind the development of pulmonary

arterial hypertension remains elusive. It is widely held to be

instigated by perturbations in the normal relationships

between vasodilators and vasoconstrictors, and inhibitors

of growth and mitogenic factors, which affect endothelial

homeostasis [3]. The primary feature is a striking reduction

in the pulmonary microcirculation, particularly at the level

of the distal arteriolar bed [2]. The precapillary arterioles,

which consist primarily of endothelial cells with and scant

support from the matrix, are little more than endothelial

tubes. Coupled with the paucity in surrounding smooth

muscle cells, the rather fragile, distal pulmonary arteriole

structure makes it susceptible to regression upon exposure

to endothelial stress [4]. Damage to the endothelium at

the level of the precapillary arterioles could then result

in vascular discontinuity, progressively leading to the

exclusion of alveolar–capillary units from the pulmonary

circulation [5]. In the monocrotaline-induced model of

pulmonary hypertension model, the loss of precapillary

arteriolar continuity, in part by apoptosis of the endothelial

cells, precedes the development of hypertension [5]. As

more alveolar–capillary units are excluded from the pul-

monary circulation, the cross-sectional microvascular area

is reduced, and ultimately the pulmonary pressure rises,

with the onset of pulmonary arterial hypertension.

In addition to this loss of pulmonary microvessels, the

pathological features include hypertrophy of the layers of

medial smooth muscle, hypertrophy and fibrosis of the

intima, and occasionally the appearance of plexiform

lesions, which often occur distal to regions of arteriolar

occlusion [1]. Postmortem investigations revealed that

children with pulmonary arterial hypertension had more

pulmonary vascular medial hypertrophy, and less intimal

fibrosis and fewer plexiform lesions, than their adult coun-

terparts [6]. These observations suggest that pulmonary

arterial remodeling may predominate in earlier stages of
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disease, with increased intimal fibrosis and hyperprolifera-

tive plexiform lesions dominating in advanced stages of

disease. An important component of these plexiform

lesions appears to be hyperproliferative endothelial cells,

sometimes monoclonal, that may emerge secondary to

selection pressures created by early loss of endothelial

cells and arteriolar occlusion [7, 8]. Efforts to prevent

proliferation of the endothelial cells in experimental mod-

els of hypoxia-induced pulmonary hypertension by

blocking vascular endothelial growth factor receptor-2

resulted in a paradoxical worsening in pulmonary arterial

remodeling [9]. These detrimental changes were abrogated

with the co-administration of an inhibitor of lung cell

apoptosis, the broad-spectrum caspase inhibitor Z-Asp-

2,6-dichlorobenzoyloxymethylketone, suggesting an

important role for vascular endothelial growth factor in

the maintenance of the surviving endothelial cells [9].

These observations raise the possibility that the abnorm-

alities of the pulmonary vasculature may be secondary to

inheritable or acquired mutations of genes involved in

regulating the survival, proliferation, and differentiation

of vascular cells. Unlocking the molecular processes

behind these complex vascular changes will likely lead to

potential therapeutic targets.

6.3 Genetic Abnormalities in Idiopathic
Pulmonary Arterial Hypertension

New insights into the pathogenesis of pulmonary hyper-

tension have emerged from an examination of the genes

involved in familial pulmonary arterial hypertension. The

familial form accounts for at least 6% of all cases [3].

Germline mutations in the familial form have been

mapped to a single locus on chromosome 2q31–32 [10].

In approximately two-fifths of familial cases, mutations

were found in the open reading frame of the bone mor-

phogenetic protein receptor-2 gene [11–13]. More than 45

different mutations in the gene have been identified, with

some point mutations resulting in a loss of receptor func-

tion, which may have different effects depending on the

cell type involved [14, 15]. It is likely that the mutations

alone are not sufficient for the clinical expression of pul-

monary arterial hypertension, but likely make the indivi-

dual more susceptible to developing the condition [16].

The gene belongs to the transforming growth factor

superfamily of transmembrane serine/threonine kinase

receptors that are expressed ubiquitously by a wide variety

of different cell types, including both pulmonary arterial

smooth muscle and endothelial cells. Signal transduction

by bone morphogenetic proteins involves heterodimeriza-

tion of BMPR2 with the type 1 BMP receptor. Activation

of BMPR1 results in the phosphorylation of downstream

regulatory proteins, Smad (mothers against decapentaple-

gic) proteins (R-Smad: 1, 5, and 8), which then dimerize

with Smad-4 (coSmad). The resulting complex is then

translocated to the nucleus, where it regulates the tran-

scription of target genes containing the Smad-binding

sequences (50-CAGAC-30 and 50-GTCTG-30) in their pro-

moter, among which are genes that control survival and

proliferation of cells [8, 17].

In pulmonary arterial smooth muscle cells isolated

from normal subjects, bone morphogenetic proteins

inhibited the cellular proliferation and induced apoptosis.

These observed effects were reduced in smooth muscle cells

derived from patients with idiopathic pulmonary arterial

hypertension [18, 19]. The antiproliferative and proapop-

totic effects of bone morphogenetic proteins in normal

pulmonary arterial smooth muscle cells could result in the

maintenance of a normal, thin pulmonary vascular wall by

preserving a balance in the ratio of proliferation as com-

pared to apoptosis. In patients with idiopathic pulmonary

arterial hypertension, however, impairment in signaling

could lead to excessive pulmonary arterial muscularization

by reducing apoptosis and promoting growth. In contrast,

bone morphogenetic proteins protect against apoptosis in

both human pulmonary arterial endothelial cells and their

progenitor cells [20], circulating stem cells derived from the

bone marrow which possess the ability to differentiate into

functional and mature endothelial cells [21]. Furthermore,

reducing expression of BMPR2 using a small interfering

RNA significantly increased apoptosis in human pulmon-

ary arterial endothelial cells, supporting the hypothesis that

loss-of-function mutations in BMPR2 could lead to

increased death of pulmonary endothelial cells [20]. Thus,

taken together, the opposite consequences of mutations of

BMPR2 in the two primary vascular cell types may jointly

contribute to the development of pulmonary arterial hyper-

tension. Increased apoptosis of endothelial cells leading to

the loss of distal arteriolar integrity may serve as an initiat-

ing trigger. Subsequently, enhanced pulmonary arteriolar

remodeling may be driven mainly by overly exaggerated

growth of smooth muscle cells, contributing to the full

spectrum of pathology [8].

Heterozygous mice deficient in BMPR2, however,

show only a very mild phenotype, with only a slight

increase in pulmonary arterial pressures [22]. Further-

more, transgenic mice expressing a dominant-negative

BMPR2 gene in smooth muscle cells have more substan-

tial elevations in pulmonary arterial pressures, but do not

develop significant increases in the extent of arteriolar

muscularization [23]. Thus, these findings reinforce the

concept that additional genetic or environmental factors

in addition to BMPR2 mutations are likely required to

develop pulmonary arterial hypertension.
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In addition to the identified mutations in BMPR2,

overexpression of the serotonin transporter 5-HTT has

been found in specimens obtained from patients

with idiopathic pulmonary arterial hypertension [24].

The L-allelic variant of the 5HTT gene appears to be

more prevalent, and is associated with increased expres-

sion of the transporter, leading to increased serotonin-

dependent proliferation of vascular smooth muscle cells

[24].Mutations in another member of the TGF-b receptor
family, Alk-1, which has previously been implicated in

hereditary hemorrhagic telangectasia, have also been

recently linked to pulmonary arterial hypertension [25].

As expression of Alk-1 is largely restricted to the endothe-

lium, this finding provides additional genetic evidence

that abnormalities in endothelial cellular biology serve

as the primary mechanism in the pathogenesis of this

disease. As with mutations in BMPR2, mutations in

Alk-1 are believed to result in growth-promoting Smad

dependent signalling [3]. Since Alk-1 also signals via

Smad 1/5/8, it is likely that genetic mutations in Alk-1

will also predispose individuals to microvascular loss of

pulmonary endothelial cells.

6.4 Endothelial Cellular Apoptosis:
The Initiating Event in Pulmonary
Arterial Hypertension?

The sequence of cellular events behind the complex vas-

cular changes associated with pulmonary hypertension is

not entirely clear. It appears to be initiated by injury to the

endothelial cells (See Fig. 6.1). In the normal lung, the

vascular endothelium is believed to be quiescent. The lung

microvasculature, nonetheless, is exposed directly to the

environment with every breath, by virtue of its proximity

to the distal airways. Thus, it is likely that periodically

there are waves of damage to endothelial cells induced by

exposure to toxins or other dangerous stimuli. Damage to

the pulmonary endothelium subsequently stimulates pro-

liferation, and/or recruitment of endothelial proliferative

cells to mediate vascular repair, restoring the normal

architecture to the pulmonary vasculature. Thus, in

healthy individuals, endothelial function and microvas-

cular structure is maintained by a continuous cycle of

damage and repair to the endothelial cells.

If there is disruption to this delicate balance, the pul-

monary vasculature may sustain permanent damage. Indi-

viduals with genetic mutations in BMPR2 are likely

more susceptible to endothelial injury. In the context of

severe environmental triggers, such as toxins, anorexigens,

hypoxia, shear stress, and infection with the human

immunodeficient virus, the level of endothelial injury sus-

tained may overwhelm endogenous repairing mechanisms,

which themselves may be impaired, andmicrovascular loss

occurs. Specific factors for survival, such as bone morpho-

genetic proteins and possibly angiopoietin-1, may be

essential for the maintenance of endothelial integrity and

survival. Ang-1, a ligand of the endothelial-specific tyro-

sine kinase receptor Tie-2, has been shown to play an

essential role in embryonic vascular development, like

vascular endothelial growth factor, though at a later

stage [26]. Ang-1 induces the activation of Tie-2, stimulat-

ing the Akt/phosphatidylinositol-3 kinase pathway, inhi-

biting apoptosis and functioning to recruit and sustain

periendothelial support cells, allowing the endothelial cells

to stabilize the structure of the vessels, modulate their

function, and maintain microvascular homeostasis [27].

Apoptosis localized to the precapillary arterioles may

lead not only to microvascular obliteration and dropout,

but may also promote endothelial dysfunction, thus pro-

viding another mechanism that could contribute to

abnormal vascular tone and remodeling. Endothelial dys-

function is a broad term that implies diminished produc-

tion or availability of vasodilatormediators, such as nitric

oxide and prostacyclin, and/or an imbalance in the rela-

tive contribution of endothelium-derived relaxing and

contracting factors such as endothelin-1 and thrombox-

ane [28]. An imbalance of vasodilatory and vasoconstric-

tive factors, including an altered ratio of thromboxane

and prostacyclin [29], decreased expression of endothelial

nitric oxide synthase [30], and increased endothelin-1 [31],

have been reported in experimental and human pulmon-

ary hypertension.

Nitric oxide and prostacyclin are both vasodilators with

antiproliferative effects. Nitric oxide is a potent, endogen-

ous, endothelium-derived vasodilator that directly relaxes

vascular smooth muscle. It is produced by the sequential

oxidation of the guanidino group at the N-terminus of

L-arginine, mediated by nitric oxide synthases, of which

eNOS appears to be the dominant form expressed in the

lung [32, 33]. In addition to its vasodilatory properties, it is

also a potent angiogenic agent, playing a critical role in

postnatal angiogenesis [34]. It stimulates endothelial pro-

liferation and migration, and eNOS has been implicated as

a downstream mediator of Vegf in the angiogenic cascade

[35]. Nitric oxide also appears to play a critical role in fetal

lung vascular development, with mice deficient in eNOS

having a phenotype characterized by a marked paucity of

precapillary arterioles that closely resemble alveolar capil-

lary dysplasia in humans [33, 36]. Nitric oxide has been

shown both to inhibit the growth, and to promote apop-

tosis, of vascular smooth muscle cells [37, 38]. Likewise,

prostacyclin or prostaglandin I2, the main product of ara-

chidonic acid in the vascular endothelium, induces
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relaxation of vascular smooth muscle cells by stimulating

the production of cyclic AMP, which inhibits both growth

of the muscle cells and platelet activation [32, 39]. In

pulmonary arterial hypertension, the production of pros-

tacyclin synthase appears to be decreased in the small- and

medium-sized pulmonary arteries [40]. Decreases in both

nitric oxide and prostacyclin, combined with elevations in

endothelin-1, a potent vasoconstrictor which stimulates

the proliferation of pulmonary arterial smooth muscle

cells [41], promote vasoconstriction and hyperplasia of

the muscular cells. Coupled with microvascular dropout

secondary to endothelial apoptosis, these molecular

changes result in increased pulmonary vascular resistance,

remodeling of the pulmonary microvasculature, and the

eventual development and progression of pulmonary

arterial hypertension.

Understanding the molecular pathways contributing

to the vascular changes observed in idiopathic pulmonary

arterial hypertension forms the basis for several of its

current treatments. For example, prostacyclin therapy,

endothelin-receptor antagonists, and phosphodiesterae

type 5 inhibitors, which enhance pulmonary vasodilation

dependent on nitric oxide, have been applied clinically

[32]. Despite these advances, the prognosis remains

poor. Novel therapeutic approaches capable of reversing

vascular structural changes and regenerating pulmonary

microvasculature are needed to restore healthy pulmon-

ary hemodynamics in patients with advanced idiopathic

pulmonary arterial hypertension.

6.5 Gene Therapy Approaches for Pulmonary
Arterial Hypertension

Ideally, a treatment for any disease should result in a cure,

or at the very least halt further progression. Understand-

ing the cellular mechanisms behind development and

Fig. 6.1 The hypothesis relating idiopathic pulmonary arterial
hypertension to apoptosis of endothelial cells. The normal pulmon-
ary vascular endothelium is believed to be quiescent. The lung
microvasculature, nonetheless, is constantly exposed to environ-
mental insults that may lead to injury and death of endothelial
cells (EC). In healthy individuals, the endothelium is repaired by
proliferation of these cells, and likely recruitment of endothelial
progenitor cells (EPC) to maintain the microvascular structure. In
individuals with genetic mutations in BMPR2, however, who are

more susceptible to injury of the endothelial cells, the level of
endothelial damage sustained from environment triggers may over-
whelm the endogenous repairingmechanisms, leading to endothelial
dysfunction, excessive vasoconstriction, smooth muscle cell (SMC)
hyperplasia, and microvascular dropout, which lead to increased
pulmonary vascular resistance (PVR) and pulmonary artery hyper-
tension (PAH). Once microvascular changes occur, plexiform
lesionsmay develop, characterized by hyperproliferative endothelial
cells that appear to be resistant to apoptosis
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identifying the genes involved presents targets for inter-

vention. Genetic therapeutic strategies attempt to deliver

functional copies of genes to tissues that may have non-

functional genes or abnormal levels of a particular gene

product. In pulmonary arterial hypertension, such strate-

gies have primarily focused on improving the vasodila-

tory function of the endothelium, maintaining survival of

the endothelial cells, or promoting an environment that is

more conducive to restoring the normal pulmonary

vasculature.

In order to transfer genes efficiently to the lung vascu-

lature, different vector systems have been employed. One

system entails the use of viral vectors, usually an adeno-

virus, adeno-associated virus, or negative strand RNA

virus, to deliver the therapeutic gene to the target organ.

An immune response develops which may limit subse-

quent treatments, and the cells transfected may not be

the intended targets. Nevertheless, using a hemagglutinat-

ing virus of Japan-liposome method to transfer the gene

for human prostacyclin synthase ameliorated pulmonary

hypertension induced experimentally in rats [42]. The use

of nonviral vectors for lung gene transfer includes delivery

of naked plasmidDNA or liposomal gene transfer agents.

Our group has successfully employed a cell-based gene

transfer method in animal models of pulmonary arterial

hypertension, whereby autologous cells transfected with

the gene of interest are injected back into the subject.

Various cell types have been employed, including smooth

muscle cells, fibroblasts, and most recently, endothelial

proliferative cells. The cells overexpressing the therapeu-

tic gene are injected into the venous circulation and make

their way to the distal pulmonary circulation, being

trapped at the site of disease by the natural filtering

properties of the pulmonary microvasculature. This

approach may offer significant advantages over other

strategies to achieve selective pulmonary vascular cell

gene transfer as endotracheal gene delivery using either

viral or nonviral vectors results predominantly in epithe-

lial overexpression.

Since pulmonary arterial hypertension is characterized

by increased pulmonary vascular resistance secondary to

a decrease in the caliber and number of pulmonary vas-

cular channels, the targeted overexpression of an angio-

genic factor within the lung could potentially prevent the

loss of existing vessels or induce the development of new

vessels. Using a monocrotaline-induced rat model, syn-

geneic smooth muscle cells overexpressing Vegf were

injected into rats simultaneously at the time of endothelial

injury [43]. Four weeks after gene transfer, the plasmid

VEGF transcript was still detectable in the pulmonary

tissue of animals receiving the treatment, suggesting the

survival of the delivered cells and persistent transgene

expression. Also, transfer reduced caspase-3 activation,

a marker of apoptosis, in pulmonary arteriolar endothe-

lium, suggesting it may prevent apoptotic cell loss induced

by endothelial injury. The treated animals had signifi-

cantly decreased right ventricular hypertension and

hypertrophy, compared to controls, suggesting the treat-

ment was effective in inhibiting the development of pul-

monary arterial hypertension. Likewise, delayed transfer

after the development of pulmonary hypertension also

resulted in a significant decrease in the progression of

right ventricular hypertension and hypertrophy [43].

Limiting apoptosis after endothelial injury is the basis

for strategies involving the use of Ang-1 gene transfer.

Smooth muscle cells from rat pulmonary arteries trans-

fected with Ang-1 cDNA were injected into rats treated

with monocrotaline at the time of endothelial injury [5].

Treatment resulted in increased apoptosis, mainly in the

pulmonary microvasculature, reduced eNOS mRNA

expression, and downregulated Tie-2 receptor expression.

The cell-based gene transfer of Ang-1 significantly

reduced right ventricular systolic pressure, as well as the

measurement of right to left ventricular plus septal

weight. These beneficial effects with Ang-1 gene transfer

were accompanied by a significant reduction in apoptosis,

and the restoration of Tie-2 and eNOSmRNA expression

[5]. Similar findings with Ang-1 gene transfer were also

observed in rats with hypoxia-induced pulmonary arterial

hypertension [4].

Endothelial dysfunction, marked by the reduction in

release of nitric oxide from the vascular endothelium,

appears to assume a prominent role in facilitating the

changes observed in idiopathic pulmonary arterial hyper-

tension. Transfer of the cell-based eNOS gene to the

pulmonary microvasculature attenuated the chronic

increase in pulmonary arterial pressures in a monocrota-

line model of pulmonary vascular remodeling [44]. Using

a reversal model, in which gene therapy was delayed until

3 weeks after administration of monocrotaline, at which

point pulmonary arterial hypertension and the associated

vascular remodeling were well developed, delivery of syn-

geneic fibroblasts transfected with eNOS resulted in a

reversal of established hypertension [45]. Cell-based

transfer of the eNOS gene was found to be more effective

than transfer of the Vegf gene. Transfer of eNOS signifi-

cantly reduced right ventricular hypertrophy and systolic

pressure at the 35th compared with the 21st day. Using

fluorescent microangiography, widespread occlusion of

the precapillary arterioles was observed at the 21st day

after treatment. In the animals receiving the eNOS gene,

however, a normal pattern of pulmonary microvascula-

ture and alveolar capillary perfusion were seen on the

35th day, supporting the concept that the reestablishment

of continuity between the pulmonary arterioles and the

capillaries is an important mechanism for improving the
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hemodynamic abnormalities in experimental pulmonary

arterial hypertension. Thus, promoting angiogenesis may

serve as a potential therapeutic mechanism for pulmonary

arterial hypertension.

To further promote therapeutic angiogenesis, endothe-

lial progenitor cells have been utilized as the cell type for

cell-based transfer of genes. Transplantation of such cells

has been shown to inhibit the progression of pulmonary

arterial hypertension induced by monocrotaline in the

models depending on both prevention and reversal [46,

47]. The administration of the cells 3 days after treatment

with monocrotaline nearly completely prevented the

increase in right ventricular systolic pressure seen at

3 weeks with monocrotaline alone, while the injection of

skin fibroblasts had no protective effect [47]. The delayed

administration of progenitor cells 3 weeks after treatment

with monocrotaline prevented further progression of pul-

monary hypertension, albeit that only animals receiving

progenitor cells transduced with human eNOS exhibited

significant reversal of established disease at the 35th day

compared with the 21st day. The mechanism of benefit

appears to involve repair of the damaged lung mediated

by the endothelial progenitor cells, and restoration of

microvasculature structure and function (See Fig. 6.2)

[47]. Thus, gene transfer based on endothelial progenitor

cells provides both the cells required to repair endothelial

damage as well as the overexpression of a therapeutic

gene, such as eNOS, which provides the molecular envir-

onment to further promote angiogenesis, endothelial

function, inhibition of smooth muscle cells, and survival

of endothelial cells. Even though these novel therapeutic

strategies have shown promising results in experimental

animals, the key will be applying these techniques in

patients, and assessing their utility.

6.6 From Bench to Bedside

The Pulmonary Hypertension and Cell Therapy (PHA-

CeT) trial, currently underway at St. Michael’s Hospital,

Toronto, Canada, will assess the tolerability of cell-based

gene therapy in patients with pulmonary arterial hyper-

tension refractory to all standard therapies. Autologous-

circulating endothelial progenitor cells are isolated from

patients, cultured, and transfected with human eNOS via

electroporation. The transfected autologous cells are then

delivered via a Swan-Ganz catheter directly into the right

ventricle. Up to 150� 106 cells are delivered over a period

of 3 days in divided doses, while the patient undergoes

continuous hemodynamic monitoring. Early safety end-

points, assessed prior to discharge from hospital, include

testing for the presence of the transfected plasmid in the

arterial circulation, and noting any hemodynamic

changes or adverse reactions during administration of

cells. Late safety end-points include overall survival,

time to clinical worsening, and changes to pulmonary

function tests, or echocardiography. Though not the pri-

mary goal of this study, efficacy is also assessed with all

Fig. 6.2 Engraftment of endothelial progenitor cells into the lung
microcirculation leads to re-endothelialization of distal arterioles
and improves the appearance of the microvasculature. Progenitor
cells (EPC) transfected with eNOS were injected into rats treated
with monocrotaline. (A) Injected cells (red) were seen to engraft into
the endothelial layer of distal precapillary arterioles as confirmed by
fluorescent microangiography, where lung sections are perfused with
fluorescent microspheres (green) suspended in agarose (green). (B) In
some areas, complete luminal incorporation was observed. (C–F)
Confocal projection images of lung sections perfused with fluorescent
microspheres (green) and counterstained for �-smooth muscle actin
(red). (C)Normal filling of the microvasculature is seen in control rats,
whereas rats treated with monocrotaline showed a marked loss of
microvascular perfusion and widespread precapillary occlusion 35
days after injection, (D) In the reversal model, eNOS-transfected cells
dramatically improved the appearance of the pulmonary microvascu-
lature (F) whereas infusion of cells alone resulted in more modest
increases in perfusion and little noticeable reduction in arteriolar
muscularization. (E) Scale bar 100 mm. Modified from reference #47
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patients undergoing a repeated hemodynamic assessment

3 months after transfer of cells, an assessment of expired

NO as a marker of activity of eNOS, a 6-min walk test,

and a score for quality of life.

6.7 Conclusion

The ideal therapy for pulmonary arterial hypertension will

reverse pathologic remodeling and restore a normal pul-

monary vasculature. Understanding the molecular

mechanisms that mediate the initiation and progression

of the disease will provide directed therapeutic targets.

Limiting the apoptosis of endothelial cells, and the result-

ing microvascular degeneration at the critical precapillary

level, and promoting angiogenesis to reverse the exclusion

of large portions of the pulmonary microvasculature from

the pulmonary circulation will likely guide future thera-

pies. Using endothelial progenitor cells to deliver the eNOS

gene appears to be capable of addressing both these issues,

with this approach being successful in animal models. The

results of the ongoing PHACeT trial will determine if this

therapeutic strategy is safe in the clinical situation, and

hopefully, it will serve as the first step toward developing

a treatment that can halt the progression and reverse the

vascular changes in pulmonary arterial hypertension.
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Imaging Pulmonary Microvascular Flow 7

Christopher K. Macgowan and Andrea Kassner

7.1 Introduction

A common consequence of cardiopulmonary disease is

the disruption and redistribution of blood flow within the

lungs. Chronic increases in pulmonary blood pressure

and flow cause abnormal growth and function of the

pulmonary vascular wall [1–3], and increased pulmonary

vascular resistance [4, 5]. Eventually, irreversible dysfunc-

tion of the lungs and right ventricle can occur, so it is

important to evaluate the function of the pulmonary

vasculature in the early stages of pathological change [6, 7].

Because changes in flow likely precede gross remodeling,

flow measurement may provide early information

about disease progression and response to therapy [8].

Such hemodynamic information is relevant to the

study of many pathologies ranging from pulmonary

hypertension (PH) to chronic thromboembolism [9–11].

Furthermore, most of the hypoxemia and carbon dioxide

retention observed in patients with various pulmonary

diseases are caused by mismatching of ventilation and

perfusion in the lung [12]. Therefore, the accurate estima-

tion of pulmonary perfusion is important to understand

physiology and pathophysiology of the lung.

At the Hospital for Sick Children, we have recently

investigated how normal flow volumes and patterns are

distributed through the main and branch pulmonary

arteries in both normal subjects and those with congenital

heart disease [13, 14]. This chapter introduces the related

topic of perfusion – blood flow in the parenchymal micro-

circulation of the lungs. Because the definition of perfu-

sion varies in the literature, we begin the chapter with a

description of qualitative, semi-quantitative, and quanti-

tative methods to assess pulmonary perfusion. The utility

of different imaging modalities for the measurement of

perfusion is then discussed. The chapter concludes with

an overview of several recent publications pertaining to

perfusion measurement in PH.

7.2 Definitions of Perfusion

The perfusion data obtained using different modalities

can be qualitative (descriptive), semi-quantitative, or

quantitative, depending on how the images are acquired

and analyzed.

A. Qualitative methods include the subjective evaluation

of diagnostic scans, relating the appearance of an image

to a disease. An example of this is the mottled scinti-

graphy pattern obtained from scans of subjects with

PH, indicative of an abnormal flow distribution [15].

B. Semi-quantitative methods do not attempt to measure

absolute perfusion, but instead characterize the pathol-

ogy based on other numerical properties of the ima-

ges (which are often easier to measure). For example,

the time-to-peak (TTP) concentration of contrast agent

may indicate perfusion delays related to embolism.

Although they do not provide values for absolute perfu-

sion, such methods are often more clinically practical

and may be useful for studying relative changes during

therapy.

A common approach is to inject a short bolus of con-

trast agent into the venous system and then acquire time-

resolved images of its passage through the pulmonary

tree. To characterize perfusion, the enhancement curve

in a parenchymal volume-of-interest, CVOI, is fitted using

the following expression for a gamma-variate function:

CVOIðtÞ ¼ A � t� � e�t=�; (7:1)

where A is a constant scaling factor, and � and b define
the shape of the curve [16]. From the fit, the TTP and
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mean transit time (MTT) can be derived using the follow-

ing two expressions:

TTP ¼ � � �; (7:2)

MTT ¼ � � ð�þ 1Þ (7:3)

An example of fitted pulmonary data is presented in

Fig. 7.1. Note that the start and end points of the fitted

data must be specified to define the first-pass of the con-

trast agent and to exclude data affected by recirculation.

Provided the signal-to-noise ratio (SNR) is sufficient, this

analysis can also be performed on a pixel-by-pixel basis

rather than on VOIs, allowing spatial maps of TTP and

MTT to be calculated.

In practice, more simplistic approaches for a semi-

quantitative analysis of contrast-enhanced perfusion MR

imaging data are used. They consist of the calculation of

signal intensity time curves, SNR, and contrast-to-noise

ratios (CNR) using region-of-interest (ROI) analysis of the

signal of the lung tissue.

C. Quantitative methods attempt to measure absolute

blood perfusion in mL/min per gram of tissue and

blood volume in mL. An adult cardiac output of

5 L/min passing through lungs with a typical 2–3 L

volume would create an average local perfusion of

about 1.7–2.5 mL/min mL�1 of tissue.

An important hemodynamic parameter that can be

obtained from contrast-enhanced perfusion is pulmonary

blood volume (PBV). This parameter can be determined

from the ratio of the areas under the parenchymal and

arterial concentration time curves:

PBV ¼
Z

CVOIðtÞdt=
Z

CaðtÞdt; (7:4)

where Ca is the arterial contrast-agent concentration.

Once PBV andMTT are known, parenchymal pulmon-

ary blood flow (PBF) can be estimated using the central

volume theorem [17, 18]. This is defined as follows:

PBF ¼ PBV=MTT (7:5)

Alternatively, a more complex model for perfusion

quantification can be used based on tracer kinetic princi-

ples for nondiffusible (i.e., intravascular) tracers [19, 20].

Using this model, PBF can be determined if the arterial

input function (i.e., the concentration vs. time of the feed-

ing artery) of the contrast agent entering the VOI is known.

For an injection which gives rise to an arterial input func-

tion Ca(t), the concentration of the contrast agent in the

parenchymal VOI is:

CVOIðtÞ ¼ PBF � CaðtÞ �RðtÞ (7:6)

where � denotes a mathematical operation known as

‘‘convolution’’ between the two functions Ca(t) and R(t).

Convolution represents blurring of the arterial input

function as contrast moves into smaller vessels. R(t) is

the residue function, which is the relative amount of con-

trast agent in the VOI in an idealized perfusion experi-

ment, and determines how blurred Ca(t) becomes.

In order to derive PBF from this equation, the impulse

response has to be determined by a process called decon-

volution. A more detailed description on deconvolution

methods is available by Calamante et al. [21].

7.3 Modalities

Perfusion can be measured indirectly using a variety of

noninvasive imaging modalities, including scintigraphy

[22], computed tomography (CT) [23, 24], positron emis-

sion tomography (PET) [25], and magnetic resonance

(MR) imaging [16]. These methods may be based on

projections, single two-dimensional (2D) slices, or fully

resolved two-dimensional (3D) volumes of the lungs.

The strengths and weaknesses of each of these modal-

ities, specifically in the context of pediatric pulmonary

disease, are discussed below.

Fig. 7.1 Gamma-variate fit (red line) to contrast-enhancement
curve (dashed black line). The gray area indicates the bounds of the
data used for fitting. Data were measured in a region of interest in a
time-resolved MR angiogram (white circle in inset image)
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7.3.1 Scintigraphy

For prediction of functional loss, quantitative radionu-

clide pulmonary perfusion scintigraphy is the current

most widely applied clinical tool. A radiolabeled tracer

such as a 99mTc-labeled macroaggregate of albumin is

injected via a peripheral vein. As this agent passes

through the lungs, it becomes lodged in a fraction of

the capillary bed in proportion to tissue perfusion. Ante-

rior and posterior coronal projections of the chest, and

possibly other oblique views, are then acquired using a

gamma camera to record nuclear emissions from this

tracer (Fig. 7.2). Multiple views are acquired to compen-

sate for the greater attenuation of emissions from deeper

tissues.

Scintigraphic images display perfusion irregularities

associated with diffuse small-vessel diseases such as pri-

mary PH [15]. It is also possible to quantify relative

differences in volumetric flow, for example, between left

lung and right, based on the integrated activity over each

lung. However, the relatively low-spatial resolution of the

method (approximately 1–2 cm) results in poor depiction

of focal defects and contributes to the low specificity

of chest scintigraphy [26]. It is also limited by artifacts

from the diaphragm and breast tissue, and overlap due

to projection. As a result, contrast-enhanced CT or MR

pulmonary angiography is often indicated after an incon-

clusive scintigraphy study. Pulmonary scintigraphy

results in relatively low radiation doses of approximately

1 mSv (50 chest X-rays), but this may limit longitudinal

studies in young patients.

7.3.2 Computed Tomography

Early applications of contrast-enhanced CT to the study

of pulmonary perfusion were hindered by slow gantry

rotation speeds and the viscosity of available nondif-

fusible ionic contrast agents [27]. With the introduction

of multidetector CT (MDCT), 64 axial slices spanning

approximately 4 cm can now be acquired on modern

systems in only 0.3 s. This permits whole lung volumes to

be scanned within a 5 s breath-hold, but temporal resolu-

tion remains too low to quantify perfusion throughout the

lungs using these systems. MDCT-based perfusion mea-

surement is therefore restricted to a segment of the lung

pending inevitable increases in detector number or rotation

speed.

Amore advanced but less common form of CT, known

as electron-beam CT (EBCT), achieves higher temporal

resolution by electrically sweeping an electron beam to

generate X-rays from each angle. This removes the hin-

drance of a mechanical gantry and provides single axial

images at a temporal resolution of approximately 0.1 s.

However, only one slice is acquired at a time making this

approach impractical for volumetric studies.

An average chest CT scan deposits between 8 and

12 mSv of dose to a patient. This number could be con-

siderably higher when time-resolved CT angiography is

performed, depending on the duration of data acquisition.

7.3.3 Positron Emission Tomography

This modality involves the injection of a radiopharmaceu-

tical that emits subatomic particles known as positrons.

These particles quickly interact with electrons, and the two

annihilate to produce two high-energy photons traveling in

opposite directions. The photons are detected by the PET

scanner, which can determine their point of origin to recon-

struct 3D maps of tracer distribution.

For pulmonary perfusion studies, a radioactive gas

of low solubility (e.g., 13N2) is dissolved in saline and

injected intravenously over 3–5 s [25]. Volumetric PET

data are then acquired repeatedly for approximately 30 s

while the subject holds their breath. The low solubility of

the gas in blood ensures that most of gas leaves the blood

as it passes through the capillaries of aerated alveoli, and

so the distribution of the gas in these areas is indicative of

regional perfusion.

Signal characteristics are dramatically different in non-

aerated regions of the lung, which will not take up gas.

Signal intensity in these areas will rise and fall as the

Fig. 7.2 Lung perfusion scintigraphy images of a patient with a
Fontan circulation. (a) Lung fields in anterior plane and (b) lung
fields in posterior plane. L: left side; R: right side. True differential
pulmonary blood flow cannot be depicted by lung perfusion scinti-
graphy, as it is influenced by the site of injection. Preferential flow of
radio isotope to the left lung was caused by the geometric orienta-
tion of the Fontan and cavopulmonary pathways
Reproduced with kind permission of Springer Science and Business
Media (Fig. 4, Roman et al. [53])
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first-pass of the agent washes through the pulmonary

system. Perfusion in these regions can then be calculated

using tracer-kinetic theory, described earlier.

Once the subject begins to breath, PET data continue

to be collected and clearance of the gas via the airways can

be imaged to assess ventilation. Aerated but unventilated

portions of the lung will retain gas during breathing, thus

allowing gas trapping to be visualized.

The spatial resolution of PET is determined by several

factors, including the size of the detector and the range

positrons travel before annihilation. The resolution of

modern PET systems is approximately 3 mm, which is

much greater than that of SPECT. The recent production

of combined PET/CT scanners marries the physiologic

information of PET with the high-resolution anatomical

information of CT.

The primary physical limitation of PET imaging is the

creation and delivery of appropriate radiopharmaceuti-

cals. Because the half-life of many PET tracers is rela-

tively short (e.g., the half-life of 13N2 is 9.96 min), a

cyclotron and associated personnel must be part of the

imaging facility. Tracers with long half-lives, such as fluor-

odeoxyglucose (FDG) at 109.8 min, can be produced at

off-site facilities and shared between nearby institutions,

but this restricts PET use to specific physiologic studies.

Furthermore, tracers with short half-lives may be adminis-

tered several times in one examination, whichmay be useful

for monitoring intervention.

7.3.4 Magnetic Resonance Imaging

The use ofMR imaging tomeasure microvascular char-

acteristics has several advantages. MR imaging is wide-

ly available, does not use ionizing radiation, provides

high spatial and temporal resolution and can make use of

well-tolerated exogenous as well as endogenous contrast

agents. In addition, MR perfusion can be combined with

other techniques such as diffusion, spectroscopy, and tissue

relaxometry. This allows the combined longitudinal assess-

ment of tissue perfusion,morphologic features, metabolism,

and function, thus providing a comprehensive understand-

ing of the developing pathophysiologic mechanism.

Perfusion imaging using MR has been accomplished

using two techniques: dynamic contrast-enhanced MR

imaging, which rapidly monitors the lung parenchyma fol-

lowing an IV injection of a paramagnetic contrast agent;

and arterial spin labeling (ASL), which uses magnetically

labeled blood water as a contrast agent. Both methods are

described in detail below.

A. Dynamic contrast-enhanced (DCE) MR imaging: Con-

trast-enhancedperfusionMRimagingusesdynamic ima-

ging of the first-pass of a paramagnetic contrast agent

bolus (typically Gadolinium) through the pulmonary

circulation.Using tracerkinetic principles, hemodynamic

parameters such as transit times, blood volume, and

blood flow can be derived from these data (see Fig. 7.3).

Fig. 7.3 Coronal lung-perfusionmaps obtained using time-resolved contrast-enhancedMR imaging (Anterior: top left; Posterior: bottom right)
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Since the lung is characterized by a very short transit

time (approximately 3–5 s), rapid imaging techniques

are required to capture the peak enhancement of the

lung parenchyma [28]. Therefore, contrast-enhanced

perfusionMR imaging uses ultra-short T1-weighted gra-

dient-echo-pulse sequences [29]. Both 2D and 3D acqui-

sition techniques have been used to track the contrast

agent which should be injected as a bolus at a rate 3ml/s

or faster [29, 30]. The advantage of 2D perfusion MR

imaging is the excellent temporal resolution of less than

1 s per image. This is beneficial with regard to artifact

reduction resulting from patient movement, cardiac, and

respiratory motion, as well as quantitative assessment of

lung perfusion using deconvolution methods [21, 31].

Although 2D perfusion MR imaging often has suffi-

cient in-plane resolution, its limited anatomic coverage

and insufficient spatial resolution in the z-axis are major

disadvantages which restrict its clinical value, for exam-

ple, for the assessment of pulmonary embolism. Hence,

3D MR imaging, which offers improved anatomical cov-

erage, has recently been proposed for the assessment of

regional lung perfusion [30, 32–34].

With the implementation of high-performance gradi-

ent systems and alternative k-space sampling strategies,

such as elliptical k-space sampling, 3D imaging of the

entire pulmonary vascular tree in less than 4 s per volume

is possible [35].When combining this with parallel imaging

strategies, such as simultaneous acquisitions of spatial

harmonics (SMASH) or sensitivity encoding (SENSE)

[36, 37] the temporal resolution can be improved several

fold as recently published by Fink et al. [34] However, a

major drawback of parallel MR imaging is that the time

saving achieved is accompanied by an increase of image

noise, which is crucial with regards to the low signal-to-

noise ratio (SNR) of the lungs. Since the ultimate achiev-

able SNR for parallelMR imaging is closely coupled to the

geometry and sensitivity patterns of the coil arrays, dedi-

cated design of coil arrays with regard to parallel imaging

might overcome this limitation in the future [38, 39].

B. Other contrast agents: Other contrast agents used for

studying lung perfusion include blood pool agents,

hyperpolarized helium, and oxygen. The advantage

of blood pool agents is the higher relaxivity and longer

retention within the intravascular compartment allow-

ing higher spatial resolution of pulmonary angiogra-

phy with equal or even higher vascular contrast [40,

41]. The single injection of a blood pool contrast agent

yielded sufficient SNR and negligible artifact, thus

demonstrating its potential for the acquisition of pul-

monary perfusion and angiographic imaging [42].

Although the routine clinical application of blood

pool contrast agents is still limited, they may soon

play an important role in perfusion MR imaging in

general and in particular of the lung. Recently, blood-

dissolved hyperpolarized 3helium gas was found to be

effective as an intravascular contrast agent in animal

models [43, 44]. Similarly, ventilation of 100% oxygen

has been used to enhance the signal from pulmonary

blood at the site absorption.

C. Arterial Spin Labeling (ASL): Arterial spin labeling

(ASL) is a general term for techniques which use blood

water as an endogenous, freely diffusible contrast agent

to detect signal changes due to perfusion. By applying

an appropriate series of radiofrequency (RF) pulses,

water protons in arterial blood can be magnetically

labeled before entering the lung parenchyma. In gen-

eral, a flow-insensitive and a flow-sensitive image are

acquired, which are then subtracted from one another.

The key difference of the two images is that for one of

them the magnetization of the arterial blood is fully

relaxed, while for the other it is inverted. The difference

image is thus proportional to the amount of arterial in-

flow, and thus proportional to perfusion.

The major problem in applying this extremely promis-

ing technique to human studies is that the observed signal

difference is very small, no more than 1–2%, even at high

fields. At 1.5 T, signal-to-noise ratio must be very large,

image quantitation must be extremely precise, and instru-

mental hardware must be very stable to measure perfu-

sion. Furthermore, blood labeling may partially vanish

during the imaging process. This technique has only been

used in animal experiments or normal subjects, not in

experiments using human subjects with lung disease.

Therefore, the significance of this technique in the clinical

setting must still be determined.

Nevertheless, several techniques have been developed

for this purpose, all belonging to one of two distinct

categories: continuous (CASL) or pulsed (PASL) arterial

spin labeling. However, application of these techniques to

the lung is difficult, as the data must be acquired within a

breath-hold.

7.3.5 Continuous Arterial Spin Labeling(CASL)

This method was the first ASL method for MR perfusion

imaging. It is based on the steady-state magnetic labeling

of arterial flow to an organ [45]. The measurable changes

in the steady-state magnetization can be used to calculate

tissue-specific perfusion. For every voxel in the image

PBF can be expressed as:

PBF ¼ �=T1app � ðMcont �MinvÞ=2 �Mcount (7:7)
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where � is the blood–lung partition coefficient (a ratio

quantifying the distribution of tissue water between extra-

and intravascular compartments), T1app is the apparent

longitudinal relaxation rate (the T1 value as altered by the

labeled blood water), Mcont is the longitudinal magnetiza-

tion per gram of lung tissue (i.e., signal intensity) for a

control image obtained without spin inversion, and Minv

is themagnetization for an image obtainedwith inversion.

Thus the CASL technique allows PBF to be calculated

from a set of three separately acquired images: (1) a spin

inverted or tagged image, (2) a control image acquired

without spin labeling, and (3) a T1 image. To overcome

the need for breath-holding, the respiratory-triggered 3D

implementation of this technique has been used to depict

regional pulmonary perfusion in healthy subjects [46].

The perfusion deficit in pulmonary arterial occlusion in

a pig model has also been demonstrated using this tech-

nique [47]. Although steady-state ASL techniques theore-

tically produce larger signal changes compared to PASL,

magnetization-transfer and transit-time delays cause sig-

nal loss. Furthermore, the specific absorption rate is a

concern, especially when imaging at higher field strength

(3T and above).

7.3.6 Pulsed Arterial Spin Labeling (PASL)

PASL is amore diverse set of techniques than CASL, with

several different variations in use such as, for example,

EPISTARorFAIR.LikeCASL, PASL techniques involve

the subtraction of two images: one a spin-labeled or tagged

image acquired after putting arterial blood water and lung

tissue into different magnetization states (flow-sensitive),

the other a control image acquired with blood and tissue

water in identical states (flow-insensitive).

The major difference between PASL and CASL, as

well as between the various PASL techniques, is in the

method by which arterial blood water and lung tissue are

put into differing magnetization states prior to acquiring

the tagged image. For example, in the EPISTAR (echo-

planar imaging and signal targeting with alternating RF)

technique, a slice-selective RF pulse pre-saturates the

imaging slice just prior to labeling, and a single RF inver-

sion pulse labels the arterial spins in a proximal slab [48].

In the FAIR (flow-sensitive alternating inversion recov-

ery) technique, the roles of inverted and noninverted spins

are reversed, that is, to acquire the tagged image, the

imaging slice is subjected to a slice-selective inversion

pulse and relaxed arterial spins are allowed to flow into

the slice, whereas the control image is acquired after a

global inversion pulse inverts the spins of both blood and

tissue water [49, 50].

Instead of EPISTAR, Hatabu et al. used a fast gradi-

ent-echo [51] or single-shot half-Fourier turbo spin-echo

(HASTE) pulse sequence [52] to acquire perfusion images

of lung tissue. Two sets of images are acquired during

each breath-holding period. In order to invert the magne-

tization of blood within those structures in only one set of

images, an RF pulse is applied to the right ventricle and

main pulmonary artery. The subtraction of the two ima-

ges results in the perfusion image. However, both meth-

ods suffer from magnetic susceptibility artifacts. Recently,

FAIR with extra radiofrequency pulse (FAIRER), another

pulsed ASL technique, was introduced by Mai and Berr

(1999). This technique is a modification of the FAIR tech-

nique and provides high-resolution perfusion images of the

pulmonary parenchyma with negligible artifacts.

The equations for calculating PBF vary with the techni-

que, but they typically assume a signal intensity difference

between tagged and control images, which is a function of

many variables, some measured during the scan and some

assumed from empirical data. These variables include M0

(the longitudinal magnetization at equilibrium), TI (the

inversion time), T1app (the apparent T1 of lung tissue in

the presence of labeled blood water), T1blood (the T1 of

arterial blood), � (lung-blood partition coefficient), � (the

degree of spin inversion), and � (the arterial transit time).

As in CASL, the equation relating the difference signal to

PBF is solved for every voxel to generate a quantitative

PBF map.

7.4 Quantitative Perfusion Measurement
in PH – Recent Literature

Qualitative imaging of gross perfusion defects has been

possible for decades, and remains important today for the

detection of pulmonary thromboembolism and other

pathologies. However, improvements to 3D time-resolved

imaging now permit quantitative perfusion measurement

throughout the lungs at high-spatial resolution. This has

broadened the applications of pulmonary perfusion mea-

surement to pathologies associatedwithmore subtle perfu-

sion changes, including PH [8, 53–56].

Only a handful of recent publications have explored

the capabilities of time-resolved CT angiography andMR

angiography to study PH.

Jones et al. showed that large-scale gravity-dependent

changes in perfusion could be detected using EBCT [56].

However, they also showed that perfusion differences

between adjacent parenchyma were too large to be attrib-

uted to gravity alone. This supported previous animal

work using high-spatial-resolutionmicrospheres that sug-

gested pulmonary branching is a major determinant of

62 C.K. Macgowan and A. Kassner



perfusion heterogeneity [57]. The group then showed that

supine subjects with PH had no significant gravity depen-

dence in perfusion. These findings are in agreement with

perfusion scintigraphy studies by Horn et al. which, after

correcting for lung volume based on xenon-133 equili-

brium ventilation scans, found reduced gravity depen-

dence in subjects with PH [58].

Ohno et al. instead used rapidMR imaging to quantify

the spatial distribution of perfusion in both normal sub-

jects and those with PH related to chronic pulmonary

thromboembolism (CPTE), chronic obstructive pulmonary

disease (COPD), and primary pulmonary hypertension

(PPH) [55]. Regions of pathology in the CPTE subjects

were visible in theMR images and possessed a significant

decrease in PBF and PBV compared with normal sub-

jects. TheMTT in these segments was significantly larger.

Similarly, PBF and PVB were significantly reduced in

subjects with COPD, but the MTT was also shorter. In

PPH, a decrease in PBF was measured, but no significant

difference in PBV was detected relative to the normal

population.

7.5 Conclusion

This chapter described several exciting new methods for

the noninvasive measurement of pulmonary perfusion.

The recent improvements in both the temporal and spatial

resolutions of these methods will allow 3D imaging of per-

fusion in a variety of pediatric pathologies. At the same

time, more robust mathematical algorithms are being devel-

oped to calculate perfusion. The combination of imaging

technology, new contrast-agents, and improved analysis

tools sets the stage for direct application of perfusion mea-

surement to pediatric pulmonary disease. Themethods hold

promise for detecting early therapeutic changes and may

one day help to guide therapy.
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Functional Evaluation of Pulmonary Circulation:
With Special Emphasis on Magnetic Resonance
Imaging

8

Shi-Joon Yoo and Lars Grosse-Wortmann

Complete assessment of the pulmonary circulation should

include not only the anatomy of the pulmonary arteries

and veins but also the functional and hemodynamic con-

sequences of the pathology. The available tools for the

pulmonary vascular assessment include: catheterization

with x-ray angiography, echocardiography, magnetic reso-

nance (MR), computed tomography (CT), and radioiso-

tope scintigraphy. As each has its own advantages and

disadvantages, proper selection of a diagnostic tool or

tools should be tailored to the specific purpose of the

study in a given patient. Utilization of the imaging

resources for anatomical depiction of the pulmonary

arteries and veins has well been described in the literature.

This chapter discusses the functional and hemodynamic

assessment of the pulmonary circulation with particular

emphasis on utilization of MR and how we perform func-

tional and hemodynamic evaluation of the pulmonary

circulation in a few selected clinical situations.

8.1 Overview

The functional and hemodynamic aspects of pulmonary

circulation include: (1) flow velocities, volumes, and pat-

terns, (2) blood pressures and vascular resistance, (3) oxy-

gen saturation, (4) pulmonary perfusion, and (5) secondary

changes in right and left ventricular anatomy and function.

8.1.1 Flow Velocities, Volumes, and Patterns

The blood flow velocities of the pulmonary arteries and

veins can be evaluated by using either ultrasoundDoppler

technique or phase-contrast MR imaging [1–4]. The for-

mer technique utilizes the shift of the sound frequency,

while the latter utilizes the shift of the magnetic axis of the

nuclei on exposure to a magnetic gradient for calculation

of the blood-flow velocity. For accurate estimation of

blood-flow velocities, the imaging plane should be aligned

as parallel as possible with the flow direction in ultra-

sound Doppler technique, while the plane should be as

perpendicular as possible to the flow direction in MR

phase-contrast imaging. Therefore, ultrasound Doppler

provides the velocity data for only a part of the flow

stream where the sample volume is placed in the vessel,

while MR phase-contrast imaging provides the velocity

data for the whole cross-section of the vessel. As a con-

sequence, ultrasound Doppler technique has significant

limitation in depicting the whole spectrum of velocity

profile across the vessel and accurate flow-volume calcu-

lation is limited. On the contrary, MR phase-contrast

imaging provides both the velocity profile across the ves-

sel and the cross-sectional area simultaneously at each

time point of data sample, allowing accurate calculation

of the flow volume through the target vessel. The other

major disadvantage of ultrasound is the need for a proper

sonic window to the target vessel, which not only limits

parallel alignment of the sonic beam with the flow direc-

tion but also disallows approach to the pulmonary vessels

behind the bones or within the lungs. However, MR

imaging is not significantly influenced by the vessel loca-

tion and alignment. The major disadvantage of the MR

phase-contrast imaging is its relatively low spatial and

temporal resolutions as compared to ultrasound Doppler

technique. Although high-spatial resolution MR imaging

is possible, it not only increases the scan time but also

reduces the signal-to-noise ratio. In most currently avail-

able scanners, accurate flow data are obtainable for the

vessels > 3 mm in diameter. Although maximum achiev-

able temporal resolution with the current MR technology

can be as low as 10 ms, it takes several minutes to achieve
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high temporal and spatial resolutions, even with a new fast

data-acquisitionmethod called parallel imaging technique

[5]. Therefore, a compromise between the temporal reso-

lution and scanning time is inevitable when multiple ves-

sels are to be investigated. When the data are acquired

with lower temporal resolution, the peak-flow velocity

is underestimated and high-frequency peaks are not

clearly shown, while the accuracy of the flow volumes

is less significantly affected. Although cardiac catheteriza-

tion is regarded as the gold standard tool for hemody-

namic evaluation, calculation of the pulmonary blood

flow volumes using Fick principle at catheterization is

associated with a number of potential errors [6]. Catheter-

ization is only needed when the pulmonary vascular pres-

sures are to be measured and the vascular resistance cal-

culated or when catheter intervention is indicated.

8.1.2 Blood Pressure and Resistance

Currently, measurement of the pulmonary vascular pres-

sure and resistance requires catheterization. The pulmonary

arterial pressure can be estimated with Doppler echocar-

diography or MR phase-contrast imaging only when there

is tricuspid and pulmonary regurgitation by using Bernoul-

li’s equation. Therefore, great reliance has been placed on

catheterization data in deciding treatment plan, especially

when the patient has or is at risk of pulmonary hyperten-

sion. Calculation of pulmonary vascular resistance requires

accurate measurement of pulmonary arterial pressure and

flow volume. Although the pressure is directly measured by

using a manometer, the flow volume is calculated by using

the Fick principle [6]. As the Fick principle requires mea-

surement of multiple parameters and introduces assump-

tions, a certain degree of inaccuracy is inevitable in measur-

ing the pulmonary blood flow, and, consequently, in

calculating the vascular resistance. Recent introduction of

the combined MR and catheterization unit allows simulta-

neous measurement of the blood pressure through a cathe-

ter and the blood flow volume by MR phase-contrast ima-

ging [7]. As MR phase-contrast imaging measures flow

directly without relying on assumptions, the combined

MR and catheterization method is considered to be the

most accurate for invasive measurement of the vascular

resistance.

8.1.3 Oxygen Saturation

The blood-oxygen saturation is routinely measured by

blood sampling during catheterization. MRI oximetry,

which is now available, is based on the mathematical

relationship between the T2 relaxation time of blood

and the%HbO2 [8]. This relationship can be expressed

by the equation: 1/T2¼ 1/T2O+K{(1 -%O2)/100}
2,

where T2O is the T2 signal decay of fully oxygenated

blood and K is a constant. Thus, the%HbO2 can be

estimated by a T2 weighted imaging sequence after a

calibration to determine the T2O and K in the subject.

Recent studies found that both T2O and the constant K

can be estimated if the patient’s hematocrit and fibrino-

gen concentrations are known [9]. Nield et al. showed that

the oxygen saturation measurements using MR strongly

correlated with the measurements at cardiac catheteriza-

tion (r=0.825, p< 0.001) [9]. MRI oximetry can be

applied to detect intra- or extracardiac shunts, such as

pulmonary arteriovenous fistulous communications.

Although this method is presently limited to dedicated

centers, it is expected to become more prevalent with a

general trend for avoiding cardiac catheterization.

8.1.4 Pulmonary Perfusion

Scinitigraphy with intravenous administration of radiola-

beled macro-aggregated serum albumin or red blood cells

is the most widely used technique for the assessment of

pulmonary thromboembolism and blood flow distribu-

tion in the lungs [10]. The spatial resolution of scintigra-

phy, however, is inferior to that of CT and MR imaging.

MR imaging offers a noninvasive assessment of pulmon-

ary perfusion without radiation. Two general types of

MR techniques have been introduced for this purpose,

one with and the other without using contrast medium

[11]. The most commonly adopted noncontrast technique

is the arterial spin labeling sequence in which the nuclei in

the pulmonary arteries are tagged and their movements to

the lung parenchyma are traced [12]. Although this tech-

nique is very useful in the evaluation of the cerebral blood

flow, its use in the evaluation of pulmonary perfusion is

limited because of poor signal-to-noise ratio and strong

artifacts from air in the lungs. Also used is a subtraction

technique in which the lung perfusion is correlated with

the signal difference between the systolic and diastolic

images obtained by fast spin-echo technique [13]. Con-

trast-enhanced technique traces the bolus of gadolinium-

based contrast agent in the pulmonary vasculature and

the lung parenchyma [14]. It provides the highest tem-

poral and spatial resolutions among all perfusion imaging

techniques. Recent introduction of fast-imaging techni-

ques such as parallel imaging and under-sampling algo-

rithm allows time-resolved image acquisition in an interval

of <150 ms for 2D images or 1–3 s for 3D images. Both
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noncontrast and contrast techniques may be used for

quantitative assessment of the regional blood flow and

mean transit time, although the accuracies should further

be improved. Electron-beam or multidetector CT with a

rapid bolus injection of contrast medium is also a promis-

ing technique for evaluation of the regional lung perfusion,

albeit its use is limited in children by the use of ionizing

radiation [15]. Positron emission tomography (PET) with

bolus infusion of 13N2-saline has also been used to study

pulmonary perfusion and ventilation [16] but its use in

children has not yet been reported.

8.1.5 Secondary Changes in Right and Left
Ventricular Function

Pulmonary vascular abnormalities result in altered hemo-

dynamics and anatomy of the right heart and systemic

veins and, ultimately, in left ventricular functional

impairment. Although ventricular function can be

assessed by echocardiography, radioisotope scintigraphy,

and catheterization with angiography, MR is regarded

as the gold standard method. It does not make any

geometric assumption for the calculation of ventricular

volumes and ejection fraction and it images the complete

right ventricle in every patient without the using ionizing

radiation.

8.2 Clinical Applications

8.2.1 Pulmonary Arterial or Venous Stenosis

Echocardiography is able to visualize only the pulmonary

arteries and veins within the mediastinum. Contrast-

enhanced CT or MR angiography is best suited for ana-

tomical assessment of the obstructive lesions of the

pulmonary arteries and veins. As the scanning time for

multidetector CT angiography takes only a few seconds,

sedation or general anesthesia can be avoided in most

cases, unlike in MR where it is needed for younger and

uncooperative children. Whenever the hemodynamic

significance of an obstructive lesion is in question, MR

is preferable over CT [17, 18]. The hemodynamic impor-

tance of the pulmonary arterial or venous stenosis can be

evaluated by measuring the velocity across the stenosis

with MR-velocity mapping or Doppler echocardiogra-

phy. The pressure gradient is estimated using Bernoulli’s

equation. However, the pressure gradient does not neces-

sarily represent the severity of stenosis, because the blood

flow is redistributed to the unaffected lung region and the

stenotic artery or vein carries a reduced amount of blood

flow. MR is able to detect redistribution of blood flow

between the right and the left lung as well as within the

same lung. When there is significant pulmonary vein ste-

nosis, the pulmonary arteries supplying the affected lung

show reduced systolic forward flow and reversed diastolic

flow, while the pulmonary artery supplying the unaffected

lung show increased systolic forward flow and continuous

diastolic forward flow (Fig. 8.1) [19, 20]. The ratio of the

blood-flow volumes between the right and left lungs is a

simple but valuable parameter of the pathologic status

when the disease is unilateral or the pathology of one lung

is worse than that of the other. In addition, pulmonary

arterial blood flow pattern may show the typical signs

of pulmonary hypertension when pulmonary vein steno-

sis is severe. The lung region that is drained by the stenotic

pulmonary vein may show a perfusion defect in time-

resolved MR angiography [21] Rarely, the lung affected

by severe pulmonary vein stenosis may recruit the sys-

temic arterial collaterals. As the collateral systemic

arterial blood to the pulmonary artery cannot be drained

through the pulmonary vein, the collateral blood flow

refluxes into the central pulmonary artery to eventually

flow into the unaffected lung. Catheterization with angio-

graphy is performed only when a catheter intervention is

indicated.

8.2.2 Congenital Heart Diseases with
Left-to-Right Shunt

When there is congenital heart disease, the amount and

direction of shunting, the ratio between the pulmonary

and systemic blood flow volumes (Qp/Qs), pulmonary

arterial blood pressure, and pulmonary vascular resis-

tance are important hemodynamic parameters for deter-

mination of the surgical approach as well as patient’s

prognosis. Catheterization is the only tool for direct mea-

surement of pulmonary arterial pressure and calculation

of vascular resistance. Qp/Qs can be measured by first-

pass radionuclide angiography or MR phase-contrast

velocity mapping as well as catheterization. As compared

to radionuclide technique, MR velocity mapping pro-

vides more accurate Qp/Qs data with low interobserver

variability and is not limited by other factors such as

valvular regurgitation and slow circulation [22, 23].

Qp is generally measured by sampling the branch pulmon-

ary arteries or the main pulmonary artery. Qp also can

be measured by sampling the pulmonary venous return,

especially when there is extracardiac shunt. Qs is the
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blood flow through the ascending aorta when there is no

extracardiac shunt. When there is extracardiac shunt,

Qs can be measured by sampling the superior and inferior

venae cavae. MR velocity mapping of the pulmonary

arteries provides additional information about pulmon-

ary hypertension, which is characterized by distinct

changes in flow curve pattern that will be discussed later

in this chapter. MR velocity mapping can be repeated

after administration of pulmonary vasodilator such as

oxygen, nitrogen or sildenafil to assess the pulmonary

vascular reactivity. Catheterization is performed only

when the pulmonary hypertension is considered severe

or when the defect can be closed by catheter intervention.

Simultaneous measurement of pulmonary arterial pres-

sure and blood flow volume at a combined MR and

catheterization unit will likely advance as the most accu-

rate method for the hemodynamic study of the left-to-

right shunt [7].

8.2.3 Aortopulmonary Collateral Circulation

The anatomy of the major aortopulmonary collateral

arteries in patients with pulmonary atresia and ventricu-

lar septal defect can be assessed with either CT or MR

angiography. In MR, the pulmonary blood flow volumes

supplied by the major aortopulmonary collateral arteries

can be estimated by measuring the pulmonary venous

return. Total pulmonary blood flow can also be calcu-

lated by subtracting the amount of systemic venous return

from the blood flow through the ascending aorta.

Systemic-to-pulmonary arterial collaterals often deve-

lop after bidirectional cavopulmonary anastomosis or

Fontan or modified Fontan operation. As the systemic-

to-pulmonary collaterals are inefficient recirculation

pathways, compete with the systemic venous return to

the pulmonary circulation and increase the ventricular

volume load, larger collaterals are occluded with coil

(a) (b)

Fig. 8.1 Recurrent stenosis of the left pulmonary veins in a 18-
month-old girl who underwent surgery for congenital stenosis at
10months of age.A. Contrast-enhancedMRangiograms show tight
stenosis of the left upper pulmonary vein (LUPV) and less severe
narrowing of the left lower pulmonary vein (LLPV). The left pul-
monary artery (LPA) is much smaller than the right pulmonary
artery (RPA) due to redistribution of blood flow. B. Time–volume
curves of the pulmonary veins (upper panel) and pulmonary arteries
(lower panel) obtained from phase-contrast MR imaging. The flow
data of the left lower pulmonary vein was obtained from the

upstream of the stenosis. The flow curve of the left lower pulmonary
vein shows markedly reduced flow velocity and loss of phasic
changes. There is severe redistribution of the blood flow to the
right pulmonary artery. The left pulmonary arterial flow curve
shows reduced systolic forward flow and reversed flow in diastole.
Note the continuous forward flow in the right pulmonary artery.
LA¼ left atrium, MPA¼main pulmonary artery, RLPV¼ right
lower pulmonary vein, RUPV¼ right upper pulmonary vein. (Rep-
rinted from Reference with permission[20].)
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embolization. However, this procedure has been per-

formed without any quantitative criteria. Theoretically,

the amount of systemic-to-pulmonary arterial collateral

circulation is the difference between the pulmonary

venous and arterial blood flow volumes, although normal

bronchial circulation may contribute a small amount to

the difference. MR velocity mapping can then be used

to quantify the systemic-to-pulmonary arterial collateral

blood flow volume by measuring the blood flow volumes

of the branch pulmonary arteries and individual pulmon-

ary veins [24].

8.2.4 Pulmonary Hypertension

Catheterization is the ultimate diagnostic tool for pulmon-

ary hypertension. Yet, the patients with pulmonary hyper-

tension are usually critically ill and have a limited reserve

capacity to tolerate any physiologic or hemodynamic

changes that can be induced in the catheterization labora-

tory. Therefore, noninvasive diagnostic approaches are

advised. CT angiography has become the standard ima-

ging method for the evaluation of pulmonary embolism

[25]. Both echocardiography and MR can be used for the

evaluation of pulmonary hypertension of nonembolic

origin. MR approaches to the evaluation of pulmonary

hypertension include: first, measurement of the pulmon-

ary arterial size; second, quantitative and qualitative

evaluation of the pulmonary arterial flow; and third, mea-

surement of the right ventricular volume, ejection fraction,

and myocardial mass. A simple measurement of the pul-

monary arterial size is a good screening tool for patients

with significant chronic pulmonary hypertension. Murray

et al. showed strong correlation between the mean pul-

monary arterial pressure (PAP) and the ratio of the

diameters of the main pulmonary artery (MPA) and des-

cending aorta (AO): mean PAP¼ 24 � MPA/AO + 3.7

(r¼ 0.7, p < 0.01) [26]. MR phase-contrast imaging

provides direct information regarding blood flow in the

pulmonary circulation. The findings in patients with pul-

monary hypertension include: inhomogeneous flow

profile, early systolic peak with diminished peak systolic

velocity, diminished acceleration time and acceleration

volume, a second peak in mid-systole, early decline of

systolic velocity, and greater retrograde flow after middle

or late systole (Fig. 8.2) [27–29]. The pathophysiology of

these findings is not altogether understood, but they are

Fig. 8.2 Pulmonary hypertension and desaturation in the lower
limbs in a 10-year-old boy. A. Time-resolved contrast enhanced
MR angiograms show that the abdominal aorta opacifies earlier
than the thoracic aorta (refer to the frames 4 and 6). The early
opacification of the abdominal aorta is through the aberrant chan-
nel (arrow in frame 4) connecting the pulmonary and systemic
arterial circulation. It is speculated that the aberrant channel is an

acquired decompressing channel of the hypertensive pulmonary
circulation. B. Time–velocity curves obtained from phase-contrast
imaging of the right and left pulmonary arteries. The left pulmonary
arterial flow curve shows an earlier systolic peak and earlier cessa-
tion of the systolic forward flow as compared to the right pulmonary
arterial flow curve. The difference suggests that the pulmonary
resistance is higher than the systemic resistance
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the results of not only changes in resistance, impedance,

and compliance of the peripheral vascular bed but also an

abnormal capacitance and shape of the pulmonary

arteries in pulmonary hypertension. It is possible to trace

simultaneously the changes in flow velocity/volume and

cross-sectional area of the pulmonary artery, enhancing

our understanding of the interplay between blood flow

and arterial wall properties [30]. Laffon et al. [30] sug-

gested that mean pulmonary arterial pressure can be esti-

mated by calculating the pressure-wave velocity from

MR data. MR findings of right heart changes secondary

to pulmonary hypertension include: right ventricular

enlargement with hypertrophy, enlargement of the right

atrium and inferior vena cava, abnormal ventricular septal

motion with leftward bowing in early diastole, diminished

right ventricular ejection fraction, and tricuspid regurgita-

tion [31, 32].

8.2.5 Pulmonary Regurgitation

Pulmonary regurgitation is an unavoidable conse-

quence of surgery for tetralogy of Fallot. As it causes

right ventricular dysfunction with exercise intolerance,

arrhythmia, and sudden death, quantification of pul-

monary regurgitation and timely surgical intervention

is very important. Pulmonary regurgitation can best be

quantified by using MR phase-contrast imaging of the

main pulmonary artery [33]. Kang et al. [34] showed

that the degree of flow reversal is greater in the left

than in the right pulmonary artery in the majority of

cases after repair of tetralogy of Fallot. They also

showed that decreased net blood flow to the left lung

in these patients was due mostly to increased regurgita-

tion rather than to decreased systolic forward flow.

Subsequently, we have seen a similar phenomenon

after the repair of truncus arteriosus and pulmonary

atresia with intact ventricular septum, and after arterial

switch operation for complete transposition of the great

arteries. Roest et al. [35] utilized an MR-compatible

bicycle ergometer to assess the responses of pulmonary

regurgitation and biventricular function in patients

who underwent tetralogy repair. Their study showed

decreased pulmonary regurgitation during exercise as

well as abnormal response of right ventricular function

to exercise. They correlated this phenomenon with an

increase in right ventricular end-diastolic pressure sec-

ondary to the right ventricular diastolic dysfunction.

They suggested that exercise MR may allow detection

of early right ventricular dysfunction in patients with

normal right ventricular function at rest.
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Transcatheter Intervention on the Central
Pulmonary Arteries—Current Techniques
and Outcomes

9

Kyong-Jin Lee

9.1 Introduction

The spectrum of obstruction of the pulmonary arterial

vascular bed ranges from discrete isolated stenosis of

the central branch pulmonary artery to multiple lesions

affecting peripheral intralobar branches. It may be con-

genital or acquired (Table 9.1). Difficulties with surgical

management of pulmonary artery stenosis have shifted

responsibility to a balloon-catheter-based approach [1–4].

This chapter (1) provides an overview of the current

catheter-based techniques of increasing pulmonary vessel

size, (2) describes application of these techniques in spe-

cific settings of congenital heart disease, and (3) discusses

the impact of pulmonary artery intervention on right

heart hemodynamics.

9.1.1 Technical Aspects and Results
of Catheter-Based Intervention
of Pulmonary Arteries

The histology of congenital pulmonary artery stenosis

ranges from normal to significant hyperplasia of the

intima and/or media with altered proportions of smooth

muscle, elastin, and collagen [5]. Stenosis in the post-

operative setting may include mural and perivascular

fibrosis [5]. Effective balloon angioplasty involves a long-

itudinal or oblique tearing of all of the vascular intima

and ideally a portion of the media [5–7]. This gap is

eventually filled with organization of the intramural

hemorrhage and ultimately scar formation (collagen

and elastin fibers) enabling the vessel to heal at a larger

diameter. Re-endothelialization is usually complete by

2 months after angioplasty [6]. Areas of mural thinning

may predispose for aneurysm formation [8].

General consensus regarding indications for pulmon-

ary artery intervention are outlined in Table 9.2 [9–11].

Successful dilation is defined as an increase in vessel

diameter greater than or equal to 150%, increase in lung

perfusion of greater than 20% to the affected lung,

decrease in ratio of the right ventricular to aortic pressures

greater than 20%, and a decrease in the pressure gradient

across the obstructive segment [3, 10, 12–18]. Current mar-

kers of successful pulmonary artery intervention are insuf-

ficiently comprehensive. Two-dimensional (2D) diameters

fail to represent three-dimensional (3D) vessel volumes, the

majority of perfusion studies fail to quantitate segmental

Table 9.1 Causes of pulmonary artery obstruction

Congenital Acquired

Ductal constriction Postoperative for:

Arterial switch operation for
transposition of great arteries

Central or Blalock–Taussig shunt

Pulmonary artery banding

Reimplantation of pulmonary artery
(e.g., truncus arteriosus,
aortopulmonary collaterals)

Pulmonary arterioplasty

Tetralogy of Fallot Fibrosing mediastinitis

Pulmonary atresia/
VSD/MAPCAs

Mediastinal tumors

Alagille syndrome

Williams–Beuren
syndrome

Noonan syndrome

Congenital rubella
syndrome

Cutix laxa

Ehlers–Danlos
syndrome

Silver syndrome

Takayasu’s arteritis

K.-J. Lee (*)
Department of Paediatrics, Hospital for Sick Children, Toronto,
ON, Canada
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flows, and ultimately, analyses of quantitative changes in

diffusing lung capacity and reduction of right ventricular

pressure load effect are lacking. However, such criteria do

allow for consistency of reporting.

9.1.2 Pulmonary Balloon Aangioplasty—
Standard and High Pressure

Balloon dilation of pulmonary arteries was first reported

in the early 1980s [6]. The optimal balloon has a low-

profile, high-burst pressure, short length and tip. Balloon

catheters are made of transparent polyethylene with

diameters ranging from 2.5 to 25mm with lengths from

2 to 10 cm. Standard or conventional balloon catheters

have a burst pressure between 1.5 and 10 atmospheres

(ATM). High-pressure balloons have burst pressures

greater than 10 and up to 20 ATM. These catheters in

general have higher profiles, stiffer shafts, longer balloon

lengths, and are more difficult to manipulate within the

heart and pulmonary arteries. Coronary balloons have

diameters between 2.5 and 5 mm, and are 20mm length.

They offer the advantageous features of high-burst pres-

sures up to 18ATM with a low profile. Recommended

balloon diameters are 3–4 times the narrowed segment

[10, 11, 17, 19] but generally not greater than 2 times the

diameter of the adjacent normal vessel. The waist should

be >50% of the inflated balloon diameter as very tight

waists predispose to vessel rupture. Inflation pressures are

increased incrementally until the balloon waist disappears

or to the maximum burst pressure. Inflation times vary

between 5 and 30 s and generally multiple inflations are

performed. Unnecessarily large or long balloons may pre-

dispose to rupture of the thin-walled poststenotic vessel

segments or outflow tract as they straighten during infla-

tion [20].

The success rate of standard balloon angioplasty

is approximately 30–60% in the larger case series [11,

13–15, 17]. High-pressure balloons have a 63% success

rate in vessels resistant to standard balloon with an 81%

success rate with primary application [9]. Stenoses at

surgical anastomoses sites respond better to dilatation

compared with congenital subtypes (87% vs. 48%,

respectively) [9]. Pulmonary artery stenosis located per-

ipherally is more refractory to dilation compared to prox-

imal lesions (34–71% vs. 56–72%, respectively) [21].

9.1.3 Stent Implantation of Pulmonary
Arteries

Endovascular stents were first described in 1989 [22] and

have subsequently been widely implanted into pulmonary

arteries [23–29]. Intravascular stents achieve high success

rates (>90%) in increasing vessel diameter [3, 24, 29–31].

The ideal stent has a low profile, high trackability, flex-

ibility, predictable expansion with minimal foreshorten-

ing, sufficient radial strength, resistance to thrombosis

and corrosion, side-branch accessibility, biodegradability,

good redilation capabilities, and good visibility [8]. Stents

may be either closed or open cell design, made of stainless

steel, platinum, or polymer balloon expandable or self-

expanding [8, 23, 27, 32–34]. More widespread clinical

application of drug eluting and biodegradable stents is

in the horizon [35–37]. Open cell stents have advantages

of less foreshortening, allowing for side-branch access and

favorable bending performance but disadvantages of less

radial strength, more recoil, and protrusion of stent struts

into side branches and vessel wall [33, 34]. Standard stents

have recommended expansion ranges from 4 to 20 mm.

Coronary stents have diameters between 3.5 and 5 mm

with lengths between 13 and 28 mm. A smaller balloon to

stenosis ratio is required during stent implantation than

with standard angioplasty alone.

Stents provide a framework which address vessel recoil

and maintains dilatation of the vessel wall. It is particu-

larly effective when the mechanism of pulmonary artery

obstruction is kinking, twisting, or tension as can be

seen after the LeCompte maneuver for transposition

of the great vessels [28, 38] from extrinsic compression

as in left pulmonary artery compression from a Damus–

Kaye–Stanzel anastomosis, intimal flap complications

of balloon dilation [15, 38–40], and pulmonary artery

obstruction in patients with cavopulmonary connections

[22, 25, 29, 41].

Within days to weeks of implantation, the initial reac-

tive thrombotic layer covering the stent struts is progres-

sively replaced by neointima [8, 23]. The medial layer is

compressed by the stent wires display varying degrees

of fibrosis, some loss of smooth muscle fibers, and frag-

mentation of the elastic lamellae within the inner half

Table 9.2 Indication for pulmonary artery intervention

RV pressure > 50–75% systemic

Hypertension in unaffected segments secondary to increased
flow

Marked decrease in flow in affected segments (as assessed by
radionuclide scan)

RV dysfunction or cyanosis aggravated by pulmonary artery
stenosis

Symptoms

RV; right ventricle
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of media. The adventitia may be normal or demonstrate

fibrosis [23, 27].

Disadvantages include possibly higher restenosis rates

than with angioplasty alone (2–3% in some series and up

to 15–35% in other series) particularly with smaller stents

(< 5mmdiameter) andwhen there is significantmismatch

between the stented and nonstented vessels [24, 28, 31,

40–43], risk of straddling or jailing of side branches

and limited expansion abilities [23, 40]. Implanted stents

are amenable to future re-dilation, thus initial selection

should factor reexpansion potential [24, 40, 43–45]. Drug-

eluting stents may decrease restenosis rates and self-

dissolving stentsmay address the issues of future expansion

limitations [35–37].

9.1.4 Cutting or Bladed Balloon Angioplasty

The bladed balloon was first introduced to successfully

treat coronary artery stenoses resistant to dilation with

high-pressure balloons [46, 47]. Its use has been extrapo-

lated to pulmonary artery stenosis [12, 48–52]. The design

of the Cutting BalloonTM (Boston Scientific, San Diego,

California) consists of 3 or 4 microsurgical stainless steel

blades bound longitudinally onto balloons at 908 or 1208
angles. The blades have a working height of 0.127 mm.

Balloon diameters range from 2 to 8 mm introduced

through 4–7 French systems. Balloon burst pressure is

10ATM. The dilatation concept consists of controlled

scoring of the vessel wall into the medial layer which

creates sites for tears to propagate during subsequent

balloon dilation [46]. Recommendations for the diameter

of the bladed balloon include at least twice the diameter

of the stenotic vessel [52], equal to or 1 mm greater than

the size of the persistent waist of the high-pressure bal-

loon [51] and no larger than the adjacent vessel diameter.

A long guiding sheath allows for better trackability over

the required small 0.014 or 0.018 inch wires. Cutting

balloon angioplasty is generally followed by high-

pressure balloon dilatation.

Effectiveness of cutting balloon technology has been

demonstrated by successful dilatations in vessel stenoses

resistant to high-pressure balloons [12, 48, 51, 52]

(Fig. 9.1). Cutting balloon angioplasty yielded an

81–92% [12, 48, 50, 52] increase in lesion diameter at

intermediate term follow-up. Cutting balloons have

been utilized successfully for the full spectrum of pulmon-

ary artery stenoses, including aortopulmonary collaterals

(APCs), unifocalized APCs, postsurgical lesions, intras-

tent stenosis, multiple pulmonary peripheral stenoses

including those of Williams and Alagille syndromes [12,

52–54]. Complication rates are not higher, possibly lower,

compared with conventional balloon angioplasty in

reported series [48, 51, 52]. In Bergersen et al., of the

79 dilated vessels, aneurysm was acutely observed in

three but no new aneurysms were noted at a median

follow-up of 6 months (range 3–24 months) [51]. There

was an 11% incidence of stent placement for acute dissec-

tion complications.

Although most commonly indicated for vessels which

demonstrate resistance to high-pressure balloon angio-

plasty, its utilization as the initial choice may evolve

with further use and availability.

9.1.5 Restenosis

Restenosis (�50% loss in initial diameter gain) rates

are 10–16% in the early stage [9, 13, 17, 51] and 5–43%

on longer-term follow-up [9, 13, 15, 17, 55, 56]. Mechan-

isms of restenosis include elastic recoil of a transiently

stretched vessel and intimal hyperplasia. There is some

evidence to suggest that there is less restenosis with

cutting balloon angioplasty by reduction in traumatic

triggers of inflammation and neointimal proliferation

compared with standard angioplasty [12, 46, 57]. Ongoing

Fig. 9.1 Cutting-balloon angioplasty of unifocalized aortopulmon-
ary collateral. A. Severe stenosis of unifocalized aortopulmonary
collateral supplying left lower pulmonary artery lobe (indicated by
arrow). B. Standard balloon angioplasty with high-pressure

coronary balloon. C. Follow-up angiogram post-balloon angio-
plasty. D. Cutting-balloon angioplasty E. Post-cutting balloon
angiogram demonstrating significantly improved vessel diameter
and flow
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monitoring and repeated procedures of initially successful

dilations should be anticipated.

9.1.6 Complications

Pulmonary artery interventions are technically demand-

ing, time consuming, and regarded as relatively higher

risk cardiac catheterizations. The Valvuloplasty and

Angioplasty for Congenital Anomalies Registry reported

an overall complication rate of 13% on 182 pulmonary

artery dilations performed on 156 patients [19]. Mortality

rates are 0.8–3% overall and as high as 7.7% in the

early experience with Williams Syndrome patients [15,

17, 19, 20, 51, 58, 59].

Pulmonary artery rupture is the most frequent serious

morbidity occurring in as high as 2.3–4.9% [19, 20]. Baker

et al. report on 1286 pulmonary artery balloon dilation

catheterizations of 782 patients. Pulmonary artery

trauma occurred in 29 (2.2%) procedures and 26 (3.3%)

patients [20]. Unconfined transmural tears result in free

extravasation of contrast or blood and communication

with the pleural space, airway, or progressive lobar

opacification. Tears generally occur distal to the site of

obstruction [20]. Resuscitative measures include selective

mainstem intubation for management of unilateral

pulmonary hemorrhage, blood transfusions, and cathe-

ter-delivered therapy, including balloon tamponade prox-

imal to the site of rupture, stent (covered and uncovered)

placement, and extracorporeal membrane oxygenation

support for low cardiac output [20]. Coil occlusion of

the damaged pulmonary artery may prevent fatal hemor-

rhage [20]. Late (5 days and 2 weeks postdilation) hemor-

rhage has been reported [20, 60].Risk factors for unconfined

tears include recent pulmonary artery surgery, peripheral

pulmonary artery stenoses, and in the setting of elevated

pulmonary artery pressures [17, 58].

Successful dilatation may result in markedly increased

local pulmonary blood flow and pressure in previously

underperfused segments causing the so-called reperfusion

injury in which an acute increase in capillary perfusion

pressure results in pulmonary edema and hemoptysis

[17, 61]. The angiographic appearance and hemodynamic

status differentiate reperfusion injury from unconfined

pulmonary artery tear. In these patients with no evidence

of extravasation and stable hemodynamics, monitoring

in the intensive care setting and medical management

including diuretics and ventilatory support result in reso-

lution within 24–72 hours.

Aneurysm is defined as saccular deformation of a ves-

sel which tapers abruptly and measures at least twice the

diameter of the adjacent pulmonary artery. It occurs in

3–18% of arteries, the highest being in the peripheral

pulmonary arteries of Williams syndrome [15, 17, 59].

Rothman et al. demonstrated no correlation between

aneurysm formation and balloon to stenosis ratio or max-

imal inflation pressures [17]. Aneurysms occurred most

frequently in small branches distal to the targeted steno-

sis. The natural history of aneurysms is widely variable

ranging from spontaneous resolution, no change, and to

both decrease and increase in vessel diameter [17].

9.2 Pulmonary Angioplasty in Congenital
Heart Disease

The overall impact of catheter-based interventions

of pulmonary artery stenosis on the clinical course of

patients appears to be favorable [15, 18]. The heterogene-

ity of scenarios invites selected discussion.

9.2.1 Preoperative Tetralogy of Fallot

Early primary repair of congenital heart defects can be

accomplished with low mortality [62–64]. In tetralogy of

Fallot, the complications associated with the Blalock–

Taussig shunt can be avoided and early increased pul-

monary blood flow may ultimately promote better lung

growth [65–68]. The enthusiasm for neonatal repair has

been to a degree tempered by emerging recognition of

comorbidities including prolonged intensive care unit

stay and impaired neurodevelopmental outcomes asso-

ciated with early circulatory arrest and cardiopulmonary

bypass [69–71].

Palliation of pulmonary arteries and the pulmonary

valve by balloon dilation may postpone surgery in the

neonatal period and allow for interim vessel growth

[72–74]. Kreutzer et al. report such intervention on

10 patients with severe tetralogy of Fallot with diminutive

pulmonary arteries deemed unsuitable for primary repair

[75]. Nine patients underwent complete single-stage cor-

rection at an average of 8.5 – 7.6 months (range 1–23

months) following initial catheterization. At a mean fol-

low-up of 2.6 – 2 years, the right ventricular pressure was

< 70% in all patients and < 50% in seven patients. The

incidence of the procedure-induced hypercyanotic spells

is reportedly low [72–74]. Furthermore, in patients with

tetralogy of Fallot with diminuitive pulmonary arteries,

partial repair including a preemptive fenestration patch

closure of the ventricular septal defect (VSD) may allow

for catheter-based recruitment of the pulmonary vascula-

ture prior to VSD closure [76].
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In the unusual setting of tetralogy of Fallot with an

isolated pulmonary artery with blood flow being main-

tained through a patent ductus arteriosus (PDA), stenting

of the PDA may obviate the need for prolonged prosta-

glandin therapy and defer neonatal surgery allowing

for growth of the hilar pulmonary artery [77].

9.2.2 Immediate Postoperative Period

Stenotic pulmonary arteries may create critical pulmon-

ary blood flow states in the immediate postoperative

period manifesting as elevated right ventricular to aortic

pressure ratios, profound desaturation, and low cardiac

output. Pulmonary blood flow is further compromised

by cardiopulmonary bypass-induced lung injury and

increased right ventricular dysfunction [78, 79]. Balloon

angioplasty of new surgical anastomotic sites of branch

pulmonary arteries in the early postoperative period

(less than 7 weeks) is associated with increased risk of

rupture and mortality up to 20% [17, 20, 58]. More favor-

ably, Zahn et al. reported no deaths, vessel rupture,

or transmural tear in 19 pulmonary artery interventions

at a median time of 9 days (range 0–42 days) after surgery

[80]. Transcatheter pulmonary artery intervention before

6 weeks in the postoperative setting must be approached

conservatively and cautiously but is not absolutely prohi-

bitive during critical hemodynamic states. Recommended

balloon to stenosis ratios are less than 2.5:1. For this

reason, stent implantation may be preferable to balloon

angioplasty. Amultidisciplinary team approach including

the cardiovascular surgeon and the cardiac intensivist

is advocated and in exceptionally high-risk patients, a

cardiopulmonary support unit on standby should be

considered.

9.2.3 Pulmonary Atresia/Ventriculo-Septal
Defect/Multiple Aortopulmonary
Collaterals

The spectrum of congenital heart disease challenges the

adaptive mechanisms of the pulmonary vascular bed.

This is nowhere as apparent as in pulmonary atresia/

ventriculo-septal defect/multiple aortopulmonary collat-

erals (PA/VSD/MAPCAs). In this complex lesion, great

morphologic variability exists regarding sources of pul-

monary blood flow. A given segment of lung may be

supplied solely from the true central pulmonary artery,

solely from anAPC, or from both with connections which

are single or multiple, central or peripheral [67, 81]. Rabi-

novitch et al. [67] demonstrate the histology of APCs to be

muscular systemic arteries replaced by an elastic pulmon-

ary artery, the junction being marked by eccentric

mounds of intimal hyperplasia. There is speculation that

APCs react to the abnormal hemodynamics of a systemic-

pulmonary artery connection by developing myointimal

hyperplasia and the natural history of some APCs is

progressive stenosis and occlusion. This may deem vessels

inaccessible for future surgical unifocalization, which

may result in iatrogenic stenosis or occlusion. Diminished

pulmonary blood flow appears to result in distal arterial

hypoplasia and underdevelopment of preacinar and aci-

nar vessels and alveoli. In contrast, pulmonary vascular

occlusive disease may be a consequence of APCs without

obstruction and after placement surgical aortopulmonary

shunts [67]. High postoperative right ventricular pres-

sures are predictive of unfavorable outcomes [82]. Right

ventricular pressure relies not only on the number of

communicating lung segments but also on the integrity

of the pulmonary microvasculature of those segments.

While debate continues regarding the virtues of early

one-stage complete unifocalization versus initial pallia-

tion with aortopulmonary shunt [68, 82–86], there is gen-

eral consensus that any successful strategy requires a

combination of surgical and interventional catheteriza-

tion techniques. Catheter-based pulmonary artery inter-

ventions, both balloon dilation and stent implantation

of central and aortopulmonary collateral vessels, have

been performed successfully in preoperative patients

with subsequent increase in saturation, improved pul-

monary blood flow and growth of peripheral vessels

[53, 87–89]. Maneuvers to increase antegrade flow to

central pulmonary arteries such as radiofrequency of

atretic pulmonary valves and balloon dilation of central

pulmonary arteries may ultimately result in a healthier

pulmonary vascular bed [82, 90, 91]. Early catheterization

after surgical recruitment identifies stenotic vessels,

generally at anastomotic sites, at risk for complete occlu-

sion [42, 54]. Lengthy and repeated procedures are to be

expected. Outcomes of this disease remain suboptimal

almost entirely related to the state of the pulmonary

vascular bed [92].

9.2.4 Single Ventricle Physiology

In the Fontan circulation, the primary determinants of

pulmonary blood flow are pulmonary vascular resistance,

pulmonary vascular compliance, and the function of the

ventricle as a flow generator [93]. In such a series circuit,

optimizing factors of blood oxygenation are critical and
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as such aggressive pulmonary artery interventions should

be the rule for maintaining single-ventricle circulation

integrity [22, 29, 41, 94].

9.2.5 Diffuse Peripheral Pulmonary
Artery Stenoses

Genetic syndromes may be associated with pulmonary

artery stenosis. It may be discrete and isolated but often

there may be severe diffuse peripheral pulmonary artery

stenoses often involving the intralobar arteries, the

extent of which may cause systemic to suprasystemic

right ventricular pressures [95]. The incidence of periph-

eral pulmonary artery stenosis is 83% in Williams syn-

drome [96] and 85% in Alagille syndrome [97]. Williams

syndrome in particular may be associated with other

cardiovascular anomalies, including supravalvar aortic

stenosis, coronary ostial obstruction, coarctation of the

aorta, and supravalvar pulmonary stenosis [95, 97–99].

High mortality, particularly sudden death, appears to

be associated with these conditions [97, 98, 100]. The

incidence of sudden death was 1 death per 1,000 patient-

years [98] and 3% in 104 patients with Williams syn-

drome followed for 30 years [100]. In Alagille syndrome,

7.5% of deaths were attributed to a cardiac cause [97].

In the total 19 deaths reported among six pediatric

cardiology centers in the United States, 11 (58%) were

associated with anesthesia administered for cardiac

catheterization [99].

The reported literature regarding not only the cardi-

ovascular outcomes but also, in particular, the experi-

ence with these multiple peripheral pulmonary artery

stenoses is limited [98, 99, 101]. Histology of pulmonary

artery stenoses of Williams syndrome shows diffuse

wall thickening consisting of intimal proliferation, med-

ial dysplasia with hypertrophy, fibrosis, and nonparallel

mosaic arrangement of smooth muscle cells, the latter

being hypothesized as the basis of less-successful out-

comes of angioplasty in this patient population, and

adventitial fibroelastosis [102, 103]. Often, successful

pulmonary artery dilatation does not manifest as a

decrease in right ventricular pressures [59]. As an excep-

tion to the general principle that proximal lesions are

more amenable to dilation, balloon angioplasty is more

successful in the distal vessels of these syndromic pul-

monary arteries [59]. Cutting balloons have been applied

and are shown to be effective [52]. Often the distensible

proximal portions are best addressed with surgical patch-

ing or stent implantation [22, 104, 105]. Geggel et al. [59]

report a mortality rate of 7.7% and an aneurysm rate of

18% during balloon angioplasties of pulmonary arteries

in Williams syndrome. The high rate of procedural com-

plication and the natural history for spontaneous

improvement in many patients (not only well documented

in Williams syndrome but also reported in Alagille syn-

drome) [95–97, 101, 106, 107] may advocate for noninva-

sive monitoring and intervention to be reserved for symp-

tomatic patients, those with at least systemic right

ventricular pressures and severe left ventricular outflow

obstruction. It may be considered in order to reduce risks

of other interventions such as liver transplantation (Ala-

gille syndrome) and supravalvar aortic surgery [108–111].

In Alagille syndrome patients who underwent liver trans-

plantation, two (33%) deaths were attributed to heart

failure induced by pulmonary hypertension and cardiac

defects [111].

9.3 Hemodynamic Consequences
of Pulmonary Arterial Obstruction

The consequence of pulmonary artery stenosis is far

reaching in the spectrum of congenital heart disease.

Pulmonary artery obstruction cannot be regarded in

isolation but within the context of the entire cardiopul-

monary unit (Fig. 9.2). Lung maturity relies on adequate

pulmonary blood flow and its compromise may be pro-

found during critical growth periods. Pulmonary artery

obstruction independently creates a pressure load on the

right ventricle but in conjunction with pulmonary regur-

gitation adds a simultaneous volume load. The conse-

quences of chronic pressure and volume loading of the

right ventricle are discussed extensively in other chap-

ters. Increased afterload of the right ventricle increases

myocardial oxygen consumption which alters coronary

flow patterns predisposing to coronary ischemia and risk

of sudden death [112, 113]. The intimate spatial relation-

ship of the right to the left ventricle translates to

Fig. 9.2 Consequences of pulmonary artery stenosis
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physiological interdependence. Ultimately, obstruction

of the pulmonary vascular bed results in ventilation to

perfusion mismatch, decreased exercise endurance, low

cardiac output, and susceptibility to life-threatening

arrhythmias.

9.3.1 Pulmonary Artery Stenosis and Right
Ventricular Hypertension

Chronic right ventricular pressure load can be guardedly

tolerated in the settings of postoperative Mustard or

Senning operations, Williams and Alagille syndromes,

and single-ventricle hemodynamics such as hypoplastic

left heart syndrome [114].

Pulmonary artery dilation and stenting has been docu-

mented to reduce right ventricular pressure, particularly

with improvements in the central segments [9, 15, 17, 18].

As such, hypertension in the unaffected portions of the

vascular bed presumably secondary to increased flowmay

also be ameliorated. The degree of right ventricular

hypertension to cause detrimental hypertrophy, impair-

ment of systolic and diastolic function, and predisposition

to coronary ischemia is not known [112]. As a corollary,

the degree of reduction to be of clinical significance

remains undefined.

9.3.2 Pulmonary Artery Stenosis
and Pulmonary Regurgitation

The morbidity of chronic pulmonary regurgitation has

become apparent [115–117]. Its adverse effects are best

documented in the model of the postoperative tetralogy

of Fallot patient with decreased exercise endurance

and increased risk of sudden death. Right ventricular

pressure-volume loops and magnetic resonance imaging

(MRI) have been utilized to demonstrate an increase in

pulmonary regurgitant volume when there is concurrent

branch pulmonary artery stenosis [118].

The left pulmonary artery appears to be predisposed

to regurgitation possibly related to higher impedance

of the smaller left lung in a levocardic heart position

[119]. Kang et al. [119] demonstrated byMRI that despite

higher forward flow in the left pulmonary artery, the

larger regurgitant fraction resulted in a lower net flow

compared with the right side. The combination of stenosis

and regurgitation of the left pulmonary artery synergisti-

cally may create particularly unfavorable right ventricu-

lar hemodynamics.

9.3.3 Pulmonary Artery Stenosis
and Gas Exchange

The functional unit of the cardiorespiratory system lies at

the capillary–alveolar interface. In the laws of lung devel-

opment as stated by Reid et al., in the pre-acinar region

of the lung, the branching pattern of arteries and airways

is complete by the 16th week of intrauterine life, alveoli

develop after birth, increasing in number until the age

of 8 years (most rapidly within in the first 10 months

to 3 years) and in size until growth of the chest wall is

finished, and blood vessels are remodeled and increase

concurrently with growth of the alveoli [120, 121].

The spectacular adaptive compensatory mechanisms

of the cardiorespiratory unit is highlighted by two mod-

els—unilateral pneumonectomy and ligation of unilateral

pulmonary artery. Unilateral pneumonectomy in the dog

provides an insightful model for characterizing sources,

mechanisms, and limits of adaptation to the loss of a

known number of lung units [122]. To compensate, there

is recruitment of the tremendous preexisting alveolar–

capillary reserves. Furthermore, regenerative growth is

manifested by acinar tissue, alveolar capillaries, alveolar

septae, and bronchioles. In contrast, blood vessels incap-

able of regeneration adapt by elongation and dilatation

of existing branches manifesting compensatory growth

[123]. In immature dogs, unilateral lung resection simu-

lated vigorous alveolar regeneration that returned lung

volume, diffusing capacity, and extravascular septal tis-

sue volume to completely normal and maintained up to

somatic maturity [124]. Compensatory mechanisms were

significantly more robust in puppies than in adult dogs

[124, 125].

There appears to be a critical environment of pulmon-

ary artery blood supply that is required to ensure normal

development of the intra-acinar arteries [67]. Tetralogy of

Fallot is associated with a decrease in size and number of

alveoli and small intra-acinar arteries despite the larger

than normal preacinar arteries [67, 68]. Pulmonary atresia

is associated with reduced pre- and intra-acinar arterial

size and number in the neonatal period [126, 127]. Lung

hypoplasia and impaired diffusing capacity is reported in

adults with congenital pulmonary valve stenosis [128].

Ligation of the left pulmonary artery in the pig pro-

vides a model of the most extreme pulmonary artery

stenosis [129]. Ipsilateral lung volume is decreased asso-

ciated with reduction in size and number of alveoli. Total

lung volume was within normal limits because of com-

pensation by the right lung. Unique to the lung are the

two sources of pulmonary blood flow with the bronchial

circulation, with its prolific capacity for angiogenesis,

maintaining normal or near normal intra-acinar arteries

[126, 127, 130, 131]. This is in contrast to the hypoplasia
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or obliteration of the underperfused pre-acinar arteries.

There is a risk of pulmonary hypertension in the contral-

ateral lung [131–133]. Insights from a review of 81 cases of

congenital unilateral absence of a pulmonary artery high-

lighted the importance of pressure and flow in the genesis

of pulmonary hypertension, particularly when regression

of the fetal pulmonary vascular pattern has not been

allowed to occur. Furthermore, the incidence of pulmon-

ary hypertension was 19% in isolated cases versus 88%

when combined with a cardiovascular shunt [132].

Such models provide evidence that normal pulmonary

blood flow hemodynamics should be restored as soon as

possible. It should occur before reduction in luminal dia-

meter and changes in elastic wall structure increase the

technical difficulty and subsequent outcomes of surgical

anastomosis. Improving pulmonary blood flow before

the critical growth period of the lung is over presumably

encourages normal alveolar development [68, 134]. As

demonstrated in the animal model, lung-diffusing capa-

city measured physiologically at peak exercise provides a

noninvasive sensitive indicator of the integrity of the

pulmonary vascular bed during lung growth, subclinical

cardiopulmonary disease, and a response to therapeutic

interventions [125, 135, 136].

9.3.4 Pulmonary Artery Stenosis and Exercise
Capacity

Exercise is associated with a large increase in pulmonary

blood flow. In order to accommodate, recruitment of

blood vessels ensues with a corresponding decrease in

pulmonary vascular resistance. Pulmonary vascular

obstruction compromises these adaptative responses,

thus resulting in excessive right ventricular pressure and

volume loading and ultimately decreases ventricular out-

put [137]. In adults with peripheral pulmonary artery

stenoses manifesting as progressive dyspnea and fatigue,

pulmonary balloon angioplasty targeted at normalizing

ventilation to perfusion mismatch abnormalities

improved symptoms (NYHA class I–II) in 82% and this

was sustained in 64% at a mean follow-up period of 52 –
32 months [16].

Decreased exercise capacity in postoperative patients

with tetralogy of Fallot is well described. [137–141].

Severe pulmonary regurgitation is one of the most

frequent and important of the multifactorial causes [116,

117, 138, 141]. Its magnitude and effect on exercise capa-

city appears to be heightened when pulmonary artery

stenosis is also present [118, 137, 140, 142]. During exer-

cise, patients with pulmonary artery stenosis exhibit

higher VE/VCO2 slopes (the slope of relation between

minute ventilation and carbon dioxide production,

an index of the degree of excessive ventilation as a result

of pulmonary blood flow maldistribution, ventilation–

perfusion mismatch, and inefficient gas exchange) during

exercise compared with their counterparts without steno-

sis [137].

There exists no report specifically comparing exercise

parameters before and after pulmonary artery interven-

tion, particularly in the absence of significant pulmonary

regurgitation.

9.4 Summary

Evidence supports that catheter-based angioplasty and

stenting of pulmonary arteries can effectively increase

vessel diameter and flow resulting in decrease in right

ventricular pressure and degree of pulmonary regurgita-

tion. The lung-gas exchange unit displays remarkable

adaptive mechanisms but time appears to be of the

essence in order to obtain maximal benefit for ultimate

lung development. It has become apparent that current

catheter-based therapies have limitations and are inade-

quate for significant future advancements. Pulmonary

angiogenesis agents appear to be in foreseeable future

and are eagerly anticipated. Much remains unknown

about the magnitude of impact of pulmonary artery inter-

ventions at clinical, functional, and microscopic levels.

As such, more sophisticated methods of analyzing and

quantifying changes in the pulmonary microvascular bed

are needed. Rehabilitation and manipulation of the pul-

monary vascular bed remains one of the most important

challenges in the management of congenital heart disease.
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Surgical Repair of Pulmonary Arterial Stenosis 10

Michael E. Mitchell and James S. Tweddell

10.1 Introduction

The surgical repair of pulmonary arterial stenosis, be the

obstruction congenital or acquired, remains a challenge

to cardiac surgeons dealing with congenital malforma-

tions, pediatric cardiologists, and most importantly, the

patients and families whose lives are affected. Obstructive

lesions of the right ventricular outflow tract and pulmon-

ary arteries are found in one-quarter to one-third of chil-

dren with congenitally malformed hearts. The spectrum

of diagnoses includes tetralogy of Fallot with pulmo-

nary stenosis or atresia, heterotaxy syndromes, transposi-

tion, double-outlet right ventricle, atrioventricular septal

defect with common atrioventricular junction, common

arterial trunk, elastin arteriopathy, and Noonan’s syn-

drome, in addition to others. The indications for surgery

are often the presence of ductal-dependent flow of blood

to the lungs with hypoxia, and careful technical manage-

ment of stenotic and hypoplastic pulmonary arteries is

critical to success. In this review, we discuss surgical

techniques to manage congenital and acquired pulmon-

ary stenosis. In most cases, a combination of approaches

is required. Our review will concentrate on three standard

surgical strategies, including (1) the promotion of growth

and relief of cyanosis through the use of systemic-to-

pulmonary arterial shunts, (2) reconstruction and/or uni-

focalization of discontinuous pulmonary arteries or

major aortopulmonary collateral arteries, and (3) the

selection of conduits from the right ventricle to the pul-

monary arteries as part of reparative procedures. To fin-

ish, we discuss the current state of advanced strategies,

including the application of hybrid procedures and the

use of tissue-engineered grafts for reconstruction.

10.2 Preoperative Planning and Diagnostic
Imaging

Careful preoperative imaging for evaluationandsurgical plan-

ning is essential toconsistentoperative success.Angiography is

the gold standard for delineating anatomic and physiologic

details relevant to the repair of the stenotic pulmonary arterial

bed.Althoughangiographyis invasive,andexposes thepatient

to radiation and iodinated contrast, it provides theonlymeans

of obtaining data concerning pressures and saturations of

oxygen.Asthenumberandcomplexityofthepatients increase,

less invasive methods, including computerized tomographic

scanning, magnetic resonance imaging, and quantitative lung

perfusion scintigraphy, can contribute to preoperative and

preinterventional evaluation, aswell asproviding for less-inva-

sive postoperative follow-up. These techniques may permit

more targeted angiography, limiting exposure to radiation

anddyes.Both computerized tomographic andmagnetic reso-

nance imaging have shown excellent correlation with angio-

graphy in identifying localized stenosis, aswell as the diameter

of the pulmonary arteries. [1, 2]

For evaluating the flow of blood through the pulmonary

arteries subsequent to reconstruction, quantitative lung per-

fusion scintigraphy is a useful technology. In this respect,

Kim et al. [3] compared the use of imaging of the lungs with

technetium perfusion, resonance imaging, and cine-angio-

graphy in patients with congenital obstruction of the right

ventricular outflow tract. They found reasonable correlation

between thedifferent techniques, and concluded that quanti-

tative perfusion scanning is an excellent technique for

ongoingfollow-upofthepatternsofpulmonaryarterial flow.

10.3 Systemic-to-Pulmonary Arterial Shunts

Shunts are used to increase the flow of blood to the lungs,

and thereby relieve cyanosis prior to anticipated biventricu-

lar repair, or as part of a staged functionally univentricular
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strategy. In lesions requiring shunting, the goals of surgery

are, first, to provide a stable source of pulmonary arterial

flow, and second, to induce growth of the native pulmonary

arteries. Successful accomplishment of both goals depends

on technical and anatomic factors. Following shunting pro-

cedures, it is common to find hypoplasia of the pulmonary

artery on the opposite side to the insertion of the shunt.

In a retrospective review of 101 patients with modified

Blalock–Taussig shunts undergoing subsequent catheteriza-

tion, Barta and colleagues [4] found that, when there was no

antegrade flow through the pulmonary trunk, the pulmon-

ary artery on the opposite side to the shunt was significantly

smaller than the one to which the distal anastomosis had

been constructed. They concluded that, in the absence of

antegrade flow of blood, a shunt to the pulmonary trunk or

the bifurcation of the pulmonary arteries may promote

more uniform growth [4].

In a study designed to analyze the relationship of shunt-

ing to the subsequent development of pulmonary arterial

stenosis, Sachweh and associates [5] looked at the angio-

grams taken before and after construction of shunts in

59 patients. They concluded that stenosis is not a rare

event after the operative procedure, and that stenoses

were found on the same side and the opposite side to the

shunt in essentially equal numbers. Patency of the arterial

duct, with or without administration of prostaglandin E1,

correlated with the development of stenosis on the side of

the duct. Stenosis on the side of the shunt was attributed to

inappropriate surgical technique, increased intimal prolif-

eration, or to kinking of the pulmonary arteries.

The size of the bifurcation of the pulmonary trunk, and

the proximal right and left pulmonary arteries, is important

in patients with functionally univentricular anatomy, and is

a risk factor for staged palliation when creating the Fontan

circulation [6]. Recently, modification of the Norwood

procedure by placing a conduit from the right ventricle to

the pulmonary arteries has been introduced as an alterna-

tive to creating a shunt from the brachiocephalic arteries.

Rumball and colleagues [7] found better growth of the

central pulmonary arteries when a conduit was placed

from the right ventricle. Despite the increase in size of the

central arteries, the ratio of pulmonary-to-systemic flows

was, in some cases, less. Patients with a conduit also need

the second stage of palliation more rapidly than patients

undergoing construction of a modified Blalock–Taussig

shunt, presumably due to increased cyanosis [8]. Patients

receiving the conduit frequently had stenoses in the distal

branches of the pulmonary arteries, and although the size of

the arteries proximal to their first branches was satisfactory,

the proximal narrowing may account for the increased

cyanosis and lower ratio of pulmonary-to-systemic flows

[7]. Although such proximal stenosis would seem to be

amenable to surgical rehabilitation at the second stage of

Norwood palliation, in at least one study these patients did

remain at risk for late mortality following the superior

cavopulmonary anastomosis [8]. Ultimately, the ongoing

multicentered trial may answer some of these questions.

10.4 Reconstruction and Unifocalization

10.4.1 Discontinuous Pulmonary Arteries

Discontinuity of the right and left pulmonary arteries may

be the result of anomalous origin of one of the arteries

from the aorta or arterial duct, or the discontinuity may

result from ductal involution in the setting of hypoplas-

tic pulmonary arteries. The use of prosthetic material, or

bilateral construction of shunts and a staged approach, is

sometimes necessary, particularly if there is limited intra-

pericardial pulmonary arterial tissue. When possible, pri-

mary repair bymeans of direct primary anastomosis of the

discontinuous arteries offers the best potential for growth

[9, 10]. Luhmer and associates [11] observed that it is neces-

sary to remove the ductal tissue in the artery completely at

the time of reconstruction in order to prevent recurrent

stenosis. Stammand colleagues [10] reported on 200 patients

undergoing reconstruction of congenital or acquired discon-

tinuity, and found that a direct anastomosis was associated

with significantly better survival, and that the presence of

aortopulmonary collateral arteries was a risk factor for late

occlusion of the pulmonary arteries. Reconstruction of dis-

continuous pulmonary arteries can result in a durable

outcome, with potential for growth. Murphy et al. [12]

reported late outcome in a small group of patients fol-

lowed for less than 5 years, with lung scans demonstrated

flow of less than half through the affected lung, albeit

with growth in the diameter of the recruited native

arteries in all patients.

10.4.2 Unifocalization

Despite encouraging results with reconstruction of discon-

tinuous pulmonary arteries, the outcomes of unifocalization

of patients with tetralogy of Fallot with pulmonary atresia

andmajor aortopulmonary collateral arteries remain a chal-

lenge. It was Haworth and colleagues at Great Ormond

Street Hospital who first suggested that unifocalization of

such collateral arteries could increase the flow of blood to

the lungs, and hence permit anatomic reconstruction in this

group of patients. The same group subsequently reported

disappointing results with a strategy of staged
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unifocalization, with half of the patients deemed unsuitable

for complete repair, and only one-eighth achieving correc-

tion [13]. In 1995, Reddy et al. [14] described primary

midline unifocalization, reporting that nine of their 10

survivors of the operation were doing well at median fol-

low-up of 8 months (Fig. 10.1). They concluded that this

single-stage approach establishes normal cardiovascular

physiology early in life, minimizing the potential for devel-

opment of pulmonary vascular obstructive disease, elim-

inates the need formultiple shunts and the use of prosthetic

material, and minimizes the number of operations

required.

Late results of the unifocalization suggest, nonetheless,

that there are problems with growth and development of

the collateral arteries. D’Udekem and colleagues [15]

from the Royal Children’s Hospital inMelbourne reviewed

serial angiographies of 82 consecutive patients with who

had undergone repair of tetralogy of Fallot with pulmo-

nary atresia and systemic-to-pulmonary collateral arteries,

and demonstrated that late survival depended primarily

on the rowth of the native pulmonary circulation. More

discouragingly, the unifocalized collateral arteries had a

high rate of thrombosis, with little evidence of growth

(Fig. 10.2). The available evidence suggests that a direct

anastomosis between diminutive pulmonary arteries and

the ascending aorta in order to promote growth of the

native pulmonary arteries appears to be a reasonable first

step with reproducible results [16, 17]. The proportion of

patients with the diagnosis of tetralogy of Fallot and

Fig. 10.1 Schematic diagram of a patient with tetralogy of Fallot
with pulmonary atresia and major aortopulmonary collateral
arteries undergoing one-stage unifocalization via a median sternot-
omy. The collateral arteries are anastomosed to the native pulmon-
ary arteries. The goal is to supply as many lung segments as possible,
and reconstruction is performed early in life to avoid development
of pulmonary vascular obstructive disease
Reprinted from Circulation 2000;101:1826–1832.; Reddy MV,
McElhinney DB, Amin Z, et al., Early and intermediate outcomes
after repair of pulmonary atresia with ventricular septal defect and
major aortopulmonary collateral arteries. Copyright 2000 with per-
mission from Elsevier.

Fig. 10.2 Failure of growth of unifocalized major aortopulmonary
collaterals. A large aortopulmonary collateral supplying the left
lower lobe is shown prior to unifocalization and 4 years after uni-
focalization. The angiograms demonstrate growth of the native
intrapericardial pulmonary arteries, but no growth in the unifoca-
lized collateral vessel.

Reprinted from J Thorac Cardiovasc Surg. 2005;130:1496–502;.
d’Udekem Y, Alphonso N, Norgaard MA, et al. Pulmonary atresia
with ventricular septal defects and major aortopulmonary collateral
arteries: unifocalization brings no long-term benefits. Copyright
2005, with permission from Elsevier
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pulmonary atresia with systemic-to-pulmonary collateral

arteries in whom complete repair can be accomplished

with an acceptable right ventricular pressure of less than

half systemic is not precisely known, since not all series

include all patients with the diagnosis, and variable fol-

low-up is available. Taken at a rough estimate, it appears

to be between one-half and four-fifths (Table 10.1).

10.5 Conduits from the Right Ventricle
to the Pulmonary Arteries

Valved conduits are commonly used in cardiac recon-

struction for lesions in which there is hypoplasia of the

right ventricular outflow tract or pulmonary arteries,

and/or in which the postoperative right-sided pressures

may be elevated, such as common arterial trunk, and

pulmonary atresia with ventricular septal defect. The ideal

valved conduit, one which is readily available, durable, and

accommodates growth, remains to be found. In neonates

and infants, homografts are generally preferable, because

of their ease of use and durability. Among such conduits,

smaller relative size at implantation, use of aortic versus

pulmonary homografts, and placement in extra-anatomic

positions were associated with earlier need for reinterven-

tion [29–31]. In older children and adults, it is difficult to

identify a difference in durability between homografts and

xenografts [32, 33].

Availability of homograft conduits remains a problem

necessitating the development of alternatives. Among the

available alternatives, bovine jugular vein conduits are

increasingly used. Shebani et al. [34] examined the early

outcomes using such conduits in a group of 64 patients.

After a mean follow-up of 14 months, four conduits had

been explantated, one for endocarditis and three because

of dilatation, but that catheter intervention was needed in

one-quarter. Risk factors for failure seemed to be related

less to the use of the bovine conduit than to factors related

to the underlying congenital cardiac disease, specifically,

the small size of the conduit and the higher ratio of right-

to-left ventricular pressures. Others have identified fac-

tors specific to the use of bovine conduits [35]. Gober et al.

[36] studied a series of 38 patients, and found that five

conduits needed to be replaced because of severe stenosis

at the distal anastomosis, while moderate to severe dila-

tion occurred in two proximal to the valve. They noted

excessive formation of intimal peel, and severe perigraft

scarring reaction in all cases, after a mean follow-up of

around 18 months. Proximal dilatation of the conduits

Table 10.1 Published reports for treatment of tetralogy of Fallot with pulmonary atresia and major aortopulmonary collateral arteries

Institution n
Complete
repair (%) Hosp survival (%)

Intraop
RV/LV
pressure

Long-term
survival (%)

Latest RV/LV
pressure

Length of
follow-up
(months)

Mayo Clinic 1989 [18] 38 61 96 0.63 91 N/R 32

Royal Children’s Hosp,
Melbourne, 1991 [19]

58 52 97 0.51 90 N/R 43

Children’s Hospital Boston,
1993 [20]

48 29 73 N/R 56 0.71 120

University of California,
Los Angeles, 1997 [21]

26 38 100 0.45 100 N/R 9

University of Michigan,
1995 [22]

14 57 79 0.57 64 N/R 9

Children’s Hospital, Los
Angeles, 1997 [23]

10 80 100 NR 100 0.44 17

Montreal Children’s
Hospital, 1997 [24]

12 92 92 0.47 83 N/R 19

Children’s Mercy Hospital,
Kansas City, 2000 [25]

11 N/A 91 <0.5 91 N/R N/R

University of California,
San Francisco, 2000 [26]

85 80 89 0.44 81 N/R 22

Children’s Hospital La
Timone, Marseille, 2001
[27]

10 70 90 0.5 80 0.6 45

Bambino Gesu, Rome 2003
[28]

37 78 85 0.5 81 0.48 43

Cleveland Clinic Children’s
Hospital, 2003 [16]

46 61 100 0.36 98 0.50 44

RV/LV= right ventricular/left ventricular pressure ratio;N/A=not available; N/R=not recorded (adapted fromDuncan et al. 2003 [16])
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may result in the early development of regurgitation [37].

In younger patients, nevertheless, these being the group in

whom an alternative to homografts is most desperately

needed, the bovine veins performed well when compared

to homografts. A recent multicentered study from the

Congenital Heart Surgeons’ Society [38] showed that

bovine venous conduits had a similar freedom from rein-

tervention to homografts when used in children under the

age of 2 years.

As conduits fail, reoperation becomes necessary.

Options at this time include complete replacement as

opposed to removal of peel. In this respect, Bermudez

et al. [39] reported on the late results from follow-up of

a cohort for 102 patients aged from 5 to 58 years who

underwent placement of a prosthetic roof over the fibrous

bed of the explanted conduit. In nine patients, reopera-

tion related to the peel operation, with regurgitation in

the nonvalved conduit in seven, moderate stenosis of the

pulmonary bioprosthesis in one, and endocarditis in the

other. Overall survival free from reoperation for failure of

peel reconstruction at 10 and 15 years was 90.7 and 82%,

respectively [39].

The optimal material for reconstruction of the right

ventricular outflow tract, including its valve, has not been

discovered. Decisions are based on the age and diagnosis

of the patient, pulmonary arterial pressure, and availabil-

ity of materials. At present, most institutions employ all

of the above techniques in combination. Reoperations are

predictable.

10.6 Hybrid Procedures

Catheter-based interventions, with dilations of both

native and acquired pulmonary arterial stenosis, are a cor-

nerstone ofmanagement for this difficult group of patients,

and sometimes provide the definitive solution. Although

serial surgical and interventional efforts performed at inter-

vals have been routine, simultaneous hybrid procedures are

becoming more common.

Early postoperative intervention for stenoses in the

pulmonary arteries might salvage patients who would

otherwise require complex and hazardous reoperation.

Zahn and colleagues [40] have suggested that transca-

theter interventions, including angioplasty of stenotic

suture lines and implantation of stents, can safely be

performed even in the early postoperative period. Dif-

ficult stenoses of the right or left pulmonary arteries

can successfully be managed with a combined trans-

catheter and surgical approach. Mendelsohn and col-

leagues [41] demonstrated that a hybrid approach with

intraoperative angioplasty extends the implantation of

stents to smaller children, who may have limited per-

cutaneous access. Certain lesions, such as supravalvar

pulmonary stenosis or stenosis at the bifurcation of the

pulmonary trunk, are better dealt with at surgery [42].

After reviewing 134 dilations for stenosis in the setting

of Williams’ syndrome, Geggel et al. [43] concluded

that a serial approach of distal dilations followed by

surgical repair of proximal obstruction may be rational

and successful. Ungerleider et al. [44] reported on their

experience using stents placed intraoperatively to reha-

bilitate severely stenotic pulmonary vessels in the con-

text of the need for a concomitant cardiac surgical

procedure in 16 cases, because of limited vascular

access for placement of the stents in the catheterization

laboratory in 11 instances, or to rescue of patients with

complications after attempted placement of stents in

four cases. They concluded that intraoperative stenting

is an attractive option, commenting that insertion dur-

ing cardiopulmonary bypass using direct vision is quick

and immediately effective. Once stented, they found

that the vessels remained open, and were amenable to

future surgical intervention as necessary.

10.7 Tissue Engineering

The ideal reconstructive material for the stenotic pulmon-

ary artery would be both easy to work with, allowing

reconstruction of even the most delicate vessels, and

would have the capacity to grow and develop with the

native arteries. Shin’oka et al. [45] reported implanting

tissue-engineered grafts seeded with autologous bone

marrow cells in 42 patients requiring reconstructions of

the pulmonary arteries. After a mean follow-up of up to

2 years, they reported patency in all arteries, as well as a

growth of the grafts to over 100% of the implanted size.

Their report represents one of the first successful reports

of tissue-engineered vascular autografts for use in recon-

structing the pulmonary vascular bed (Fig. 10.3).

10.8 Conclusion

The management of congenital and acquired pulmon-

ary arterial stenosis remains a challenge. Surgical stra-

tegies include relief of cyanosis, and induction of

growth, through the use of shunting procedures; recon-

structive and recruitment procedures on the pulmonary

arteries; as well as reconstruction of the right ventricu-

lar outflow tract using valved conduits. The best results
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with the most complex and difficult patients clearly

reflect successful combination of preoperative evalua-

tion, meticulous surgical technique, informed surgical

decision making, and close collaboration with interven-

tional cardiologists. New advances in operative materi-

als and interventional technologies are short-term goals

to improve outcomes.
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Section 3
The Systemic Right Ventricle



Mechanisms of Late Systemic Right
Ventricular Failure 11

Andrew S. Mackie and Judith Therrien

Amorphologic right ventricle (RV) supports the systemic

circulation in patients who have undergone an atrial baf-

fle palliation of transposition of the great arteries (TGA),

in patients with congenitally corrected transposition of

the great arteries (CCTGA), and in patients with hypo-

plastic left syndrome (HLHS) or other functional single

ventricle lesions of right ventricular morphology. The RV

has important morphologic differences relative to the nor-

mal left ventricle (LV), which is believed to account for

abnormalities of right ventricular function, both at rest and

in response to exercise, that have been described in patients

with a RV supporting the systemic circulation. The incre-

ased risk of premature death related to right ventricular

dysfunction after atrial baffle procedures for TGA high-

lights the importance of this problem [1–3]. Novel nonin-

vasive imaging modalities have recently contributed to our

understanding of the mechanisms by which the systemic

RV fails. However, the etiology of systemic right ventricu-

lar dysfunction remains incompletely understood. This

chapter summarizes the current body of knowledge in

this field.

11.1 Natural History of the Systemic
Right Ventricle

Numerous authors have described the long-term sequelae

of the Mustard and Senning procedures for TGA [1–9].

Roos-Hesselink and colleagues, in the longest prospective

study to date of patients who have undergone a Mustard

procedure, found that moderate or severe right ventricu-

lar dysfunction, as assessed by echocardiography, was

present in none of 47 patients after a median follow-up

of 14 years, but developed in 61% of the same patients

when reassessed 11 years later.[4] Independent predictors

of moderate or severe right ventricular dysfunction were

atrial flutter and the combination of Mustard surgery

with ventricular septal defect or pulmonary stenosis

repair. The prevalence of severe tricuspid regurgitation

(TR) increased from 2% at the initial evaluation to 20%

at a median follow-up of 25 years. A corresponding

decline in exercise capacity was also observed, with a

median maximal exercise capacity of 84% predicted at

14 years, declining to 72% at 25 years.

The natural history of CCTGA shares some parallels

with TGA following atrial switch procedures. However,

there are important factors that distinguish these lesions.

CCTGA is more commonly associated with a ventricular

septal defect, pulmonary stenosis or atresia, variable

degrees of atrioventricular block, and Ebstein’s anomaly

of the tricuspid valve [10]. The majority of patients with

associated lesions and CCTGA have undergone cardiac

surgery [10], which may impact long-term outcome.

Although some patients remain asymptomatic [11, 12],

many develop significant clinical manifestations. Graham

et al., in a large multicenter study of adults with CCTGA

and two functional ventricles, found that clinical conges-

tive heart failure (CHF) was more common in patients

with significant associated lesions (defined as a large VSD,

moderate-severe pulmonary stenosis, pulmonary atresia,

moderate-severe TR, or Ebstein’s anomaly) than in those

with insignificant or no associated abnormalities. CHF

also increased in prevalence with increasing age [10].

By age 45 years, 67% of patients with significant lesions

had CHF, compared to 25% of those without associated

lesions. Moderate-severe right ventricular dysfunction

was present in approximately one-third of patients, both

with and without associated lesions, and also increased in

prevalence with increasing age. In the largest single-center

cohort published to date, Rutledge and colleagues found

that complete atrioventricular block was an indepen-

dent risk factor for progressive right ventricular dysfunc-

tion [13]. Additional risk factors were prior conventional
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biventricular repair (repair of ventricular septal defect

and/or pulmonary stenosis) and moderate-severe TR.

Relative to TGA and CCTGA, the long-term prog-

nosis of the single systemic RV is less well documented.

Although the atrial switch procedures were introduced in

the late 1950s and early 1960s, Norwood surgery for

HLHS was first described in the early 1980s and in most

centers has been associated with higher mortality than

the atrial switch procedures. For these reasons, a shorter

duration of follow-up and a smaller population of single

RV patients exist relative to TGA and CCTGA. The pre-

sence of HLHS was a risk factor for perioperative mortal-

ity early in the Fontan era [14], but in a more recent cohort

the morphology of the systemic ventricle was not a risk

factor [15]. In an echocardiographic analysis of systemic

right ventricular function following the Fontan procedure

in school-age children (mean age 7.8 years), systolic func-

tion was diminished when compared to healthy controls,

with a lower fractional area change (42.7% vs. 54.6%, p=

0.001). In addition, the Fontan group had a greater reli-

ance on atrial contraction for ventricular filling, consistent

with reduced diastolic function [16]. The subjects in this

study were asymptomatic, implying that the results may

underestimate the true degree of right ventricular dysfunc-

tion in this patient population.

11.2 Right Versus Left Ventricles:
Morphologic Differences

Several fundamental distinctions exist between the mor-

phologic right and left ventricles. These include differ-

ences in atrioventricular valve morphology, myocardial

architecture, ventricular shape, coronary perfusion, and

the presence of a hypokinetic segment in the normal RV

(the infundibulum).

1. Morphology of the atrioventricular valves. Unlike the

mitral valve, the tricuspid valve has a papillary muscle

that inserts into the ventricular septum. The papillary

muscles of the tricuspid valve are small relative to

those of the mitral valve. These factors reduce the

geometric integrity of the tricuspid valve, relative to

the mitral valve, when guarding a systemic circular

orifice. In the setting of a systemic RV, the altered

position of the ventricular septum results in an abnor-

mal shape of the tricuspid valve annulus and reduced

coaptation of the tricuspid leaflets in systole, with

tricuspid regurgitation. In addition, among patients

with CCTGA there is a high prevalence of morpholo-

gic abnormalities of the tricuspid valve (> 90%), the

most common being Ebstein’s anomaly [17].

2. Myocardial architecture. The ventricular myocardium

is arranged in three layers in the LV, but only two

layers in the RV. A superficial (subepicardial) and

deep (subendocardial) layer are present in both ventri-

cles, whereas a middle layer is unique to the left ven-

tricle [18, 19]. The middle layer is circumferentially

oriented and is responsible for the greater myocardial

mass of the LV relative to the RV in the normal heart.

Themajority ofRVmyocardial fibers are longitudinally

oriented, originating at the cardiac apex and inserted

into the right atrioventricular junction [20].

3. Ventricular shape. From the three-dimensional per-

spective, the normal LV approximates a truncated

ellipsoid. Relative to a spherical or conical chamber,

this shape minimizes the sum of energy expenditures in

systole and diastole [21]. In comparison, the RV is a

tripartite chamber with a complex three-dimensional

shape which is suited to adapting to changes in pre-

load that normally occur with changes in intrathor-

acic pressure, but not suited to significant increases in

afterload [22].

4. Coronary perfusion. Although the origin of the cor-

onary arteries in TGA varies widely [23], the RV is

consistently supplied by the right coronary artery.

Likewise, the usual arrangement of the coronary

arteries in patients with CCTGA is that the RV is

supplied by a single right coronary artery [24]. The

LV is supplied by two epicardial arteries, the left ante-

rior descending and the circumflex coronary arteries.

Therefore, the systemic RV, with its single coronary

artery, is at a potential disadvantage with regard to

myocardial perfusion, resulting in ischemia. particu-

larly in the setting of myocardial hypertrophy which

develops when the RV functions at systemic pressure

over long periods of time (mismatch phenomenon).

5. The infundibulum. The infundibulum (conus) of theRV

does not contribute significantly to right ventricular

ejection. The normal LV does not have an equivalent

noncontractile segment [25].

11.3 Mechanisms of Systemic Right
Ventricular Dysfunction

1. Tricuspid regurgitation. Moderate or severe tricuspid

regurgitation is common in patients with a systemic

RV. Moderate-severe TR and a prior history of tricus-

pid valve surgery are both strong risk factors for clin-

ical CHF and RV dysfunction in adults with CCTGA

[10]. However, whether patients have TR secondary

to ventricular dysfunction, or the presence of TR pro-

motes the development of ventricular dysfunction, has
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been the subject of much speculation. Among patients

with intrinsic abnormalities of the tricuspid valve, as

in patients with Ebstein’s anomaly and CCTGA, it

seems likely that TR is independent of the development

of right ventricular dysfunction. Indeed, Prieto et al.

showed that moderate-severe TR preceded right ven-

tricular dysfunction in a cohort of 40 patients with

CCTGA [26]. Forty patients were followed for amedian

of 19 years; 17 (43%) had moderate-severe TR during

their clinical course. The presence of a morphologically

abnormal tricuspid valve predicted the development of

moderate-severe TR, whereas right ventricular dysfunc-

tion, open-heart surgery, complete heart block, and

pulmonary overcirculation did not. Of 36 patients who

had documentation of right ventricular function before

the onset of moderate-severe TR, only 2 had impaired

function. Among patients in whom the tricuspid valve

remained competent, all had normal RV function at

last follow-up. These data support a temporal course

of TR preceding RV dysfunction in the majority of

patients. Furthermore, moderate-severe TR was an

independent risk factor for mortality in this cohort,

highlighting the importance of this complication

(Fig. 11.1). Presumably, the inability of the RV to

cope with TR results in a vicious cycle of right ventri-

cular dilation, increasing wall stress, annular dilation,

and increasing TR.

2. Impaired myocardial perfusion. Radionuclide techni-

ques have demonstrated that perfusion defects, both

at rest and during stress, are common in patients who

have undergone a Mustard palliation of TGA as well

as in patients with CCTGA. Millane and colleagues

studied 22 patients (age range 10–25 years, median

15.5 years) status postatrial baffle procedure [9]. Perfu-

sion defects were present in all patients in at least one

segment. Twelve patients (55%) had fixed defects only,

nine (41%) had fixed and reversible defects, and one

(4.5%) had reversible defects only. Fixed perfusion

defects, representing areas of infarction or fibrosis,

correlated strongly with abnormalities of wall thicken-

ing and reduced wall motion. In turn, wall-thickening

abnormalities correlated with right ventricular ejection

fraction, and there was a trend toward a greater num-

ber of perfusion defects in patients with an ejection

fraction less than 40%. The same group did a similar

study in a small group of children and adults with

CCTGA (without associated lesions) and found simi-

lar results [27]. None of the patients in this latter study

were operated, implying that perfusion defects seen in

patients who have had atrial baffle procedures are due

at least in part to right ventricular ischemia or infarc-

tion, rather than solely to the effects of cardiopulmon-

ary bypass.

Positron emission tomography (PET) has also been

used to evaluate myocardial blood flow in patients

with CCTGA. Hauser and colleagues showed that

myocardial blood flow did not differ at rest between

unoperated patients with CCTGA and controls. How-

ever, adenosine-induced vasodilation resulted in sig-

nificantly less hyperemic blood flow in the CCTGA

group [28]. Coronary flow reserve correlated positively

with maximum oxygen consumption on bicycle ergo-

metry, indicating the clinical significance of these find-

ings. PET has also demonstrated reduced coronary

flow reserve as compared to controls in a small study

of adolescents and young adults after Mustard pallia-

tion of TGA [29].

The pathogenesis of right ventricular ischemia and

infarction is likely multifactorial. Right ventricular

hypertrophy increases myocardial oxygen require-

ments, and the right coronary system with a single

coronary artery may provide insufficient flow. Animal

experiments have shown reduced right-coronary artery

flow in the setting of elevated right ventricular pressure

[30]. Other investigators have shown that the hyper-

trophied heart is prone to subendocardial hypoperfu-

sion, even in the absence of macroscopic coronary

abnormalities [31]. Myocardial ischemia results from

an imbalance between oxygen supply and demand.

Reduced oxygen supply relates to decreased effective

coronary perfusion caused by impaired diastolic func-

tion. In the systemic RV, reduced oxygen supply [28]

coexists with an increased oxygen demand (increased

wall stress). This mismatch of supply and demand

predisposes to subendocardial ischemia and right ven-

tricular dysfunction. Hornung and colleagues showed

Fig. 11.1 Kaplan–Meier estimate of survival for patients with
CCTGA (n = 40). Patients with moderate-severe tricuspid regur-
gitation/insufficiency (TIs) had lower survival than those with mild
or no TIs (p = 0.01).
Prieto et al. Circulation 1998;98:997–1005 (page 1000)
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that following the Mustard procedure, RV mass index

correlated inversely with right ventricular ejection

fraction determined by MRI [32], supporting this

notion that demand ischemia, related to myocardial

hypertrophy, results in impaired RV systolic function.

Left ventricular ejection fraction was lower in patients

with higher RV mass index (> 95 g/m2), implying that

RV hypertrophy impacts LV perfusion and systolic

function as well. The inverse correlations between RV

mass index and both RV and LV ejection fraction

have subsequently been reproduced in a similar popu-

lation [33].

3. Myocardial fibrosis.Magnetic resonance imaging with

late gadolinium enhancement (LGE) can detect the

presence of myocardial fibrosis of the LV in ischemic

and nonischemic cardiomyopathies [34]. In an analysis

of 36 adults with TGA who had undergone an atrial

baffle procedure, 22 (61%) had evidence of fibrosis

of the RV using this technique (Fig. 11.2) [33]. The

presence of fibrosis correlated with increasing age,

increased RV end-systolic volume, decreased RV ejec-

tion fraction, increased QT dispersion, and increased

QRS duration. Although the cross-sectional nature of

this study did not allow conclusions about the mechan-

isms of fibrosis, this data suggests that RV fibrosis

contributes to RV dysfunction.

Other mechanisms. This is not an exhaustive list of

mechanisms contributing to systemic right ventricular

dysfunction; it is likely that other mechanisms remain to

be described. Specific patient-related factors probably

play a contributing role. These include the influence of

cardiopulmonary bypass and myocardial protection, par-

ticularly in patients who had cardiac surgery in the more

remote past, and the impact of discordant ventricular

contraction in patients who have ventricular pacing

related to complete heart block. The concept of interven-

tricular dependence as well should not be overlooked.

Fig. 11.2 Full-thickness late-gadolinium enhancement of the ante-
rior right ventricular wall (arrow) in a patient with previous atrial
baffle palliation of transposition of the great arteries.

Babu-Narayan SV et al. Circulation 2005;111:2091–98, Fig. 3a,
page 2096
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11.4 Conclusion

The majority of patients with a RV in the systemic posi-

tion develop right ventricular dysfunction over time. The

prevalence of this complication increases with age, is fre-

quently accompanied by symptoms and/or impaired ex-

ercise capacity, and carries a poor prognosis. Multiple

factors contribute to the development of right ventricular

dysfunction, tricuspid regurgitation from abnormal tri-

cuspid valve morphology or septal leaflet displacement

being probably the most important. Right ventricular

ischemia resulting from an imbalance between myocar-

dial oxygen supply and demand also plays a significant

role. However, much of the work in this field has been

cross-sectional in nature. The challenge now is to follow

these cohorts over the long term, in order to improve our

understanding of the timing and relative contribution of

these and other potential risk factors as they relate to the

onset of right ventricular dysfunction. Potential drug

therapies such as beta-blockade [44] and angiotensin inhi-

bition [45–47] have recently been reported, but require

further evaluation. Surgical interventions, including tri-

cuspid valve replacement in CCTGA [48] and two-stage

arterial switch [49, 50], will probably play an increasing-

ly important role, but optimal timing and indications

remain to be elucidated. The influence of coronary artery

disease on right ventricular performance may become

relevant as this population ages.

The number of adolescents and adults with a Fontan

circulation and functional single RV will rise significantly

in the next 10 years. This group will require further study,

using techniques that have been applied to patients with

CCTGA and an atrial baffle repair of TGA, and employ-

ing new methods of functional and anatomic assessment

as they are developed. The evolution of novel therapies

for this population will depend on advancing our knowl-

edge of the mechanisms of RV failure.
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Pharmacologic Approaches to the Failing
Systemic Right Ventricle 12

Annie Dore and Paul Khairy

Excellent survival has been reported in patients with a sys-

temic right ventricle (RV) [1, 2]. However, long-term com-

plications, including progressive RV dilatation, systolic and

diastolic ventricular dysfunction [2–5], impaired exercise tol-

erance [6, 7], arrhythmias [1, 2], and sudden death [1] raise

concern over the ability of themorphologicRV to sustain an

increased afterload over a prolonged period of time.

Over the past 20 years, numerous randomized prospec-

tive clinical trials were conducted in patients with acquired

left ventricular (LV) systolic heart failure [8]. Collectively,

these important studies elucidated underlying pathophy-

siological mechanisms, provided insights into potential

novel pharmacological targets, and established evidence-

based indications for therapy. Such pharmacological ther-

apy has resulted in improvements in diverse outcomes,

including cardiac index, left ventricular pressures, symp-

toms, exercise tolerance, quality of life, and survival.

Given the limitations in data that specifically pertain to

adults with congenital heart disease, studies performed on

the failing LV are often extrapolated to patients with sys-

temic RVs. Not uncommonly, similar pharmacological

regimens are empirically initiated. It is unclear, however,

whether such practices are justified. The overall objective

of this chapter is to provide a contemporary perspective on

pharmacological therapy in patients with a systemic RV in

light of recent developments and current evidence.

12.1 The Asymptomatic Patient
with a Failing LV

Although the heart failure literature has predominantly

focused on patients with symptoms, evidence now indi-

cates that asymptomatic LV dysfunction is more common

than previously presumed. It is increasingly recognized

that a latency period often exists between a reduction in

LV ejection fraction and onset of symptoms. Advances in

pharmacological therapies aimed at symptomatic

patients with LV dysfunction have, therefore, been

extended to the asymptomatic patient. The 2006 Cana-

dian consensus conference guidelines on heart failure [8]

recommend that angiotensin-converting enzyme (ACE)

inhibitors be given to all asymptomatic patients with an

LV ejection as fraction less than 35% (class I, level A). It is

further recommended that all patients with an LV ejection

fraction equal to or less than 40% receive a beta-blocker

proven to be beneficial in large-scale clinical trials (class I,

level A).

Favorable effects of ACE inhibitors in asymptomatic

patients with a decreased LV ejection fraction were

reported in the studies of left ventricular dysfunction

(SOLVD) prevention trial [9]. This trial is the largest

clinical study to assess the impact of an ACE inhibitor

on mortality in New York Heart Association (NYHA)

class I patients with LV dysfunction. Over 4000 asympto-

matic patients with an ejection fraction less than 35% and

no other pharmacological therapy for heart failure were

randomized to treatment with enalapril or placebo for a

3-year period. Despite the lack of a demonstrated survival

advantage of enalapril over placebo, enalapril signifi-

cantly reduced the incidence of symptomatic heart failure

and need for hospitalization. ACE inhibitors have since

been recommended to all asymptomatic patients with a

reduced LV ejection fraction to prevent or delay the onset

of heart failure symptoms.

Large-scale clinical studies have not focused of beta-

blockers in NYHA class I patients with a decreased LV

ejection fraction. Nevertheless, all consensus guidelines

recommend their use in asymptomatic patients on the

basis of consistent benefits noted across a range of sub-

groups with LV dysfunction, including patients without

overt heart failure following an acute myocardial infarc-

tion [8, 10–11]. The CAPRICORN study examined the
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effects of carvedilol in asymptomatic patients with a

reduced LV ejection fraction postinfarction and found a

lower incidence of the combined end-point of mortality

and recurrent myocardial infarction [11]. No trial has

specifically investigated the effect of beta-blockers on

mortality in asymptomatic patients with a decreased LV

ejection fraction but without a recent myocardial

infarction.

12.2 The Asymptomatic Patient
with a Failing RV

Data on the use of ACE inhibitors or angiotensin receptor

blockers in patients with a systemic RV was initially

limited to nonrandomized studies involving few patients.

In seven patients over 13 years of age with a Mustard

repair for transposition of the great arteries (TGA), Les-

ter et al. [12] found a small but statistically significant

increase in exercise duration following 8 weeks of losartan

therapy. The Toronto group reported their results with

cardiopulmonary testing and magnetic resonance ima-

ging in 14 adults late after a Mustard operation treated

with ACE inhibitors for a minimum of 6 months [13]. No

change in exercise time, VO2 max, ejection fraction, or

RV volume was noted. In a subsequent nonrandomized

and unblinded study of eight young patients who under-

went a Mustard operation for TGA, Robinson et al. [14]

reported a baseline reduction in VO2 max and exercise

duration that did not improve after 12 months of enala-

pril therapy.

More recently, a multicenter prospective randomized

double-blind, placebo-controlled clinical trial assessed

the effects of an angiotensin receptor blocker in patients

with a systemic RV [15]. In this study, 29 adults (mean age

30 years; 21 with D-TGA after a Mustard or Senning

repair and 8 with congenitally corrected TGA and no

other hemodynamic lesion) were randomly assigned to

15 weeks of treatment with losartan or placebo, with

crossover for an additional 15 weeks. At baseline, the

RV was dilated in 97% of patients (mildly in 45%, mod-

erately to severely in 52%). The mean RV ejection frac-

tion was 41% with a mean VO2 max of 29 mL/kg/min

(73.5 – 12.9% predicted value). Serological studies

revealed a mean NT-proBNP level of 257 pg/mL (normal

<125 pg/mL) and angiotensin II level of 5.7 pg/mL (nor-

mal <5.0 pg/mL). Comparing losartan to placebo, no

differences were observed in VO2 max, exercise duration,

and NT-proBNP levels despite a trend toward increased

angiotensin II levels.

Reasons underlying the lack of an observed benefit

remain speculative. Interestingly, minimal activation of

the renin angiotensin system (RAS) was noted at baseline,

thus raising the possibility that, unlike patients with LV

dysfunction, activation of the RAS is not a dominant

pathophysiologic contributor to impaired exercise toler-

ance in patients with a systemic RV [15]. Bolger AP et al.

[16] measured neurohormonal levels in a heterogeneous

group of 53 adults with chronic heart failure secondary to

complex congenital heart disease, most of them with

underlying univentricular physiology, tetralogy of Fallot,

or systemic RV. In this diverse patient population, levels

of ANP, BNP, epinephrine, norepinephrine, renin, and

aldosterone were higher than in healthy controls. How-

ever, renin and aldosterone levels were not significantly

different between congenital patients in NYHA func-

tional class I and healthy controls, providing further evi-

dence that the renin angiotensin axis is not significantly

activated in asymptomatic patients with congenital heart

disease.

Pathophysiological insights from animal models sug-

gest that when the RV is submitted to a pressure overload,

activation of the RAS is not a necessary component of the

RV hypertrophic response [17]. In a feline model sub-

jected to pulmonary artery banding, Koide et al. found

a level of angiotensin II similar to nonbanded controls

despite a substantial RV hypertrophic response. The

authors concluded that hypertrophy resulting from RV

pressure overload could occur without RAS activation.

From a clinical perspective, despite the vast majority of

patients with a systemic RV reporting symptoms consis-

tent with a NYHA class I designation, impaired exercise

capacity has been well demonstrated [7, 8, 15, 16]. Dis-

crepancies between the NYHA functional class category

and cardiopulmonary exercise testing are not uncommon,

with reports suggesting less than 50% concordance [18].

In NYHA class I patients with systemic LV dysfunction,

the observed reduction in exercise tolerance has been

attributed to a combination of various cardiovascular

and peripheral factors. Potential cardiovascular factors

include chronotropic incompetence and the inability to

sufficiently increase stroke volume as a result of preload

anomalies, impaired contractility, and/or increased after-

load. Peripheral factors include endothelial dysfunction,

abnormal skeletal muscle metabolism, suboptimal distri-

bution of the cardiac output, reflex sympathetic activa-

tion, and hyperventilation.

While the predominant factor underlying a reduction

in exercise capacity in the asymptomatic patient with a

systemic RV remains unknown, afterload reduction by

inhibiting the RAS system does not appear to appreciably

improve exercise capacity. Results from a study by

Derrick et al. [19] in patients with a prior Mustard or

Senning operation, the largest subgroup of patients with

a systemic RV, are consistent with these findings. The
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authors suggest that exercise intolerance primarily results

frompreload anomalies with failure to augmentRV filling

rates during tachycardia, presumably due to abnormal

intra-atrial pathways with impaired atrioventricular

transport.

If the main factor limiting an appropriate increase in

stroke volume relates to preload in the setting of exercise-

induced tachycardia, beta-blocker therapy may prove

beneficial by blunting the chronotropic response and

increasing diastolic filling time. In this population of

patients, case reports have described favorable effects of

beta-blocker therapy [20–22]. In an observational study,

Giardini et al. [21] assessed the effects of carvedilol on RV

remodeling and exercise tolerance in eight adults with

systemic RV dysfunction. All patients were in NYHA

functional class I–III and treated with ACE inhibitors.

Cardiovascular magnetic resonance and cardiopulmon-

ary exercise testing were performed prior to and 12

months after receiving the maximum tolerated dose of

carvedilol. Results were encouraging, in that improve-

ments in RV end-diastolic volume, RV end-systolic

volume, and RV and LV ejection fractions were noted.

However, no improvement in VO2 max was observed.

This pilot study concluded that carvedilol administration

is safe and associated with positive RV remodeling. It

remains to be determined whether such favorable effects

will translate into clinically meaningful outcomes.

12.3 The Symptomatic Patient
with a Failing LV

In patients with symptomatic LV dysfunction, the pri-

mary objectives of therapy include improving symptoms

and quality of life, halting progressive heart failure, and

reducing mortality. Beta-blockers, ACE inhibitors, or

angiotensin receptor blockers, and diuretics have become

the cornerstone of pharmacological therapy [8, 10]. A

diuretic is recommended to relieve congestive symptoms

and prevent the recurrence of fluid retention. ACE inhi-

bitors and beta-blockers have been the subject of numer-

ous large-scale clinical investigations and both have been

demonstrated to alleviate symptoms, ameliorate clinical

status, improve survival, and reduce the combined risk of

death and hospitalization.

In addition to these agents, digoxin can improve symp-

toms, quality of life, and exercise tolerance in patients

with mild-to-moderate heart failure [8, 10]. These benefits

have been observed independent of the underlying

rhythm, the etiology of LV systolic dysfunction, and con-

comitant heart failure therapy. In patients with NYHA

class IV symptoms or NYHA class III symptoms and a

recent hospitalization, low-dose spironolactone can be

added to the medical regimen. This aldosterone antago-

nist has been associated with a 30% relative risk reduction

in mortality, 35% reduction in hospitalizations for heart

failure, and an improvement in functional class [23].

12.4 The Symptomatic Patient
with a Failing RV

Designing a prospective randomized clinical study to

assess the impact of medical therapy on patients with a

systemic RV and NYHA class III or IV symptoms is

greatly hampered by the limited number of such patients

and heterogeneity of underlying congenital heart defects.

To date, there exists no evidence-based data on pharma-

cological therapies in the setting of symptomatic systemic

RV failure. In the absence of data, clinicians have tradi-

tionally prescribed diuretics (especially loop diuretics) to

relieve signs and symptoms of congestion and digoxin for

its positive inotropic effects. Over the past 10 years, ACE

inhibitors and beta-blockers were empirically added.

As patients with systemic RVs thrive into their adult

years, clinicians should be cognizant of the fact that all

cardiovascular risk factors need to be aggressively mana-

ged, with appropriate lifestyle modifications and drug

therapies. Manifestations of coronary artery disease are

beginning to surface in adults with congenital heart dis-

ease [24].

12.5 Conclusion

In patients with a systemic RV, heart failure is a feared

long-term complication. Although a minority report

NYHA class III or IV symptoms, exercise intolerance is

prevalent even among those who consider themselves

asymptomatic. There is, therefore, much interest in devel-

oping and defining pharmacological strategies that

support the systemic RV. Initial enthusiasm for RAS

antagonists has not been borne out by prospective rando-

mized assessment. It has become increasingly apparent that

caution is warranted in extrapolating results from trials

assessing pharmacological therapy for the failing LV with-

out independent validation in the systemic RV. Despite

discouraging initial results, insights gained into potentially

different pathophysiological mechanisms that underlie the

failing systemic LV versus RVmay ultimately lead to more

appropriate tailored therapy. Currently, data do not

support using RAS antagonists in the asymptomatic

patient with a failing systemic RV. Initial observational
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data with beta-blocker therapy appear encouraging and

merit further prospective study. Results of large-scale clin-

ical trials in LV dysfunction should spark enthusiasm

within the adult congenital medical community to pursue

collaborative research in an effort to provide our patients

with evidence-based guidelines for care-limiting questions.
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Congenitally Corrected Transposition:
Replacement of the Tricuspid
Valve or Double Switch?

13

Jennifer C. Hirsch and Edward L. Bove

13.1 Anatomy

Congenitally corrected transposition is produced by the

combination of discordant atrioventricular and ventricu-

loarterial connections. In this condition, the morphologi-

cally right atrium receives the systemic venous return,

which then enters the morphologically left ventricle via

the mitral valve. In the setting of usual atrial arrange-

ment, this morphologically left ventricle is usually right

sided. The morphologically left atrium then receives the

pulmonary venous return, which enters the morphologi-

cally right ventricle, usually left sided, via the tricuspid

valve. The morphologically left ventricle supports the

pulmonary trunk, while the morphologically right ventri-

cle is connected to the aorta. In consequence of the double

discordance, there is a physiologically normal pattern of

circulation, with the deoxygenated systemic venous

return entering the pulmonary circulation, and oxyge-

nated pulmonary venous return entering the systemic

circulation. It is possible, of course, to find discordant

atrioventricular connections with other ventriculoarterial

connections, such as double-outlet ventricle, usually the

right, or single outlet with pulmonary atresia. These var-

iants are close cousins, but do not produce congenitally

corrected transposition.

The pattern described above is the commonest form of

the lesion, with usual atrial arrangement, but congenitally

corrected transposition can also be found in the mirror-

imaged variant, when the atrial chambers are mirror

imaged, but the ventricular mass show the usual pattern

of right-hand ventricular topology. There can then be a

multitude of other conditions, found in nine-tenths of

more of cases. These include ventricular septal defects,

seen in three-quarters of patients, pulmonary stenosis or

atresia, present in half, disturbances of atrioventricular

conduction, tricuspid regurgitation, atrial septal defect,

and right-sided heart. Anomalies of the morphologically

tricuspid valve, including Ebstein’s malformation, are

particularly common, seen in perhaps more than half of

patients, and achieve clinical significance because the

morphologically tricuspid valve is the systemic atrioven-

tricular valve in the setting of discordant atrioventricular

connections.

The atrioventricular conduction system is abnormally

positioned due to malalignment between the atrial and

ventricular septal structures. The result is a superiorly

displaced atrioventricular node, which is positioned ante-

riorly on the atrial septum at the junction of the superior

rim of the oval fossa and the vestibule of the morpholo-

gically mitral valve. The node attaches to the bundle of

His, which travels anterior to the pulmonary outflow

tract, coursing in the subendocardial layer of the morpho-

logically left ventricle, usually found, as already dis-

cussed, on the right side [1]. It has been theorized that

the long course traveled by the bundle of His predisposes

it to damage from ischemia or stretch, which can result in

variable degrees of heart block [1].

13.2 Physiology

Patients without associated anomalies have normal phy-

siology. Most patients, however, will present as a conse-

quence of an associated condition. Patients with significant

pulmonary stenosis or atresia generally present early in life

due to cyanosis. Thosewith significant regurgitation across

the morphologically tricuspid valve, or those with a large

ventricular septal defect with minimal obstruction to the

outlet from the left ventricle, may develop congestive heart

failure symptoms early in life. Additional conditions

include bradycardia from heart block, congestive heart

failure from systemic ventricular failure and/or tricuspid
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regurgitation, and cyanosis from progressive pulmonary

stenosis. Death from congestive heart failure occurs with

increasing frequency in the third to fifth decade of life [2].

Regurgitation across the morphologically tricuspid

valve is an important determinant of long-term outcome.

In a study from Prieto and colleagues [3], who analyzed 40

patients, tricuspid valvar regurgitation was found to be an

independent risk factor for death. At 20 years, over nine-

tenths of those without significant regurgitation survived,

in comparison to just under half of those with tricuspid

valvar regurgitation [3]. Regurgitation may result from a

multitude of causes, including Ebstein’s malformation of

the valve, and annular dilation from progressive right

ventricular dysfunction. More recently, it has been recog-

nized that the shift of the ventricular septum to the right,

into the morphologically left ventricle, can also result in

tricuspid valvar regurgitation. The etiology of the regur-

gitation is likely due to the septophilic nature of the valve,

which is altered when the pressure in the morphologically

right ventricle exceeds that of the left ventricle, resulting

in shift of the septum to the right. The regurgitation has

also been shown to improve after banding of the pulmon-

ary trunk, which increases left ventricular pressure and

produces a shift of the ventricular septum to the left, that

is, toward the morphologically right ventricle.

13.3 Surgical Management

13.3.1 Nonanatomic Repair

Traditional methods of surgical repair had been aimed at

the treatment of the associated lesions. Early and late

results of such an approach have not been optimal. In

series published recently, operative mortality for repair of

associated conditions ranges from 4% to 15%, with a

15% to 30% incidence of postoperative complete heart

block [4–6]. Furthermore, there is a high rate of reopera-

tion for replacement of the tricuspid valve and insertion

of pacemakers. In another series, the late survival was less

than 70% at 10 years [7].

Right ventricular dysfunction and tricuspid valvar

regurgitation are common late sequels. Survival after the

development of significant tricuspid valvar regurgitation

is poor. In the study of Prieto and colleagues [3], survival

was no more than 70% at 1 year after the diagnosis of

tricuspid valvar regurgitation. This had decreased to 38%

by 10 years, regardless of treatment. Even in patients

undergoing replacement of the tricuspid valve, survival

at 10 years was a dismal 14% [3]. The potential benefit of

replacement of the valve for tricuspid regurgitation is

impacted significantly by the presence of right ventricular

dysfunction. In a study from theMayo Clinic [5], patients

with an ejection fraction less than 44% undergoing valvar

replacement had survivals at 5 and 10 years of 49% and

20%, respectively. For patients with an ejection fraction

above 44%, comparable survival was 100% at both 5 and

10 years, this being highly statistically significant. In

another study evaluating outcomes following traditional

repairs, progressive right ventricular dysfunction

occurred in over two-fifths of patients in whom the mor-

phologically right ventricle remained as the systemic ven-

tricle. In that study [8] significant predictors of right

ventricular dysfunction included Ebstein’s malformation

of the tricuspid valve, tricuspid valvar replacement, and

postoperative complete heart block.

13.3.2 Anatomic Repair

In the 1990s, the focus of surgical treatment shifted

toward anatomic repair, allowing the morphologically

left ventricle to support the systemic circulation. To

achieve this, it is necessary to retrain the morphologically

left ventricle, so that it can function at systemic pressures.

This can be achieved by banding the pulmonary trunk. It

is essential to gradually increase pressure so as to avoid

dysfunction of the ventricle.When the band is first placed,

a reasonable goal is to achieve a left ventricular pressure

half the systemic pressure, which should achieve a shift of

the ventricular septum to the left. Tricuspid valvar regur-

gitation often improves as the septum moves into the

cavity of the morphologically right ventricle. In many

instances, it is not possible to achieve adequate pressures

in the left ventricle subsequent to initial banding due to

the potential of left ventricular dysfunction. Repetitive

banding will be required to achieve sufficient ventricular

retraining. Anatomic repair can be carried out when the

ratio of right to left ventricular pressures is around 80%,

and left ventricular function is normal. The pressure in the

morphologically left ventricle may have remained at or

near systemic levels in presence of a nonrestrictive ventri-

cular septal defect, or if there had been sufficient preexist-

ing obstruction in the left ventricular outflow tract. In

these circumstances, retraining of the left ventricle is not

necessary.

To achieve anatomical repair in the presence of a nor-

mal pulmonary valve, a Senning procedure is combined

with an arterial switch operation. The Senning technique

mobilizes a flap of atrial septum to begin the redirection

of venous return (Fig. 13.1). The right atrial free wall is

then used to create a systemic venous pathway, which

carries the blood towards the tricuspid valve.

(Fig. 13.2A) The pulmonary venous pathway passes
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around the systemic venous chamber to communicate

with the mitral valve (Fig. 13.2B). The pulmonary venous

atrium may require augmentation to prevent obstruction

of pulmonary venous return.

The arterial switch operation is performed using tradi-

tional techniques as employed for patients with regular

transposition. This involves transecting both the pulmon-

ary trunk and the aorta at the level of the bifurcation of

the trunk. The coronary arteries are mobilized with gen-

erous buttons of arterial wall. The distal part of the

pulmonary trunk is translocated anterior to the aorta,

following which the ascending aorta is anastomosed to

the proximal part of the pulmonary trunk, and the cor-

onary arterial buttons placed into the appropriate sinuses

of Valsalva. The resected sinuses of the proximal aorta,

soon to become the pulmonary trunk, are reconstructed

with autologous pericardium, and the proximal channel is

anastomosed to the right and left pulmonary arteries.

This connection needs to be shifted leftward onto the

proximal part of the left pulmonary artery to prevent

distortion.

Patients with significant obstruction in the left ventri-

cular outflow tract that cannot be resected, or those with

pulmonary atresia, are unsuitable for an arterial switch.

In this situation, the Senning procedure can be combined

with the Rastelli operation. The Senning procedure is

performed as previously described. An intraventricular

baffle is then placed to channel the interventricular com-

munication from the left ventricle to the aorta, and a

conduit is inserted from the right ventricle to the pulmon-

ary arteries. The sutures securing the baffle are kept on

the morphologically right ventricular side of the septum

to avoid damage to the conduction tissue. The defect itself

may need to be enlarged to allow unobstructed flow from

the morphologically left ventricle. The anterior and

superior position of the conduction system must be kept

in mind to avoid complete heart block.

13.4 Results

We have reported previously the results obtained at the

University of Michigan for the Senning procedure com-

bined with an arterial switch operation [5]. Our series now

includes a total of 55 patients, in 30 of whomwe combined

the Senning and arterial switch procedures, and in the

other 25 using the Senning procedure combined with a

Rastelli operation. Our overall hospital survival is 95%,

with one patient dying following the Senning and arterial

switch procedures, and two following the combined Sen-

ning and Rastelli operations. There were no new cases of

complete heart block, albeit those four patients had pre-

operative block. In a 7-year-old patient, who had under-

gone retraining of the left ventricle, left ventricular failure

developed subsequently due to diastolic dysfunction. This

patient ultimately required heart transplantation, follow-

ing initial Senning and arterial switch operations. Late

reoperations included replacement of a conduit in one,

relief of pulmonary venous obstruction in another, and

relief of superior caval venous obstruction in still another

patient. Other potential complications, not seen in our

cohort of patients, include neoaortic valvar regurgitation

and coronary arterial obstruction following the combined

Senning and arterial switch procedures, and late conduit

failure and obstruction of the left ventricular outflow

tract by the intraventricular baffle in the patients having

combined Senning and Rastelli procedures. When pre-

sent, tricuspid valvar regurgitation improved significantly

following anatomic repair [5].

(a) (b)

Fig. 13.1 To achieve the Senning procedure, the atrial septum is
first mobilized, closing any atrial septal defect (a) If the atrial septal
defect is large, it is often easier to resect the septum and use a patch.
The mobilized atrial septum (b) is then sutured above the left
pulmonary veins to create the floor of the systemic venous atrium
Reprinted with permission

(a) (b)

Fig. 13.2 The systemic venous atrium is completed by suturing the
posterior aspect of the right atriotomy over the caval venous orifices
and along the prior attachment of the atrial septum (a). The roof the
left atrium is then opened posterior to the interatrial groove. The
pulmonary venous atrium is completed (b) by augmenting the left
atriotomy with a patch to the anterior aspect of the right atriotomy
Reprinted with permission
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13.5 Discussion

Traditional approaches to repair underlying anomalies

associated with congenitally corrected transposition are

now accepted to result in unsatisfactory long-term out-

comes, with high late rates of mortality, progressive right

ventricular dysfunction, and progressive tricuspid valvar

regurgitation. Following traditional repairs, such as closure

of an interventricular communication, or relief of obstruc-

tion within the left ventricular outflow tract, left ventricular

pressure is reduced, resulting in a shift of the ventricular

septum to the right. This impairs tricuspid valvar function,

andmay lead to tricuspid valvar regurgitation. The resultant

volume overload on the morphologically right ventricle

leads to a relatively rapid decline in ventricular function,

perhaps due to impaired coronary arterial flow as mural

tension increases. Tricuspid valvar replacement in the face

of existing right ventricular dysfunction results in high

operative risk and poor long-term survival.

When feasible, therefore, complete anatomic repair

has become the preferred approach. Following this pro-

cedure, the morphologically left ventricle and mitral

valve, better suited for long-term performance under

high pressure, are placed in the systemic circulation. The

combined Senning and arterial switch operations can be

performed with low morbidity and mortality. Among the

group of patients repaired at the University of Michigan,

early and intermediate survival has been excellent, with a

low incidence of significant residual lesions.

Elective retraining of the morphologically left ventricle

by banding the pulmonary trunk can be accomplished in

younger patients who have developed right ventricular

dysfunction, and/or tricuspid valvar regurgitation. Left

ventricular retraining may not be appropriate in older

patients, who may be prone to the development of late

left ventricular failure following a double-switch opera-

tion. This group may better be managed with heart trans-

plantation. Longer follow-up will be necessary to assess

survival, ventricular function, arrhythmias, and surgical

complications.

At the University of Michigan, the use of combined

Senning and arterial switch procedures for patients with

an isolated ventricular septal defect is preferred. The pre-

sence of the interventricular communication maintains

left ventricular pressures at elevated levels if it is nonres-

trictive, and retraining of the left ventricle is not neces-

sary. For those patients also having pulmonary stenosis,

surgery is reserved for those who are symptomatic. In this

group, the combined Senning and Rastelli approach is

typically adopted. Closure of the ventricular septal defect,

with partial relief of pulmonary stenosis, may also be

considered for patients who are not candidates for ana-

tomic repair. In those patients, it is preferable to leave

some pulmonary stenosis to minimize septal shift. Lastly,

there are some patients with subpulmonary stenosis and a

normal pulmonary valve who may be suitable for the

combined Senning and arterial switch operations if it

is possible to resect the obstructive lesions in the left

ventricular outflow tract. Older patients with tricuspid

regurgitation should be considered for early valvar repla-

cement, before the onset of right ventricular dysfunction.

Alternatively, even in older patients, it is possible to band

the pulmonary trunk. Even if left ventricular training is

ultimately unsuccessful, some reduction in tricuspid

regurgitation may result in an improved clinical

condition.
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Section 4
Disease in The Absence of Structural Malformations



Right Ventricular Tachycardia 14

Shubhayan Sanatani and Gil J. Gross

Right ventricular ectopy preempts normal activation of the

ventricular myocardium through pacemaking and conduc-

tion pathways comprising the sinoatrial node, atriums,

atrioventricular node, and His–Purkinje system. Ectopic

activity ranging from isolated ventricular premature beats

to sustained ventricular tachycardia (VT) frequently arises

in right ventricular myocardium affected by native and

especially by surgically palliated structural congenital

heart disease, as well as by various cardiomyopathic pro-

cesses. However, the right ventricle also serves as the most

common source of ventricular ectopy in hearts with no

other detectable structural or functional abnormality.

14.1 Ventricular Extrasystoles

A ventricular extrasystole has been defined as an

impulse which arises in an ectopic ventricular focus

and which is premature in relation to the prevailing

rhythm [1]. There are several terms used to describe

this electrical event, the most common being premature

ventricular contraction (PVC). This term has the disad-

vantage of linking an assumed hemodynamic event with

the electrical event. Other terms such as ventricular pre-

mature beat, premature ventricular depolarization, or ven-

tricular ectopic beat are also used. For simplicity, we will

use the term PVC. This is manifest on the electrocardio-

gram as an atypical, usually wide QRS complex that is

not preceded by a conducted P wave. Ventriculo-atrial

conduction of the ectopic beat can activate the atria and

produce a retrograde P wave, resetting the timing of the

next normal beat if the sinus node is captured along with

the bulk of the atrial tissue. More commonly, however,

the sinus node is not captured or reset by a PVC, yield-

ing the so-called compensatory pause whereby the

normally timed sinus beat coincident with or immedi-

ately following the PVC cannot be conducted due to

ventricular refractoriness, and the latency of the next

normally conducted QRS complex thus precisely offsets

the degree of prematurity of the PVC. The repolariza-

tion that follows a PVC is also abnormal, reflecting the

abnormal ventricular depolarization sequence. PVC’s

frequently occur in patterns alternating with one or

more normal sinus beats; this incompletely understood

phenomenon is known as bigeminy, trigeminy, and so

forth, and forms the subject of sophisticated modeling

work [2].

PVC’s are observed in up to 2.8% of electrocardiograms

recorded in presumably healthy children [3, 4]. Using ambu-

latory continuous electrocardiographic recording, Naga-

shima and colleagues found an incidence of 18% in new-

borns on the first day of life and 27% in school children

aged 13–15 years. However, the great majority of these

patients had fewer than four PVC’s in a 24 h period [5].

The evaluation of patients with isolated PVC’s has not

been standardized. A history of exercise-induced symptoms,

particularly syncope, might suggest catecholamine-sensitive

ion channelopathies such as polymorphic ventricular tachy-

cardia. The family history can be informative in these typi-

cally hereditary conditions. Clues about underlying struc-

tural heart disease should be sought, such as failure to

thrive, respiratory difficulties, and exercise intolerance.

The physical exam and ancillary investigations should

focus on the following key questions:

a. Is there evidence of structural heart disease?

The role of testing beyond basic surface electrocardio-

graphy (ECG) has not been clarified. Echocardiography

might reveal evidence of cardiomyopathy or mitral valve

prolapse in the setting of ventricular ectopy [6]. The bal-

ance of currently available evidence supports the widely

held view that low-grade ventricular ectopy occurring in

the absence of structural heart disease generally carries a

benign prognosis [7].S. Sanatani (*)
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There is a paucity of literature examining ectopy in the

young in the presence of structural heart disease. While

one study found that ventricular couplets in the presence

of structural heart disease did carry a worse prognosis

than those occurring in the absence of structural heart

disease, and that patients with couplets and structural

heart disease were more likely to have inducible ventricu-

lar tachycardia at electrophysiology study [8], the same

question has not been addressed with respect to isolated

PVC’s. In the absence of structural heart disease, repolar-

ization abnormalities including QT interval prolongation

were found in a higher percentage of patients with PVC’s

than in amatched group without PVC’s [9]. QT dispersion,

anothermarker of susceptibility to arrhythmias, was found

to be increased in a similar pediatric population [10].

(b) Is the ectopy monomorphic or polymorphic?

An attempt should be made to record the ectopic beats

in 12 ECG leads to help define their origin. In patients

with infrequent ectopy, running all 12 leads simulta-

neously might provide this information, and reducing

the gain will render the tracing more easily interpretable.

The literature has not emphasized the site of origin of the

ectopic beats to date. PVC’s originate from the right

ventricle more commonly than the left. This represents

one end of the continuum of ectopy typically originating

in the right ventricular outflow tract. Zweytick et al. pro-

spectively evaluated 56 patients with ectopy arising in the

right ventricle. Only 16% were asymptomatic. More than

half of the patients had echocardiographic abnormalities

including focal dilatation and wall motion abnormalities.

Left ventricular function was depressed in two patients.

From an electrophysiologic perspective, isolated ectopy

from the right ventricular outflow tract carried a benign

prognosis and there were no cases of sustained ventricular

tachycardia or sudden death over the mean follow-up

period of 7 years [11]. However, in view of the frequency

of associated symptoms and echocardiographic abnorm-

alities, it is not surprising that many such patients are

offered catheter ablation in the current era (see below).

(c) How frequent is the ectopy?

Ambulatory electrocardiography (Holter monitoring)

can be useful to quantify the ectopy, although the correla-

tion between the burden of ectopy and prognosis has not

been established in children. Percentage of total beats and

PVC’s per hour are two common ways to quantify low-

grade ectopy. Somewhat arbitrary definitions of terms

such as frequent and occasional limit their usefulness.

The variability of ectopy frequency between sampling

intervals in individuals is substantial [12–14]. The distri-

bution of ectopy may or may not follow a distinct circa-

dian pattern.

The impact of low-grade ventricular ectopy on con-

tractile function, particularly in relation to the prevalence

of ectopic beats, has not been systematically studied in a

pediatric population. One study involving 40 patients

found that function was reduced in the 13 patients with

frequent PVC’s (>10/min) as compared with those having

less frequent ectopy [15]. In an adult population, no dif-

ference was found in arrhythmia burden among those

patients with and without reduced ventricular function

in one study [16], while another report indicated that left

ventricular dysfunction did, in fact, correlate with the

frequency of ventricular ectopy [17].

(d) What is the degree of complexity of the ectopy?

The complexity of ventricular ectopy has been classi-

fied by the Lown criteria (Table 14.1). These are based on

Holter data [18]. The utility of such a classification is

primarily as a means of comparison of ectopy between

two states or time points. However, as mentioned above,

Holter monitoring does have limitations in this role. The

apparent normalization of the Holter recording can be

transient and might not accurately predict eventual out-

come [8].

The significance of PVC’s provoked by exercise testing

in the adult population has been the subject of some

debate. PVC’s that occur during exercise are differen-

tiated from those occurring in the recovery period. An

increased sympathetic drive in the recovery phase may

indicate an increase risk of cardiac death [19]. However,

cardiac events and all-cause mortality are not consistently

found to be increased in patients with exercise-induced

PVC’s [20–22].

PVC’s do not require any specific treatment once the

evaluation has excluded an arrhythmogenic substrate or

underlying structural heart disease. In fact, the cardiac

arrhythmia suppression trial (CAST) trial firmly ended

the practice of ectopy suppression as a means of improving

Table 14.1 Modified Lown criteria for Holter classification of
ventricular ectopy [18]

Grade Description

0 No ventricular ectopic beats

1 Occasional, isolated PVC

2 Frequent VPC (>1/min or 30/hr)

3 Multiform VPC

4 Repetitive VPC:

a) Couplets

b) Salvos

5 Ventricular tachycardia

Reprinted from Circulation 1971;44:130–142. Lown B, Wolf M.
Approaches to sudden death from coronary heart disease.
Copyright 1971, with permission from Elsevier
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survival following myocardial infarction [23, 24]. Despite

their acknowledged benign nature, symptomatic PVC’s

have been treated by catheter ablation [25, 26], with salu-

tary effects on ventricular function claimed by at least two

groups of investigators [16, 17]. There are limitations in

measuring cardiac function in the presence of frequent

ectopic beats. The role of catheter ablation in low-grade

ventricular ectopy thus remains controversial [27, 28].

14.2 Primary or Idiopathic Right Ventricular
Tachycardia

Ventricular tachycardia is conventionally defined as the

occurrence of at least three consecutive PVC’s at a rate

beyond the upper limit of normal for sinus rhythm in the

affected individual’s age group and physiologic state.

Ventricular tachycardia is generally considered to be sus-

tained if spontaneous termination fails to occur within 30

sec of onset. QRS morphology reminiscent of left bundle

branch block is the electrocardiographic hallmark of VT

arising in the right ventricle (Fig. 14.1).

14.2.1 Right ventricular outflow tract (RVOT)
tachycardia

RVOT tachycardia is widely recognized as being the most

commonly observed form of ventricular tachycardia in

otherwise healthy young individuals. The reasons for pre-

dominance of this anatomic focus as a source of presum-

ably benign ectopy are unknown.We recently summarized

the pediatric RVOT tachycardia literature in the context

of amore extensive review of pediatric VT occurring in the

absence of structural congenital heart disease [29]. Since

completion of that review, further evidence of the gener-

ally benign nature of this condition among young patients

has come from a multicenter retrospective study under-

taken by the Canadian Pediatric ElectrophysiologyWork-

ing Group [30]. The records of 48 RVOT tachycardia

patients at 5 participating pediatric tertiary care institu-

tions were examined with the aim of characterizing the

clinical spectrum and management of this condition. The

median age at presentation was 8.2 years, and 15% of

patients were referred for evaluation of syncope or near-

syncope whose temporal and etiologic relationship to the

rhythm disturbance was not specifically addressed. Our

experience, however, has been that syncope, when present

in these patients, is typically an incidental event that brings

RVOT tachycardia to medical attention but is etiologi-

cally unrelated to it. Central findings of the multicenter

study included lack of mortality and a tendency toward

resolution of RVOT ectopy during a median follow-up

duration of 22 months, irrespective of medical therapy.

Interestingly, symptoms thought to be related to ectopy

were more likely to resolve with antiarrhythmic therapy,

raising the possibility of a placebo effect [30].

Notwithstanding the broadly reassuring nature of the

pediatric RVOT tachycardia experience published to

date, adult cardiologists have recently raised concerns

Fig. 14.1 Typical ECG in RVOT tachycardia. Note inferior QRS axis and left bundle branch block QRS morphology
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about unexpected adverse outcomes in patients presumed

to have benign ventricular ectopy, and have begun to

identify prognostically distinct subgroups of RVOT

ectopy associated with more serious conditions including

idiopathic ventricular fibrillation [31]. These distinctions

have important management implications that are dis-

cussed below. As often seems to be the case with

cardiac rhythm disturbances, it will likely be just a

matter of time before some of the less favorable obser-

vations in adults begin to trickle down to the pediatric

age group. Thus, this section is meant to raise a cau-

tionary note against the backdrop of what, by all

accounts, has thus far been recognized as an essentially

benign dysrhythmia in young patients.

Viskin and colleagues observed three cases of adults

who developed malignant polymorphic ventricular tachy-

cardia during follow-up for what had been considered

typical, essentially benign RVOT ectopy. In one of their

patients, syncope associated with polymorphic ventricu-

lar tachycardia began at age 47, some 12 years after initial

diagnosis. Noting that each of these three patients had

episodically short-coupled PVC’s falling on the preceding

T wave, they proceeded to demonstrate more systemati-

cally, albeit retrospectively, that the incidence of R on T

PVC’s bears a direct relationship to the risk of malignant

ectopy [32]. Subsequently, Noda and associates reported

on the elimination of life-threatening dysrhythmias and

symptomatic events among 16 patients who underwent

successful transcatheter ablation of otherwise typically

benign RVOT ectopy [33].

In an editorial comment accompanying Noda et al.’s

report, Viskin and Antzelevitch proposed a set of criteria

according to which patients with RVOT ectopy should be

advised to undergo transcatheter ablation (Table 14.2) [34].

It must be emphasized that these criteria are based on their

authors’ perception of high-risk characteristics which have

not been rigorously proven. Moreover, their applicability

to the pediatric population is probably mitigated by the

marked rarity of adverse outcomes among children with

typical RVOT ectopy, and by the nontrivial technical chal-

lenges and potential long-term risks [35] associated with

ventricular ablation in this young age group. Based on the

15% incidence of syncope and the median initial ectopy

frequency of �15% noted by Harris et al. [30], a very

substantial minority, if not an outright majority, of pedia-

tric patients with benign RVOT ectopy would be referred

for ablation if the Viskin and Antzelevitch criteria were to

be applied without modification. Nevertheless, these cri-

teria will likely prove conceptually valuable in focusing

attention on identifiable features of RVOT ectopy that

could be quantified and tested as risk factors for adverse

outcomes across all age groups, including the very young.

14.3 Right Ventricular Ectopy in Congenital
Heart Disease

There is limited information about the occurrence of

ventricular arrhythmias in the unmodified state of most

structural congenital heart lesions [36–38]. Sullivan and

colleagues described a cohort of patients with tetralogy of

Fallot evaluated for preoperative arrhythmias. They

documented a 45% incidence of frequent or complex

ventricular ectopy in older patients [37]. The practical

relevance of these data in the current era, with its empha-

sis on primary tetralogy repair during infancy, is unclear.

A study in the early days of the arterial switch operation

identified preoperative arrhythmias in 5 of 41 infants with

transposed great arteries, consisting mainly of isolated

PVC’s, with one patient having nonsustained ventricular

tachycardia. In the same study, postoperative arrhyth-

mias were seen in 8 of 40 patients, with the majority

once again experiencing isolated PVC’s [39].

Rhythm disturbances have been more commonly

observed and documented in palliated as opposed to

unmodified congenital heart disease [38, 40]. In the

early postoperative period, junctional ectopic tachycar-

dia with bundle branch block can be difficult to differ-

entiate from ventricular tachycardia. Ventricular ectopy

is occasionally encountered in the acute postoperative

recovery period in the absence of recognized systemic

triggers such as electrolyte imbalances; this is most often

a form of accelerated ventricular rhythm similar to that

seen in postmyocardial infarction patients. Although its

pathophysiology is not clearly established, inflamma-

tion and edema causing enhanced automaticity likely

play a role.

There is limited information about ventricular

arrhythmias in the chronic setting following repair or

palliation of most congenital heart defects. The creation

of myocardial conduction barriers including fibrous scar

tissue undoubtedly contributes to the increased incidence

of ventricular arrhythmias noted in relation to follow-up

duration as well as older age at repair [41]. The Second

Natural History study examined the incidence of ventri-

cular arrhythmias in patients with pulmonary stenosis.

Table 14.2 Suggested criteria for ablation of RVOT ectopy
(Viskin and Antzelevitch) [34]

History of syncope

Fast ventricular tachycardia (>230/min)

Frequent ectopy (>20,000 PVC’s/day)

Short-coupled ventricular ectopy
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Most of the patients had undergone surgical valvotomy;

the incidence of arrhythmic complications was 3.6% in

this group and was associated with increased age at

admission [40]. Houyel et al. studied patients who

underwent closure of ventricular septal defects through

a ventriculotomy and those repaired via atriotomy. The

hospital records of 262 patients were reviewed, of whom

185 had been repaired via a ventriculotomy and 77 via an

atriotomy. Fifty were randomly chosen from each group

for evaluation comprising ECG, Holter monitoring, and

exercise testing. No patients had sustained ventricular

tachycardia. PVC’s were common in both groups. In a

theme common to a variety of lesions, older age at surgery

and duration of follow-up were risk factors for arrhyth-

mias [42]. The incidence of ventricular ectopy on Holter

monitoring was 65% in a large cohort of transposition

patients following arterial switch [43]. A more recent

study found occasional ventricular ectopy in 20%, with

only 1 patient out of 60 having > 30 PVC’s/hour some 10

years after arterial switch. No patient had ventricular

tachycardia on ambulatory monitoring [44].

There are two lesions in particular in which long-term

postoperative follow-up is associated with the late appear-

ance of ventricular arrhythmias that can be associatedwith

sudden death: tetralogy of Fallot, and transposition of the

great arteries palliated with an atrial switch (Mustard or

Senning) procedure. Chronically abnormal right ventricu-

lar loading conditions are thought to play a role in the

pathogenesis of ectopy in both of these settings. Interest-

ingly, ventricular arrhythmias are much less common in

the atrial switch population, and the absence of a ventri-

culotomy scar in these patients might be significant in this

regard. Importantly, the surgical management of these

conditions has evolved significantly over the past 4–5 dec-

ades, such that many of the recognized or presumed risk

factors for late postoperative ventricular ectopy have been

reduced or eliminated. The arterial switch has supplanted

the atrial switch as the standard procedure for transposi-

tion, eliminating the systemic right ventricle. Tetralogy of

Fallot repair is routinely done at a younger age and

includes measures to minimize pulmonary insufficiency

[45]. The anticipated long-term benefits of these altered

approaches remain to be confirmed.

In tetralogy of Fallot, several risk factors for sudden

death have been identified [46–49]. The arrhythmic sub-

strate in tetralogy includes the ventriculotomy scar and

outflow tract patches, creating a substrate for reentrant

tachycardia [50, 51]. In the case of the atrial switch, sinus

node dysfunction and atrial arrhythmias are prevalent and

likely account formany cases of sudden death [52]. There is

very little information about ventricular arrhythmias in the

Mustard population, although right ventricular pressure

load might contribute to their development [53].

There is no uniform approach to the electrophysio-

logic evaluation or management of congenital heart

disease patients. This relates to the lack of data on

the incidence and significance of ventricular arrhyth-

mias in congenital heart disease. The investigation of

newly detected ventricular ectopy should include

assessment of acute illness, medication effects, and

hemodynamically significant residual such as outflow

tract obstruction and valvar insufficiency. There is a

general consensus that symptomatic patients should

undergo further evaluation that typically includes an

intracardiac electrophysiology study. However, the

detection of asymptomatic nonsustained ventricular

tachycardia on routine follow-up surveillance studies

such as ambulatory Holter monitoring does not always

prompt an electrophysiology study. This is due in part

to the lack of specificity of this testing in congenital

heart disease patients. Alexander et al. reported a sin-

gle-center experience with programmed electrical sti-

mulation in a variety of congenital heart defects. Fail-

ure to induce VT was a favorable prognostic sign, but

the frequency of false-negative studies was high [54].

Khairy and associates reported a multicenter study of

programmed electrical stimulation in postoperative tet-

ralogy of Fallot. Over 60% had symptoms prompting

electrophysiologic testing. Induction of sustained ven-

tricular tachycardia was a powerful predictor of sub-

sequent events. In patients being evaluated as part of

routine testing, a negative test was associated with a

high probability of event-free survival [47].

Among patients found to be at risk for sustained or

otherwise concerning ventricular arrhythmias in the set-

ting of congenital heart disease, the therapeutic options

fall under four broad categories: (1) medical manage-

ment; (2) catheter-based therapies [50, 55]; (3) surgical

revision aimed at mitigating hemodynamically significant

residual lesions that predispose to arrhythmias [49, 56,

57]; and (4) implantable devices.

There are no studies evaluating the efficacy of medica-

tions in the current era. Sotalol and amiodarone appear to

be the most commonly used antiarrhythmic agents for

ventricular arrhythmias in congenital heart disease [55].

There are no prospective data evaluating these medica-

tions for ventricular arrhythmias in the specific setting of

palliated congenital heart disease.

Catheter ablation has been used for ventricular

arrhythmias in congenital heart disease patients; the

experience with this is limited [50, 55, 58].

Finally, in patients who are likely to have life-

threatening ventricular arrhythmias, implantable defi-

brillators have gained acceptance in the treatment of

this group of patients, using novel lead configurations

when necessary [59].
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14.4 Summary

Ventricular arrhythmias are an increasingly recognized

feature of late follow-up in patients with palliated struc-

tural congenital heart disease. Because of the potentially

serious nature of ventricular arrhythmias in this growing

population, a cooperative effort is required to develop an

effective, evidence-based approach to diagnosis and

management.

Reference

1. Schamroth L. Ventriculare extrasystoles. The disorders of car-
diac rhythm. Philadelphia: Blackwell Scientific Publications,
1971: pp. 85–94.

2. Ikeda N, Takeuchi A, Hamada A, Goto H, Mamorita N,
Takayanagi K. Model of bidirectional modulated parasystole
as a mechanism for cyclic bursts of ventricular premature con-
tractions. Biol Cybern. 2004;91:37–47.

3. Jacobsen JR, Garson A Jr, Gillette PC, McNamara DG. Pre-
mature ventricular contractions in normal children. J Pediatr.
1978;92(1):36–38.

4. Jones RW, Sharp C, Rabb LR, Lambert BR, Chamberlain DA.
1028 neonatal electrocardiograms. Arch Dis Child.
1979;54:427–31.

5. Nagashima M, Matsushima M, Ogawa A, Ohsuga A, Kaneko
T, Yazaki T, et al. Cardiac arrhythmias in healthy children
revealed by 24-hour ambulatory ECGmonitoring. Pediatr Car-
diol. 1987;8(2):103–108.

6. Alexander ME, Berul CI. Ventricular arrhythmias: when to
worry. Pediatr Cardiol. 2000;21(6):532–41.

7. Kennedy HL. Ventricular ectopy in athletes: don’t worry..more
good news! J Am Coll Cardiol. 2002;40:453–56.

8. Paul T, Marchal C, Garson A Jr. Ventricular couplets in the
young: prognosis related to underlying substrate. Am Heart J.
1990;119:577–82.

9. Miga DE, Case CL, Gillette PC. High prevalence of repolariza-
tion abnormalities in children with simple ventricular ectopy.
Clin Cardiol. 1996;19:726–8.

10. Das BB, Sharma J. Repolarization abnormalities in children
with a structurally normal heart and ventricular ectopy. Pediatr
Cardiol. 2004;25:354–6.

11. Zweytick B, Pignoni-Mory P, Zweytick G, Steinbach K. Prog-
nostic significance of right ventricular extrasystoles. Europace.
2004;6:123–9.

12. Raeder EA,Hohnloser SH,Graboys TB, Podrid PJ, Lampert S,
Lown B. Spontaneous variability and circadian distribution of
ectopic activity in patients with malignant ventricular arrhyth-
mia. J Am Coll Cardiol. 1988;12:656–61.

13. Massin MM, Maeyns K, Withofs N, Gerard P. Dependency of
premature ventricular contractions on heart rate and circadian
rhythms during childhood. Cardiology. 2000;93 (1–2):70–3.

14. Anderson JL, Anastasiou-NanaMI,Menlove RL,Moreno FL,
Nanas JN, Barker AH. Spontaneous variability in ventricular
ectopic activity during chronic antiarrhythmic therapy. Circu-
lation 1990; 82:830–40.

15. Sun Y, Blom NA, Yu Y, Ma P, Wang Y, Han X, et al. The
influence of premature ventricular contractions on left ventri-
cular function in asymptomatic children without structural
heart disease: an echocardiographic evaluation. Int J Cardio-
vasc Imaging. 2003;19:295–9.

16. Yarlagadda RK, Iwai S, Stein KM, Markowitz SM, Shah
BK, Cheung JW, et al. Reversal of cardiomyopathy in
patients with repetitive monomorphic ventricular ectopy ori-
ginating from the right ventricular outflow tract. Circulation.
2005; 112:1092–97.

17. TakemotoM,YoshimuraH,OhbaY,MatsumotoY, Yamamoto
U,MohriM, et al. Radiofrequency catheter ablation of premature
ventricular complexes from right ventricular outflow tract
improves left ventricular dilation and clinical status in patients
without structural heart disease. J Am Coll Cardiol.
2005;45:1259–65.

18. Lown B, Wolf M. Approaches to sudden death from coronary
heart disease. Circulation. 1971;44:130–42.

19. Lombardi F. Do we still need to count premature ventricular
contractions? Eur Heart J. 1995;16:582–3.

20. Frolkis JP, Pothier CE, Blackstone EH, Lauer MS. Frequent
ventricular ectopy after exercise as a predictor of death. N Engl
J Med. 2003;348:781–90.

21. Morshedi-Meibodi A, Evans JC, Levy D, Larson MG, Vasan
RS. Clinical correlates and prognostic significance of exercise-
induced ventricular premature beats in the community: the
Framingham Heart Study. Circulation. 2004;109:2417–22.

22. Selzman KA, Gettes LS. Exercise-induced premature ventricu-
lar beats: should we do anything differently? Circulation.
2004;109:2374–5.

23. Echt DS, Liebson PR,Michell LB, Peters RW,Obias-MannoD,
Barker AH, Areusberg D, Baker A, Friedman L, Greene HL,
et al. Preliminary report: effect of encainide and flecainide on
mortality in a randomized trial of arrhythmia suppression after
myocardial infarction. The Cardiac Arrhythmia Suppression
Trial (CAST) Investigators. N Engl J Med. 1989;321:406–12.

24. Akhtar M, Breithardt G, Camm AJ, Coumel P, Janse MJ, Laz-
zara R, et al. CAST and beyond. Implications of the Cardiac
Arrhythmia Suppression Trial. Task Force of the Working
Group on Arrhythmias of the European Society of Cardiology.
Circulation. 1990;81:1123–27.

25. Zhu DW, Maloney JD, Simmons TW, Nitta J, Fitzgerald DM,
Trohman RG, et al. Radiofrequency catheter ablation for man-
agement of symptomatic ventricular ectopic activity. J Am Coll
Cardiol. 1995;26:843–9.

26. Gumbrielle T, Bourke JP, Furniss SS. Is ventricular ectopy a
legitimate target for ablation? Br Heart J. 1994;72:492–4.

27. Wellens HJ. Radiofrequency catheter ablation of benign ven-
tricular ectopic beats: a therapy in search of a disease? J AmColl
Cardiol. 1995;26:850–1.

28. Garratt CJ. Appropriate indications for radiofrequency cathe-
ter ablation. Br Heart J. 1994;72:407.

29. Gross GJ, ZhuW, Chiu C, HamiltonRM,Kirsh JA. Ventricular
Tachycardia. In: Freedom RM, Yoo S-J, Mikailian H, Williams
WG, eds. The natural and modified history of congenital heart
disease. New York: Blackwell Publishing, Inc, 2004: pp.587–96.

30. Harris KC, Potts JE, Fournier A, Gross GJ, Kantoch MJ,
Cote JM, et al. Right ventricular outflow tract tachycardia in
children. J Pediatr. 2006;149:822–6.

31. HaissaguerreM, ShodaM, Jais P, Nogami A, ShahDC, Kautz-
ner J, et al. Mapping and ablation of idiopathic ventricular
fibrillation. Circulation. 2002;106:962–7.

32. Viskin S, Rosso R, Rogowski O, Belhassen B. The ‘‘short-
coupled’’ variant of right ventricular outflow ventricular tachy-
cardia: a not-so-benign form of benign ventricular tachycardia?
J Cardiovasc Electrophysiol. 2005;16:912–6.

33. Noda T, Shimizu W, Taguchi A, Aiba T, Satomi K, Suyama K,
et al. Malignant entity of idiopathic ventricular fibrillation and
polymorphic ventricular tachycardia initiated by premature
extrasystoles originating from the right ventricular outflow
tract. J Am Coll Cardiol. 2005;46:1288–94.

116 S. Sanatani and G.J. Gross



34. Viskin S, Antzelevitch C. The cardiologists’ worst nightmare
sudden death from ‘‘benign’’ ventricular arrhythmias. J AmColl
Cardiol. 2005;46:1295–7.

35. Saul JP, Hulse JE, Papagiannis J, Van Praagh R, Walsh EP.
Late enlargement of radiofrequency lesions in infant lambs.
Implications for ablation procedures in small children. Circula-
tion. 1994;90(1):492–9.

36. Deanfield JE, McKenna WJ, Presbitero P, England D,
Graham GR, Hallidie-Smith K. Ventricular arrhythmia in unre-
paired and repaired tetralogy of Fallot. Relation to age, timing of
repair, and haemodynamic status. Br Heart J. 1984;52:77–81.

37. Sullivan ID, Presbitero P,GoochVM,Aruta E,Deanfield JE. Is
ventricular arrhythmia in repaired tetralogy of Fallot an effect
of operation or a consequence of the course of the disease? A
prospective study. Br Heart J. 1987;58:40–44.

38. Balaji S, Silka MJ, McAnulty JH. Arrhythmias in patients with
congenital heart disease. Card Electrophysiol Rev.
2002;6:42–44.

39. Martin RP, Radley-Smith R, YacoubMH. Arrhythmias before
and after anatomic correction of transposition of the great
arteries. J Am Coll Cardiol. 1987;10:200–204.

40. Wolfe RR, Driscoll DJ, Gersony WM, Hayes CJ, Keane JF,
Kidd L, et al. Arrhythmias in patients with valvar aortic stenosis,
valvar pulmonary stenosis, and ventricular septal defect. Results
of 24-hour ECG monitoring. Circulation. 1993;87:I89–101.

41. Anderson RH, Ho SY. The morphologic substrates for pedia-
tric arrhythmias. Cardiol Young. 1991;1:159–76.

42. Houyel L, Vaksmann G, Fournier A, Davignon A. Ventricular
arrhythmias after correction of ventricular septal defects: impor-
tance of surgical approach. J Am Coll Cardiol. 1990;16:1224–8.

43. Rhodes LA, Wernovsky G, Keane JF, Mayer JE Jr., Shuren A,
Dindy C, et al. Arrhythmias and intracardiac conduction after
the arterial switch operation. J Thorac Cardiovasc Surg.
1995;109:303–10.

44. Hovels-Gurich HH, SeghayeMC, Ma Q,MiskovaM,Minken-
berg R, Messmer BJ, et al. Long-term results of cardiac and
general health status in children after neonatal arterial switch
operation. Ann Thorac Surg. 2003;75:935–43.

45. Shinebourne EA, Babu-Narayan SV, Carvalho JS. Tetralogy of
Fallot: from fetus to adult. Heart. 2006;92:1353–9.

46. Gatzoulis MA, Balaji S, Webber SA, Siu SC, Hokanson JS,
Poile C, et al. Risk factors for arrhythmia and sudden cardiac
death late after repair of tetralogy of Fallot: a multicentre study.
Lancet. 2000;356(9234):975–81.

47. Khairy P, Landzberg MJ, Gatzoulis MA, Lucron H, Lambert J,
Marcon F, et al. Value of programmed ventricular stimulation
after tetralogy of fallot repair: a multicenter study. Circulation.
2004;109:1994–2000.

48. Nakazawa M, Shinohara T, Sasaki A, Echigo S, Kado H,
Niwa K, et al. Arrhythmias late after repair of tetralogy of
fallot: a Japanese Multicenter Study. Circ J. 2004;68:126–30.

49. Karamlou T, Silber I, Lao R, McCrindle BW, Harris L,
Downar E, et al. Outcomes after late reoperation in patients
with repaired tetralogy of Fallot: the impact of arrhythmia and
arrhythmia surgery. Ann Thorac Surg. 2006;81:1786–93.

50. Gonska BD, Cao K, Raab J, Eigster G, Kreuzer H. Radiofre-
quency catheter ablation of right ventricular tachycardia late after
repair of congenital heart defects . Circulation. 1996;94:1902–1908.

51. Downar E, Harris L, Kimber S,Mickleborough L,WilliamsW,
Sevaptsidis E, et al. Ventricular tachycardia after surgical repair
of tetralogy of Fallot: results of intraoperative mapping studies.
J Am Coll Cardiol. 1992;20:648–55.

52. Kammeraad JA, van Deurzen CH, Sreeram N, Bink-Boelkens
MT, Ottenkamp J, Helbing WA, et al. Predictors of sudden
cardiac death after Mustard or Senning repair for transposition
of the great arteries. J Am Coll Cardiol. 2004;44:1095–102.

53. Hornung TS, Kilner PJ, Davlouros PA, Grothues F, Li W,
Gatzoulis MA. Excessive right ventricular hypertrophic
response in adults with the mustard procedure for transposition
of the great arteries. Am J Cardiol. 2002;90:800–803.

54. Alexander ME,Walsh EP, Saul JP, Epstein MR, Triedman JK.
Value of programmed ventricular stimulation in patients
with congenital heart disease. J Cardiovasc Electrophysiol.
1999;10(8):1033–1044.

55. Furushima H, Chinushi M, Sugiura H, Komura S, Tanabe Y,
Watanabe H, et al. Ventricular tachycardia late after repair of
congenital heart disease: efficacy of combination therapy with
radiofrequency catheter ablation and class III anti-arrhythmic
agents and long-term outcome. J Electrocardiol. 2006;39:219–24.

56. Therrien J, Siu SC, Harris L, Dore A, Niwa K, Janousek J,
et al. Impact of pulmonary valve replacement on arrhythmia
propensity late after repair of tetralogy of Fallot. Circula-
tion. 2001;103(20):2489–94.

57. Stephenson EA, Redington AN. Reduction of QRS duration
following pulmonary valve replacement in tetralogy of Fallot:
implications for arrhythmia reduction? Eur Heart J.
2005;26:863–4.

58. Morwood JG, Triedman JK, Berul CI, Khairy P, Alexander
ME, Cecchin F, et al. Radiofrequency catheter ablation of
ventricular tachycardia in children and young adults with con-
genital heart disease. Heart Rhythm. 2004;1:301–308.

59. Stephenson EA, Batra AS, Knilans TK, Gow RM, Gradaus R,
Balaji S, et al. A multicenter experience with novel implantable
cardioverter defibrillator configurations in the pediatric and
congenital heart disease population. J Cardiovasc Electrophy-
siol. 2006;17:41–6.

14 Right Ventricular Tachycardia 117



Genetic Origins of Right Ventricular
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Arrhythmogenic right ventricular cardiomyopathy (AVRC),

also known as arrhythmogenic right ventricular dysplasia, is

a myocardial disease characterized histologically by loss of

myocardial cells, with replacement by fibrous and/or fatty

tissue, and clinically by ventricular arrhythmia, cardiac fail-

ure, and sudden death [1–5].When first described in 1978 on

the basis of four cases [6], and subsequently in the landmark

series of Marcus and colleagues [1], the typical patient was a

middle-aged male, who presented with arrhythmias arising

from the right ventricle, which also exhibited structural

abnormalities on imaging. Experience of the last 20 years

has broadened our understanding of the condition, but

many controversies still exist in clinical diagnosis, etiology,

prognosis, and management.

The exact prevalence is unknown, but recent estimates

of 1 per 5,000 population are likely to be conservative [7].

In a significant proportion of affected individuals, the

first presentation may be with sudden death. The limited

information available suggests the disease is a significant

cause of unexpected, premature, sudden death. Patholo-

gical evidence of the condition was found as a likely cause

in over one-tenth of cases in a retrospective review of a

French population aged from 1 year to 65 years [8]. A

prospective study of an Italian cohort, aged from 12 years

to 35 years, found evidence of arrhythmogenic cardio-

myopathy in 12% of those who suffered sudden cardiac

death [9], while a population-based study fromMinnesota

reported an underlying diagnosis of the condition in 17%

of victims of sudden death under 40 years of age [10]. The

aim in clinical management of patients and their relatives

is, first, accurately to diagnose those affected and, second,

to identify those at risk of complications to enable initia-

tion of preventive treatment.

Clinical diagnosis is notoriously problematic. Many of

the described abnormalities on the electrocardiogram and

imaging are nonspecific, and there are several conditions

which predispose to arrhythmia arising from the right

ventricle. To resolve this difficulty, a task force of experts

was convened under the auspices of the European Society

of Cardiology, known as the Working Group on Myo-

cardial and Pericardial Disease, and the Scientific Council

on Cardiomyopathies of the International Society and

Federation of Cardiology, resulting in the publication in

1994 of the diagnostic criterions which are still in use

today (Table 15.1) [11].

Although early reports suggested that the occurrence

of familial disease was rare, with only 1 of the 24 cases in

the first series having a family history suggestive of

arrhythmogenic cardiomyopathy, with a time pattern of

familial disease emerged, suggesting autosomal dominant

inheritance in most cases, but with variable expression

and incomplete penetrance [12, 13]. With the recognition

of familial inheritance, the search for chromosomal loci

began, and between 1994 and 2002, eight different loci

were identified.

15.1 Genetic Loci

Rampazzo and colleagues [14] were the first to publish

their results of linkage analysis in two large families,

mapping the locus to chromosome 14q23–q24. The

same group from Padova, in Northern Italy, identified a

second locus 1 year later at chromosome 1q42–q43. The

clinical features associated with this second locus were

unusual, as the presentation was with effort-induced

polymorphic ventricular tachycardia in the absence of

clinically evident morphological abnormalities [15]. The

families in the original paper, now denoted as ARVC 1,

had a more classical pattern of expression of disease.

Additional families with clinical diagnoses of arrhythmo-

genic right ventricular cardiomyopathy did not map to
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either of the published loci, confirming further genetic

heterogeneity.

Shortly thereafter, two additional loci at 14q12–q22,

known as ARVC 3, and 2q32.1–q32.3, giving ARVC 4,

were identified [16]. The phenotype for the fourth locus

was somewhat distinct from the preceding three, with

evidence also of left ventricular involvement, although

right ventricular abnormalities and arrhythmias were

still the dominant feature [17].

In 1998, a large Newfoundland family was studied. Of

over 200 relatives spanning seven generations, 10 living

subjects were diagnosed using the criteria established by

the Task Force. Previously published loci were excluded,

and a new locus mapped to chromosome 3p23. The clin-

ical features of this fifth locus appeared similar to the first

and third, although with 17 sudden deaths recorded, the

associated prognosis appeared worse [18]. Subsequent

survival studies confirmed this impression [19].

One year later, the locus in another North American

family mapped to chromosome 10p12–p14 [20]. The pattern

of expression of the disease in this instance was very distinc-

tive. All the children with the disease haplotype had clinical

or pathological evidence of the disease by the age of 10.

At the same time, a Swedish family with skeletal myo-

pathy and cardiomyopathy were linked to a locus on the

long arm of chromosome 10, specifically at 10q22.3 [21].

Althoughmany features of the condition were not typical,

showing myopathy, conduction disease, atrial arrhyth-

mia, and perhaps premature atherosclerosis, the presence

of T-wave inversion on the electrocardiogram, along with

imaging and pathological features, were characteristic,

notably the presence of gross dilation, significant systolic

impairment, and extensive fibrofatty replacement of the

right ventricle.

15.2 Identification of the Gene

The first gene identified was that causing the variant of the

cardiomyopathy known as Naxos disease (Table 15.2).

This was first described in 1986, when physicians noted

the association between cardiac arrhythmia, woolly hair,

and palmoplantar keratoderma in young inhabitants of

the Greek island of Naxos [22]. Analysis of the pedigree

indicated a pattern of autosomal recessive inheritance,

and linkage analysis subsequently mapped the locus to

chromosome 17, specifically to 17q21 [23]. The candidate

gene plakoglobin was identified. Mice with null mutations

of plakoglobin have skin and cardiac abnormalities ana-

logous to Naxos disease. A two base-pair deletion was

identified in plakoglobin, and all 19 clinically affected

individuals were homozygous for the mutation. An addi-

tional 20 relatives who were clinically unaffected were

heterozygous for the mutation [24].

Table 15.1 Criteria established by the task force for diagnosis of arrhythmogenic right ventricular cardiomyopathy

Major Minor

I Global and/or regional structural abnormalities or dysfunction of RV

Severe dilation of RV with # EF Mild global RV dilation or # EF
Localised RV aneurysms Mild segmental dilatation

Severe segmental dilation of RV Regional hypokinesia of RV

II Tissue characterization of walls

Fibrofatty replacement of myocardium on
biopsy

III Repolarization abnormalities

T-wave inversion V2, V3 (subjects � 12 yrs, in absence RBBB)

IV Depolarization/Conduction abnormalities

Epsilon waves Late potentials on SAECG

Localized QRS prolongation (>110 msec)
in V1–V3

V Arrhythmias

VT or NSVT of LBBB morphology (on ECG, Holter, exercise test) >1,000 ventricular
ectopics in 24 hrs

VI Family History

Familial disease at autopsy/surgery Family history premature death <35 (suspected ARVC-related)
Family history clinical diagnosis

Diagnosis is made in the presence of two or more major criteria, or one major and two minor criteria, or four minor criteria. Only one
criterion may be counted from each group. RV¼ right ventricle; EF¼ ejection fraction; yrs¼ years; RBBB¼ right bundle branch block;
SAECG¼ signal averaged ECG; VT¼ ventricular tachycardia (sustained >30 sec in duration); NSVT¼ nonsustained ventricular
tachycardia (between 3 beats and 30 sec duration, rate >120/min); LBBB¼ left bundle branch block; hrs¼ hours
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Plakoglobin is a member of the armadillo protein

family. It is a constituent protein in cell adhesion junc-

tions, found in both adherens and desmosomal junctions,

with both adhesive and signaling functions. It is found in

many tissues, including epidermis and the heart. The

adhesive functions of plakoglobin are mediated through

its interaction with other desmosomal proteins, which

include desmoplakin, plakophilin-2, and desmoglein-2.

A plausible pathogenic mechanism, therefore, is that,

by disrupting the cell adhesion structure, a plakoglobin

mutation would predispose cardiac myocytes and skin

epithelial cells to separate, leading to cell death and repair

or replacement by fat and fibrous tissue. The ability of

epithelial cells to regenerate, in contrast to the almost

complete inability in cardiac myocytes, could explain the

different dermal and cardiac manifestations.

The genes coding for other desmosomal proteins

became candidate genes for other variants of the cardio-

myopathy. An Ecuadorian group described three families

where affected members had dermal and hair manifesta-

tions similar to Naxos disease, but the cardiac phenotype

was more suggestive of dilated cardiomyopathy. The pat-

tern of inheritance again suggested autosomal recessive

disease. Subsequent genetic analysis identified a deletion

in desmoplakin, another desmosomal protein. The muta-

tion produces a premature stop codon, resulting in a

truncated protein which is lacking its C-terminal domain.

This region of the protein has been shown to interact with

intermediate filaments to anchor them to the desmosome

[25].

This led to the identification in 2002 of a desmoplakin

mutation as a cause of the cardiomyopathy in a family

with a dominant pattern of inheritance, not correspond-

ing to any of the known loci, and designated as ARVC 8.

The clinical features at initial evaluation of 11 affected

members were of classical right ventricular disease,

although during follow-up three individuals developed

left ventricular involvement [26]. Another family has

been identified where the morphological changes are pre-

dominantly in the left ventricle, with arrhythmias also

typically arising from the left ventricle. A single adenine

insertion in the desmoplakin gene was identified, which

introduces a premature stop codon. The term arrhythmo-

genic left ventricular cardiomyopathy has been used to

describe this variation in phenotype [27]. Further infor-

mation on genotype and phenotype is available from four

Italian families with novel mutations of desmoplakin,

suggesting a high prevalence of arrhythmic death, thus

affecting 6 of 26 gene positive individuals. Of the 14 who

fulfilled the criteria of the task force for clinical diagnosis,

there were ventricular arrhythmias in 79%, right ventri-

cular morphological abnormalities in 86%, and left ven-

tricular involvement in almost half [28].

Desmoplakin is the most abundant of the desmosomal

proteins. The carboxy terminus tail region is responsible

for binding intermediate filaments of the cytoskeleton,

Table 15.2 Genes identified in association with the cardiomyopathy

Year First author Gene Mode of inheritance Clinical characteristics

2000 McKoy Plakoglobin Autosomal Recessive ‘Naxos disease’: nine families, woolly hair, PPK, ARVC features

2000 Norgett Desmoplakin Autosomal Recessive ‘Carvajal syndrome’: woolly hair, PPK, LV DCM

2001 Tiso Ryanodine2 Autosomal Dominant Four families, effort-induced polymorphic VT, RV regional
WMA

2002 Rampazzo Desmoplakin Autosomal Dominant One family, RV disease (ECG, imaging, arrhythmia), 50%
penetrance

2004 Gerull Plakophilin-2 Autosomal Dominant 32 probands, RV disease predominantly, ‘incomplete’ penetrance

2005 Beffagna TGF-ß3 Autosomal Dominant One family, classical ARVC, RV disease with arrhythmia

2005 Norman Desmoplakin Autosomal Dominant One family, LV disease predominantly, penetrance 100% (‘LV’
criteria)

2005 Bauce Desmoplakin Autosomal Dominant Four families, RV and LV disease, 64% penetrance

2006 Syrris Plakophilin-2 Autosomal Dominant Nine families + two probands, RV disease, 66% penetrance (TF
criteria)

2006 Dalal Plakophilin-2 Autosomal Dominant 25 probands (43% of all probands), early presentation

2006 van Tintelen Plakophilin-2 Autosomal Dominant 24 probands (43 % of all probands), 70% of ‘familial ARVC’

2006 Pilichou Desmoglein-2 Autosomal Dominant Eight probands, typical ARVC features but frequent LV disease

2006 Awad Desmoglein-2 Autosomal Dominant Four probands, three families, ‘incomplete’ penetrance

PPK¼ palmoplantar keratoderma; ARVC¼ arrhythmogenic right ventricular cardiomyopathy; LV¼ left ventricle; DCM¼ dilated
cardiomyopathy; Ryanodine2¼Ryanodine2 receptor mutation; VT¼ ventricular tachycardia; RV¼ right ventricle; WMA¼wall mor-
ion abnormality; TGF-ß3¼ transforming growth factor beta-3 mutation; ‘LV’ criteria¼ adaptation of Task Force criteria to left
ventricular instead of right ventricular abnormalities; TF criterions¼Task Force criterions
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while the amino terminus is hypothesized to associate

with desmosomal proteins [25]. The cytoskeleton is said

to provide a scaffolding, which is important for transmis-

sion of force from the sarcomere to the extracellular

matrix, and for protection of the myocyte from the con-

sequences of mechanical stress. Mutations in cytoskeletal

genes including actin, desmin, and dystrophin have been

shown to result in a dilated cardiomyopathic phenotype

as a result of this ‘defective force transmission’ [29].

Mutations in desmoplakin can therefore be predicted to

disrupt the desmosome, resulting in classical arrhythmo-

genic right ventricular cardiomyopathy with separation

and death of myocytes, and replacement with fibrofatty

tissue, or to disrupt the myocytic cytoskeleton with sub-

sequent dilated cardiomyopathy. While, in theory, the

location of the mutation could dictate the resultant phe-

notype, in practice variations of a composite phenotype

often exist within the same family [27].

Between 2004 and 2006, several mutations have been

described in plakophilin 2, another desmosomal protein,

in approximately one-quarter of a cohort of probands

[30]. Evaluation of kindreds suggests gene penetrance of

two-thirds using the criteria of the task force, but with

some evidence of expression of disease in all gene positive

patients [31]. Dutch and North American groups have

recently published an even higher prevalence of plakophi-

lin-2 mutations in cohorts of patients diagnosed with the

cardiomyopathy, with 43% of unrelated probands in

both populations found to carry mutations in PKP2,

and in those with confirmed familial disease 70% were

due to such mutations. Interestingly, the Dutch group

report that no PKP2 mutations were found in cases of

sporadic disease [32, 33]. In total, 46 different novelPKP2

mutations have been described, of which 8 are missense

mutations. Of the 25 mutations initially described by

Gerull, 9 were subsequently identified in the cohorts

described by Syrris, Dalal, and van Tintelen, with 6 of

these mutations occurring in more than one population

[30–33].

Most recently, the desmoglein-2 gene has been impli-

cated. Of 80 probands with a diagnosis of arrhythmogenic

cardiomyopathy, 10% were found to have mutations in

this gene. The clinical phenotype was suggestive of a high

degree of left ventricular involvement, and half had a

family history of arrhythmogenic right ventricular cardi-

omyopathy [34]. Very limited evaluations of the kindred

suggest incomplete penetrance.

Other mutations in nondesmosomal proteins have

been linked to the condition, but these are subject to

much controversy. The gene for ARVC 2 was identified

as the Ryanodine 2 receptor gene. As previously men-

tioned, however, the four families had a remarkably simi-

lar phenotype, presenting with syncope, sudden death,

and polymorphic ventricular tachycardia on exercise

without major structural abnormality on imaging. Inter-

estingly, the 12-lead electrocardiogram was normal in

affected individuals, which is very unusual in the setting

of arrhythmogenic right ventricular cardiomyopathy.

The phenotype of ARVC 2 is strikingly similar to adre-

nergically mediated polymorphic ventricular tachycardia,

and families with this rare autosomal dominant are now

recognized to have amutation in theRyanodine 2 receptor

gene [35]. Interestingly, none of the affected individuals

had an abnormal electrocardiogram, and rarely were late

potentials identified. The function of the Ryanodine 2

receptor gene is to regulate the flux of calcium in the

myocytes, and the mutation appears to result in a gain

of function, therefore causing amassive release of calcium

from the sarcoplasmic reticulum, and electrical instabil-

ity. The high levels of calcium may trigger apoptosis or

cell death, resulting in the histological features described,

specifically fibrofatty replacement of myocardial cells in

the apical segments, and an inflammatory T-cell infiltrate

[36]. This differs in many ways from classical cell-adhesion

cardiomyopathy, and suggests that this is, in fact, a

phenocopy of arrhythmogenic right ventricular cardio-

myopathy.

Mutations in transforming growth factor ß3 have been

detected in some, but not all, of families with ARVC1,

which has been linked to chromosome 14q24.3 [14, 37].

One of the functions of this gene is to promote fibrosis.

Some controversy exists as to the pathogenic importance

of this finding. The exons of this gene had previously been

screened in these families as transforming growth factor

ß3 had been considered a plausible candidate gene follow-

ing the linkage studies. No mutations were found. Subse-

quently the promoter and untranslated regions were

screened. There is some evidence that these regions may

affect translation of the gene, and experimental studies

suggest that the mutations found in two families increase

expression of the gene, and therefore can result in

increased fibrosis. Several other families with ARVC1

on linkage analysis, however, did not have mutations in

any of the screened exons or untranslated regions, leaving

questions unanswered.

The prevalence of familial disease has been reported to

be approximately 30% [38]. The diagnosis within relatives

of affected probands depends on the presence of the

requisite number of criterions established by the task

force, and indeed excludes those with predominant left

ventricular disease. As disease expression is very variable,

many relatives may have features consistent with a diag-

nosis of arrhythmogenic right ventricular cardiomyopa-

thy, but insufficient to satisfy the published criterions.

The criterions were developed, however, to facilitate diag-

nosis in a populationwhere the risk of disease is 1 in 5,000.
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In familial disease, the risk of inheritance of a disease-

causing gene is 1–2 in 5,000. Thus, any clinical findings

consistent with a diagnosis in the setting of a family

history of proven disease should be considered indicative

of expression of the disease. In retrospect, it may have

been more appropriate for the task force to produce two

diagnostic standards, that is, one for diagnosis in pro-

bands, which the original criterions would address, and

a second less stringent set for diagnosing the disease in

relatives of affected patients. Hamid and colleagues [29]

addressed this problem in their cohort of patients. They

identified familial disease in 28% of index cases using the

criteria established by the task force. In other families,

clinical features such as right precordial T-wave inver-

sion, late potentials on the signal averaged electrocardio-

gram, or ventricular ectopy, less abundant in relatives

than proposed by the task force, but more frequent than

found in normal controls, was considered to indicate

incomplete disease penetrance. Using these modified cri-

teria, they concluded that the true prevalence of familial

disease was at least 48% (Table 15.3).

Thus, there is strong evidence for arrhythmogenic right

ventricular cardiomyopathy as a disease of the desmo-

some, with at least 40% of probands carrying mutation in

a desmosomal gene in the Italian experience [34], and even

higher percentages for PKP2 alone in other centers [32,

33]. Correlations between genotype and phenotype are

typically not very robust, although some patterns have

emerged. Future research will focus on identifying the

candidate genes at the previously described loci, and

identifying the genetic cause of the additional 30–70% of

affected individuals who do not have desmosomal dis-

ease. In the absence of a reliable gold standard for clinical

diagnosis, the ability to rely on genetic screening to iden-

tify populations at risk would be invaluable.
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The Pathology of Arrhythmogenic Right
Ventricular Cardiomyopathy 16

Glenn P. Taylor

Arrhythmogenic right ventricular cardiomyopathy

(ARVC), an entity clinically defined less than 30 years

ago, is a heart muscle disorder of an unknown cause

characterized morphologically by fibrofatty replacement

of the right ventricle myocardium [1, 2]. It clinically pre-

sents with ventricular arrhythmias, congestive heart fail-

ure, or sudden death. ARVC is included in the primary

cardiomyopathy group of the WHO/ISFC 1999 Classifi-

cation and in the genetic primary cardiomyopathy group

of the American Heart Association 2006 Classification [3,

4]. However, despite the attention given over the past

three decades to the characterization of the pathologic

changes occurring with ARVC, there still remain areas of

controversy and dispute in the histologic criteria and

interpretation of gross anatomical findings that confound

the morphologic diagnosis of ARVC [5]. The longer

answer, therefore, requires review of the pathology spec-

trum, the pathology, diagnostic criteria, and considera-

tion of the etiology and pathogenesis of arrhythmogenic

right ventricular cardiomyopathy.

16.1 ARVC and Pediatric Pathology

The estimated prevalence of ARVC is 1 in 5000, but parts

of Italy have prevalence of 6 per 10,000 and in some areas

as high as 44 per 10,000 [6]. It is said to be the most

common cause of sudden, unexpected, natural death in

the young adult population. Male predominance, up to

80%, is well recognized. ARVC occurs in all ages, but is

primarily a disease of the second to fifth decades [7]. The

mean age at diagnosis is early to mid-30s but the reported

age range spans toddlers to septuagenarians [8]. Children

under 11 years comprise less than 2% of cases. There is

one report of an antenatal diagnosis [9]. Thirty percent to

50% of cases are familial with generally an autosomal

dominant inheritance pattern having variable penetrance

and phenotype. The types of ARVC specimens encoun-

tered by the pathologist include hearts at autopsy, gener-

ally from sudden unexpected death, endomyocardial

biopsy, or explanted hearts. Sudden unexpected death is

unfortunately a common presentation of ARVC in adults

and also can occur in children [10]. Over a 20-year period

at the Hospital for Sick Children, Toronto, ARVC

accounted for approximately 15% of cases of sudden

unexpected death due to antemortem-undiagnosed cardi-

omyopathy. In comparison, hypertrophic cardiomyopa-

thy accounted for only 6% of such pediatric sudden

unexpected deaths [11].

16.2 Pathology of ARVC

The heart pathology in older children and adolescents with

ARVC is similar to that documented in adults [12]. Heart

weight is generally normal to moderately increased. The

hallmark macroscopic feature is fibrofatty replacement of

the right ventriclemyocardium (Fig. 16.1) [13, 14]. This can

be segmental to diffuse. It typically affects the lateral right

ventricle inflow or basal free wall, the apical zone and/or

the infundibulum of the right ventricle. These three sites

represent the so-called triangle of dysplasia. Fat extends

from epicardium to the endocardium, sparing the trabecu-

lar muscle. The amount of fat varies greatly from case to

case and may be a minor component of the fibrofatty

infiltrate, with fibrosis predominant. In the majority of

cases the right ventricle is thinned, permitting trans-illumi-

nation to be used as a macroscopic pathology diagnostic

aid. In 50% of cases in adults the right ventricle demon-

strates aneurysms. Some cases are characterized by fatty

thickening of the right ventricle. Although right ventricle

involvement defines ARVC the left ventricle is involved in

G.P. Taylor, MD, FRCPC (*)
Division of Pathology, Department of Pediatric Laboratory
Medicine, Hospital for Sick Children

A.N. Redington et al. (eds.), Congenital Diseases in the Right Heart, DOI 10.1007/978-1-84800-378-1_16,
� Springer-Verlag London Limited 2009

125



at least 50% of cases, where it is more characterized by

fibrosis, generally in a subepicardial distribution, rather

than fatty infiltration (Fig. 16.2) [15]. Involvement of the

interventricular septum occurs in up to 20%of cases, again

primarily fibrous rather than fatty.

Microscopic examination of the affected right ventricle

region shows fatty replacement of the myocardium extend-

ing from the epicardial surface toward the endocardium.

There are variable fibrous replacement, degenerative

changes, and atrophy of residual myocytes and often a

sparse lymphocytic inflammatory infiltrate. The degenera-

tive changes in themyocardium are progressive. Fibrofatty

change is identified initially but appears to become predo-

minantly fatty over time. Involvement of the left ventricle

and interventricular septum also tend to occur later in the

disease progression.Histologicmyocarditis meetingDallas

criteria is seen in 20–80% of cases.

Two patterns for ARVC have been identified [16, 17].

In 20–45% of cases ARVC has a fatty infiltrative pattern

characterized by lace-like adipose tissue extending from

the epicardium to the endocardium. The residual myo-

cytes may be normal or only mildly atrophic, but do not

form a distinct boundary with the epicardium. The right

ventricle may be thickened by this infiltration rather than

thinned. The more common type is the cardiomyopathic

pattern where there is fibrofatty replacement of the right

ventricle myocardium, atrophy, and degeneration of resi-

dual myocytes and thinning of the right ventricle wall.

Aneurysms occur in this form. This type is also biventri-

cular in up to 80% of cases [16].

(b)(a)

(c)

(d)

Fig. 16.1 (a) Transverse section of heart with arrhythmogenic right
ventricular cardiomyopathy (ARVC) demonstrating fatty replace-
ment of anterior right ventricle wall myocardium, with preservation
of posterior free wall myocardium. (b) Longitudinal section of right
ventricle outflow tract in ARVC demonstrating marked thinning of
myocardium, with fibrous and fatty replacement extending from

epicardium toward endocardium. (c) Predominantly fatty infiltra-
tion in ARVC, extending from epicardium toward endocardium,
sparing trabeculae (hematoxylin and eosin stain, original magnifi-
cation �10). (d) Fibrous and fatty replacement of myocardium in
ARVC, with atrophy of residual myofibers (Masson trichrome
stain, original magnification �20)
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16.3 Pathology Diagnosis of ARVC

Although fatty infiltration is a hallmark of ARVC it has

been said that ‘‘fat is the least specific criterion for diag-

nosis of ARVC’’ [5]. One differential diagnosis for fatty

right ventricle is core adiposum. This is abundant epicar-

dial and subepicardial fat associated with obesity. The fat

may comprise 50% of the weight of the heart. The myo-

cardial fat increases with age. A second form of fatty right

ventricle is simple fatty infiltration, which may occur even

in the nonobese. This is distinguished from ARVC by the

myocardium being displaced by fat, rather than being

replaced, with preservation of a distinct boundary

between outer epicardium and a resultingmarbled pattern

of fatty infiltration. The intervening myocardium does

not show fibrosis or degenerative change. Another con-

sideration is that normal hearts can have varying degrees

of myocardial fat, most prominently in the apical and

anterolateral right ventricle regions where adipose tissue

may constitute up to 15% of the myocardial wall [16].

Combined gross and microscopic findings are required

for a reliable pathological diagnosis of ARVC. The three

criteria are: (1) fatty and/or fibrofatty replacement of

right ventricle myocardium; (2) atrophy, degenerative

changes, and/or death of interposed cardiac myocytes;

and (3) lymphocytic inflammation (although this is not

as important as criteria 1 and 2) [5].

Endomyocardial biopsy has been used in the diagnosis

of ARVC but is complicated by false negatives and false

positives. Endomyocardial biopsy diagnostic criteria

have been presented by Angelini et al. [18]. Their criteria

on right ventricle, presumably septal, endomyocardial

biopsy is fatty tissue greater than 3.2% of the surface

area of the biopsy sample, fibrous tissue greater than

40%, andmyocytes less than 45%. Asmost right ventricle

endomyocardial biopsies avoid the free wall, which repre-

sents the area of potential greatest diagnostic yield in

ARVC, false negatives are a significant concern. How-

ever, false positives can also occur if the normal subendo-

cardial fat content of the apical and anterolateral regions

of the right ventricle are not considered.

The three ARVC pathologic criteria listed above are

not specific to ARVC and can be seen in other types of

cardiac myocyte injury. Fibrous and fatty replacement of

myocardium occurs with ischemic heart disease and with

Chagas’ disease. ARVC-like changes have been reported

in cardiac allograft failure [19]. ARVC-like changes have

also been identified in older children and adolescents that

have chronic neurologic and neuromuscular disorders

[20]. The suggestion is that fibrofatty replacement is a

common final pathway for a variety of cardiac myocyte

injuries [21]. These include the genetic mutations primar-

ily involved with a cardiac desmosome, as discussed else-

where in this compendium, myocarditis, immunologic

injury, and ischemic injury. Myocyte apoptosis is a well

recognized in studies of ARVC and may be the common

element for the various potential causes [22].

The identification of desmosome protein mutations in

ARVC provides for the molecular genetic diagnostic test-

ing that can now be offered [23]. These protein abnorm-

alities also raise the possibility of more specific diagnostic

morphologic studies for ARVC. Immunohistochemical

staining for various cardiac desmosome constituents is

being explored as is the possibility that downstream aber-

rations of constituents of the intercalated disk such as

connexins and other gap junction proteins might repre-

sent generic markers for a variety of upstream cardiac

desmosome protein mutations [24]. Recently, electron

(b)(a)

Fig. 16.2 (a) Section of left ventricle free wall in ARVC, demonstrating sub-epicardial scarring. (b) Interstitial scarring, sub-epicardial and
intramural, in left ventricle of ARVC (Masson trichrome stain, original magnification �10)
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microscopic alterations of the intercalated disc have been

documented, potentially providing another morphologic

diagnostic modality for ARVC [25].

16.4 Summary

In summary, arrhythmogenic right ventricular cardio-

myopathy is uncommon in childhood, but can be seen in

older children and adolescents, where presentation often

is with sudden unexpected death. Pathologic diagnosis

can also be made from an explanted heart or on endo-

myocardial biopsy, although biopsy diagnosis must con-

sider significant false negatives and false positives. In

children, the cardiomyopathic fibrofatty form is the

most frequent type, but there are other conditions that

can mimic the pathology. ARVC most often represents a

primary genetic cardiomyopathy for which genetic testing

of several variants is available. These genetic abnormal-

ities may also lead to development of morphological tests

that are more specific and sensitive for the diagnosis of

arrhythmogenic right ventricular cardiomyopathy.
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The Diagnosis of Arrhythmogenic Right
Ventricular Cardiomyopathy (ARVC) in Children 17

Robert M. Hamilton

17.1 The Evolution of Diagnosis in
Arrhythmogenic Right Ventricular
Cardiomyopathy

The diagnosis of arrhythmogenic right ventricular

cardiomyopathy (ARVC) has evolved from pathological

assessment at postmortem to a recognizable clinical con-

dition during life, and holds promise for definitive genetic

diagnosis in the near future. ARVC task force criteria [1],

agreed upon by expert consensus, have assisted greatly in

identifying symptomatic adults with a high specificity.

However, ARVC task force criteria are recognized to be

insensitive, in general, and more so in asymptomatic rela-

tives [2, 3] or individuals presenting at an early age [4]. The

absence of a definitive gold standard during life makes

difficult the evaluation of sensitivity and specificity of

individual clinical tests, as well as the estimation of the

prevalence of the disease. Using a defined referral popu-

lation, Peters and colleagues estimate the prevalence of

ARVC as 1/1,000 inhabitants [5], although more tradi-

tional estimates are from 1/1,667 [6] to 1/5,000 [7].

ARVC diagnosis is now moving into an era of mole-

cular and genetic diagnosis. Although multiple genetic

loci have been identified, an evolving common feature is

the mutation (usually truncation) of proteins that form

desmosomes of the intercalated disks of ventricular myo-

cytes. It is anticipated that a common pathophysiology

will underlie the multiple genes and gene loci so far iden-

tified, as well as others not yet identified, adding to our

understanding and redefinition of this important sudden-

death disorder. This chapter evaluates the features that

contribute to the diagnosis of ARVC in children based on

our current clinical understanding, short of the evolving

molecular characterization of this disease.

17.1.1 Symptoms and Assessment

The most common presenting symptoms among a predo-

minantly adult group of ARVC patients were palpita-

tions, syncope, and sudden death in 27%, 26%, and

23%, respectively [8]. Children likely present with similar

symptoms, although sudden death is less common. More

recently, children are being referred for clinical assess-

ment related only to a positive family history of ARVC

or undifferentiated sudden death.

Naxos disease, identified by Protonotarios [9] on the

Aegean island of Naxos and subsequently other Hellenic

islands, Turkey, Israel, and Saudi Arabia, provided the

first paradigm for early and severe presentation in the

ARVC spectrum. Children homozygous for Naxos disease

can be identified by the associated palmoplantar kerato-

derma and woolly hair, and present with syncope at pub-

erty. Carvajal syndrome, identified in Ecuador and India,

is a similar disease with more pronounced left ventricular

involvement and presents even earlier in life [10].

Among patients dying with themore typical autosomal

dominant types of ARVC, 10% of deaths occurred before

age 19 and 50% occurred before age 35 (Fig. 17.1).

Among children assessed for ARVC in a pediatric

arrhythmia clinic, patients rarely met ARVC Task force

criteria before the age of 8 years and the rare deaths that

occurred were after the age of 12 years. Among children

referred with left bundle branch block ventricular tachy-

cardia (LBBB VT) or a positive family history of ARVC,

the sensitivity and specificity of each diagnostic test to

identify those who met ARVC task force criteria com-

pared to who did not is listed in Table 17.1 [11].

17.1.2 Electrocardiographic Criteria

The electrocardiographic features of ARVC include loca-

lized prolonged depolarization, epsilon waves, and T-wave
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inversion. Among adults, the incidence in leads V1–3 of

QRS duration of 110 ms or higher was 75%, that of pro-

longed right precordial S-wave upstroke of 55 ms or higher

was 84%, that of epsilon potentials was 23%, and that of

right precordial T-wave inversions was 55%. Neither QRS

duration of 110 ms or higher nor epsilon potentials could

not be identified in a control group of 52 unaffected indivi-

duals. A prolonged S-wave upstroke was present in only

two and T-wave inversions were found in three [12].

Among children with LBBB VT or a positive family

history of ARVC who were referred for assessment of possi-

bleARVC, total S-wavedurationwas assessed and compared

to agroupof 150normal children [13].Using a 98thpercentile

cut-point, S-wave duration in any of leads V1�3 was 37%

sensitive in identifying children who met ARVC task force

criteria, based on an electrocardiography (ECG) at

presentation at an average age of 11.6 years. During follow-

up to an average age of 14.2 years, sensitivity increased to

48%. The specificity of this measurement was94%.

In addition to S-wave duration, T inversion in the right

precordial leads is considered a minor criterion for ARVC,

but can only be applied to that subset of children of age

beyond 12 years. Among children in this age group referred

for assessment of ARVC, T inversion was sensitive for

meeting ARVC criteria in 66%, but only 64% specific

[11]. Finally, a true epsilon wave is found in a minority of

adults with ARVC, and even fewer children. However, a

sharp spike is not infrequently seen late within the upstroke

of the Swave in the right anterior leads in children suspected

to have ARVC, and is rarely present in normal ECGs.

17.1.3 Signal-Averaged ECG

Ventricular signal averaging, available as a separated

instrument or as an option on many ECG machines, is a

method of magnifying and measuring late depolarization

occurring within small areas of myocardium. Signal-aver-

aged ECG parameters in adults with ARVC correlate with

the extent of myocardial fibrosis on biopsy, reduction in

right ventricular ejection fraction, and risk for sustained

ventricular arrhythmias. The root-mean-square voltage of

the terminal 40 ms at a filter setting of 25 Hz was an

independent risk factor for the occurrence of sustained

ventricular arrhythmias [14]. Bauce and colleagues, exam-

ining two patients with worsening electrical instability, cor-

related this with rapid progression of abnormal signal-aver-

aged ECG parameters [15]. This same group demonstrated

that the filtered QRS duration and duration of high-fre-

quency, low-amplitude signals on a 25–250 Hz signal-aver-

aged ECG identified patients with sustained VT [16]. Dur-

ing follow-up, high-frequency, low-amplitude signals

signals increased significantly in the sustained VT group.

Table 17.1 Sensitivity and specificity of clinical test findings to identify patients meeting ARVC task force criteria among patients
referred with LBBB VT or a positive family history of ARVC)

Criterion Sensitivity (%) Specificity (%)

Major global/regional dysfunction of RV (echo, MRI, or angiography) 30 98

Minor/mild global or segmental dilatation or hypokinesis 58 76

RV wall thinning on MRI 58 79

Tissue characterization on Bx by the pathologist of ‘‘fibrofatty replacement’’ 62 91

Quantitative morphometric analysis on Bx of >18% fibrosis 56 71

T inversion in right precordial ECG 66 64

Epsilon waves or QRS prolongation 39 100

Any SAECG parameter beyond 2 Z-values 66 65

Any SAECG parameter beyond 1.5 Z-values 78 64

Frequent PVCs 48 54

(from MacIntyre et al. [11]

11Age

0.0%

10.0%

10.0%

30.0%

50.0%

50.0%

60.0%

70.0%

80.0%

90.0%

100.0%
Age at Death

15 19 23 27 31 35 39 43 47 51 55 59 63
Fig. 17.1 Age at death among 200 victims identified with ARVC at
autopsy
(modified from Tabib, 2003)
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Nasir and colleagues demonstrated that ARVC patients

with inducible VT have a longer filtered QRS duration,

longer duration of high-frequency, low-amplitude signals,

and lower root-mean-square voltage [17, 18]. fQRS dura-

tion �110 ms had a sensitivity of 91%, specificity of 90%,

and predictive accuracy of 90% for VT inducibility in these

patients.

Signal-averaged ECG parameters in children should

be compared to published normals, which are dependent

on body surface area [19]. The presence of any signal-

averaged ECG parameter beyond two standard devia-

tions identified 66% of children with LBBB VT or a

positive family history whomet ARVC task force criteria,

and this sensitivity increased to 78% if parameters

beyond 1.5 standard deviations were included [11].

17.1.4 Exercise Testing

The relationship between exercise and ventricular ectopy

in ARVC is unclear. Among 33 exercise tests in 16 chil-

dren with ARVC, ventricular ectopy was exacerbated in

six patients and suppressed in five patients [20]. Never-

theless, there is early evidence in an animal model of

ARVC that exercise may speed up the progression of

disease [21], and it is recommended that recreational

exercise be restricted according American Heart Associa-

tion guidelines [22].

17.1.5 MRI

Individual MRI criteria have limited sensitivity or speci-

ficity for the diagnosis of ARVC. However, similar to the

use of task force criteria for the clinical diagnosis of

ARVC, an improved MRI score consisting of major and

minor criteria has been developed in adults [23]. Major

criteria include: fatty infiltration of the RV myocardium,

localized RV aneurysm, severe dilatation and reduction in

RV ejection fractionwith no (or onlymild) left ventricular

impairment. Minor criteria include regional RV hypoki-

nesia, mild segmental dilatation of RV, mild global RV

dilatation, and/or ejection fraction reduction with normal

left ventricle and prominent RV trabeculae. The combi-

nation of two major criteria, one major and two minor

criteria or four minor criteria led to improved diagnostic

accuracy with sensitivity of 82.3% and specificity of

88.8%.

Fogel and colleagues evaluated the ability of MRI to

detect ARVC in 81 children referred for evaluation due to

a broad range of indications [24]. Using the earlier MRI

criteria of Midiri and colleagues [25], they found only one

patient met the threshold of greater than or equal to three

of five criteria to have a high probability of ARVC. An

assessment of more recent criteria in a group of children

with definitive ARVC would be desirable.

17.1.6 Angiography

Typically, right ventricular biplane angiography is per-

formed with two contrast injections in a total of four

views: AP, lateral, 308 RAO, and 608 LAO. Multiple

studies assessing the sensitivity and specificity of angio-

graphy have been published based on affected adults, and

their predictive features are summarized in Table 17.2.

Specific assessments of angiography for ARVC in chil-

dren have not been performed.

Table 17.2 Sensitivity and specificity of angiographic findings in adults with ARVC

Study Angiographic finding Sensitivity (%) Specificity

Daubert (1988) Slow dye evacuation of RV low

Deep fissuring in anterior wall low

Localized akinetic or dyskinetic bulges 90

Wide, deep fissuring of apex or inferior wall 33

Chiddo (1989) Localized Akinesia/dyskinesia 48

highSmall conical outpouchings persisting in systole 40

Apical deep fissuring 8

Conte (1989) Aneurysmal formations of the right ventricle 100%

Daliento (1990) Transversely arranged hypertrophic trabeculae, separated by deep fissures 96 87.50%

Posterior subtricispid and anterior infuldibular wall bulgings

Peters (1992) Segmental Hypokinesia 72

Diffuse Hypokinesia 28

Hebert (2004) RV ejection fraction <35% 32 100%

Data from Daubert et al. [48], Chido et al. [49], Conte et al. [50], Daliento et al. [51], Peters et al. [52], and Hebert et al. [53]
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17.1.7 Electrophysiologic Study

Among adult patients, the electrophysiology study has

been used effectively to differentiate ARVC from more

benign ventricular tachycardias of RV origin and to

assess for concomitant electrophysiologic abnormalities,

such as inducible atrial arrhythmias or specialized con-

duction system disease. Compared to patients with benign

idiopathic right ventricular arrhythmias, adults with

ARVC have a higher frequency of inducibility with ven-

tricular extrastimuli (93% vs. 0%), multiple VTmorphol-

ogies (73% vs. 0%) and fragmented diastolic potentials

(93% vs. 0%) [26]. Benign RVOT tachycardias have a

triggered automatic basis in 97%, whereas ARVC

arrhythmias display features of reentry in over 80%.

Arrhythmias can be ablated in ARVC, particularly

using activation [27, 28] and entrainment mapping [29,

30], with short-term success in 71–82% of ARVC

patients, but recur in 47–48%, compared to 95% acute

and long-term success in RVOT tachycardias [31, 32]. It is

unclear whether inducibility of ventricular arrhythmias is

a risk factor for clinical outcome in ARVC (Table 17.3).

Belhassen reported a 19-year-old patient with right ven-

tricular dysplasia and atrial paralysis [33] Proclemer and

colleagues reported two brothers with ARVC with early

involvement of the right atrium and sustained atrial flutter

[34, 35]. Caglar and colleagues reported a right ventricular

cardiomyopathy with atrial flutter, [36] as did Nakazato

and colleagues [37] and Lui and colleagues [38]. Brembilla-

Perrot and colleagues demonstrated that supraventricular

arrhythmias could be induced in 65% of ARVC patients

compared with 11% of control subjects [39, 40]. Three of

13 patients with inducible atrial arrhythmias went on to

have spontaneous atrial fibrillation. Borderline-sustained

and sustained-atrial arrhythmias are frequently induced

during electrophysiologic (EP) study in children with

ARVC, and may be a factor to consider in choosing a

defibrillator or interpreting defibrillator events.

17.1.8 Electroanatomic (Voltage) Mapping

Boulos and colleagues first tested the hypothesis that low-

amplitude intracardiac electrograms could identify the pre-

sence, location, and extent of dysplastic regions in ARVC

[41]. Dysplastic areas demonstrated markedly reduced uni-

polar and bipolar voltages compared to nondysplastic areas

or controls. Corrado and colleagues suggested that electro-

anatomic mapping could be used to guide biopsy for identi-

fication of fibrofatty replacement, and demonstrated that

patients with normal voltage electrograms typically had

inflammatory cardiomyopathy requiring only antiarrhyth-

mic therapy compared to ARVC patients with low-voltage

areas who typically required implantable cardioverter-

defibrillators (ICD) therapy [42]. Low voltage areas identi-

fied by electroanatomical mapping correlate well with areas

of dyskinesia identified by echo [42] or MRI [42, 43] and

may be useful in characterizing a critical isthmus for catheter

ablation [44]. Electroanatomical mapping may provide

added diagnostic value in children already scheduled for

invasive investigation, but control measurements are not

yet available in this population. Ablation is rarely necessary

within the pediatric population with ARVC.

17.1.9 Biopsy

The acceptance of endomyocardial biopsy assessment in

the diagnosis of ARVC has been hampered by the

Table 17.3 Risk Stratifiers from adult series of ARVC patients

Pezawas (Vienna) Piccini (Hopkins) Roguin (Hopkins) Lemola (Zurich) Hulot (Paris)

RV Dysfunction/Dilatation + + +

LV Dysfunction + +

Congestive Heart Failure +

Left Atrial Dilatation +

Antiarrhythmic Therapy +

Prolonged PR Interval +

Prolonged QRS in Lead V1 +

Bundle Branch Block +

Abnormal SAECG +

Spontaneous VT + +

Inducible VT at EP Study – +

Meets ARVC Criteria +

Male +

28 Prevention +

Data from Pezawas et al. [54], Piccini et al. [55], Roguin et al. [56], Lemola et al. [57], and Hulot et al. [58]
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erroneous anecdote that the ventricular septum is not

involved in ARVC, as well as the appropriate concern

over the complication rates of endomyocardial biopsy.

Compounding this dilemma is the need for multiple sam-

ples of endomyocardial septum due to sampling error.

Once tissue is obtained, traditional staining may need to

be augmented with specific staining for fat or fibrosis [45,

46]. Among 66 children referred for assessment of LBBB

VT or a family history of ARVC, quantitative assessment

of endomyocardial biopsies from the right ventricular

septum demonstrated 23.1 – 14.8% fibrosis and 6.0 –
11% fat in patients who met task force criteria for

ARVC versus 14.4 – 9.3% fibrosis and 3.3 – 7.60% fat

in those who did not meet criteria [47]. These differences

were significant for fibrosis alone. Recent descriptions on

MRI support these findings, in that septal involvement of

ARVC can be clearly demonstrated. In addition, MRI

techniques such as myocardial delayed enhancement

(aimed at identifying fibrotic replacement) are yielding

more positive results than previous techniques, which

attempted to enhance for fat alone. These MRI findings

corroborate the finding of significantly increased fibrosis

on endomyocardial biopsy from the right ventricular

septum.

As the molecular basis for ARVC becomes more clear,

endomyocardial biopsies may play an even more impor-

tant role in the diagnosis of ARVC, its molecular sub-

types, and pathophysiologic mechanisms. Using immu-

noflorescence, the presence of intercalated disk proteins

involved in ARVC, including desmosomal and gap junc-

tion proteins, can be characterized.

17.1.10 Risk Stratification

While diagnosis of ARVC in children is often a challenge,

a further assessment to risk stratify the patient should also

be completed. Thus far, only studies of predominantly

adult presentations of ARVD have identified risk strati-

fiers. These are summarized in Table 17.1 below. Signifi-

cant risk stratifiers common to two or more studies

include right ventricular dysfunction or dilatation, left

ventricular dysfunction, and spontaneous ventricular

tachycardia (VT). Inducibility of VT at EP study was a

significant risk stratifier in a study of Johns Hopkins

patients, yet not significant in another study from the

same institution. As children become increasingly diag-

nosed with ARVC, robust risk-stratification strategies for

children are needed to identify and treat high-risk patients

without exposing all ARVC children to the recognized

complications of ICD therapy in the young.
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Clinical Outcomes and Current Therapies
in Arrhythmogenic Right Ventricular
Cardiomyopathy

18

Deirdre Ward, Srijita Sen-Chowdhry, Giovanni Quarta,
and William J. McKenna

18.1 Introduction

Information on the natural history of arrhythmogenic

right ventricular cardiomyopathy is somewhat limited

by under-recognition of the condition. The prevalence is

estimated to be 1 in 5,000, although this may be much

higher in reality, and may be subject to regional variation

[1]. Autopsy studies from the Veneto region of Italy have

identified the condition in over one-fifth of athletes, and

one-tenth of nonathletes under the age of 35 [2]. Whether

this reflects a founder effect, or simply a higher degree of

awareness among clinicians and pathologists in this

region is unclear.

18.2 Natural History

It has been suggested that the natural history of arrhyth-

mogenic right ventricular cardiomyopathy could be con-

sidered to have four distinct phases [3]. In the early con-

cealed phase, the patient is usually asymptomatic, albeit

still be at risk of sudden death, which typically occurs in

young people during competitive sport or intense physical

activity. Structural changes, when present are subtle, and

may be confined to a region of the triangle of dysplasia,

which comprises the inflow, apical, and outflow portions

of the right ventricle.

Symptoms of ventricular arrhythmia herald the second

phase of overt electrical disorder. The symptoms may

include awareness of palpitation or frequent ectopy, syn-

cope, and in some cases sudden death may occur. Struc-

tural and functional changes are usually obvious during

this phase, although these are again often regional rather

than global, and often only affect the right ventricle.

The third phase of right ventricular failure is character-

ized by diffuse right ventricular disease, with relative pre-

servation of left ventricular function. Progression to

biventricular pump failure denotes the final advanced

phase of the disease, which may be confused with dilated

cardiomyopathy. In addition to heart failure or sudden

arrhythmic death, this phase may be associated with the

development of atrial fibrillation and the occurrence of

thromboembolic events. A multicentric study [4] invol-

ving 42 patients with the condition, 34 of whom died

suddenly, 16 during effort, 2 due to heart failure, 2 from

other causes, and 6 who had undergone transplantation,

showed evidence of left ventricular involvement in three-

quarters of the hearts. The occurrence of left ventricular

involvement correlated well with increasing age, the

occurrence of clinical arrhythmia, more severe cardiome-

galy, inflammatory infiltrates, and heart failure.

18.3 Symptoms and Arrhythmia

Patients usually present with symptoms between the sec-

ond and fifth decades of life. The symptoms usually relate

to arrhythmia, with palpitations in up to two-thirds of

individuals, and syncope or near-syncope in over one-

third [5, 6]. Atypical chest pain may occur in up to one-

quarter of affected individuals. The spectrum of ventricu-

lar arrhythmias ranges from isolated ventricular ectopy

through sustained monomorphic ventricular tachycardia

to ventricular fibrillation. The classical morphology of

ventricular tachycardia in this setting is left bundle branch

block, although patients with predominant left ventricu-

lar diseasemay present with right bundle branch block [7].

Patients with advanced disease may have several different
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morphologies, indicating multiple arrhythmic focuses.

The occurrence of this form of tachycardia is not specific

for arrhythmogenic right ventricular cardiomyopathy,

and the differential diagnosis includes congenital heart

disease, primary or secondary pulmonary hypertension,

right ventricular infarction, bundle branch reentry, or

idiopathic right ventricular outflow tract tachycardia [8].

18.3.1 Sudden Death

In the US, the condition accounts for approximately 5%

of sudden cardiac deaths in those aged 1–65 years, and is

associated with 3–4% of deaths occurring in relation to

physical activity in young athletes [9]. In the Veneto

region of Italy, where a comprehensive register has been

compiled, and where all competitive athletes are subject

by law to preparticipation screening, it is the most com-

mon cause of sudden death in those under 35 years, and

the most common cause of sudden death in competitive

athletes. This may reflect the fact that concealed disease

may pass even the most rigorous screening tests, whereas

those affected with conditions such as hypertrophic car-

diomyopathy are more easily identified, and by law

excluded from participation.

Annual mortality rates for populations with a diagno-

sis of arrhythmogenic right ventricular cardiomyopathy

have been estimated to be 1% with and 3% without

pharmacological treatment in the era prior to the inser-

tion of cardioverter defibrillators [10]. Data from a Par-

isian tertiary referral hospital showed an annual mortality

rate of 2.3%, which may to some extent reflect referral

bias [5]. A review of the familial of the disease in Italy

showed a favorable prognosis, with only one death over a

mean of 8.5 years of follow-up, giving an annualmortality

rate in these families of 0.08% [11].

The commonly held theory that death predominantly

occurs in relation to exertion is not borne out by all the

available information. In studies of athletes in Italy it is

suggested that competitive sport doubles the risk of sud-

den death, but this still only occurs in 2 per 100,000

athletes. Most sudden deaths, however, do not occur in

athletes, and in the nonathletic population only 9% of

deaths were related to exertion [2]. Furthermore, in a

review of autopsies of sudden-death victims in France,

death occurred during normal daily activities in 150 of

200 cases of arrhythmogenic right ventricular cardiomyo-

pathy, and during sporting activity in only 3.5% [12].

Review of the circumstances of death in 29 patients

from the US who experienced a cardiac arrest also con-

firms that less than one-third were engaged in active

exercise at the time [6].

18.4 Heart Failure

Patients may develop isolated right ventricular failure, or

progress to biventricular failure. Heart failure typically

occurs in the fourth or fifth decade. In the report of Dalal

et al. [6], heart failure occurred in one-quarter of patients

who satisfied the criteria for diagnosis established by the

task force and survived to the age of 56 years. Fontaine

[13] reported that the annual incidence of death due to

heart failure was 1%. The mechanism for failure is dila-

tion of the right ventricle, thinning of its wall, and pro-

gressive loss of myocardial function because of reduction

in functioning myocytes. Left ventricular dysfunction

may also be due to a similar process of myocytic death

and fibrofatty replacement, and an inflammatory

response is often apparent.

18.5 Stratification of Risk

With the annual incidence of sudden death ranging from 1

per 1,000 affected in familial disease to 30 per 1,000 of

probands at a tertiary referral centre, a tool for identifica-

tion of those at risk who would benefit from protective

therapy is highly desirable. Much of the currently avail-

able information has been obtained from retrospective

analyses of discharge rates form defibrillators implanted

in populations undergoing primary and secondary pre-

vention. Whether appropriate therapy with an implanted

defibrillator is a valid surrogate for aborted sudden car-

diac death is a subject of ongoing debate.

Corrado et al. [14] reviewed the experience of 132

patients attending 23 centers, all but one in Italy, in

whom defibrillators had been implanted. Patients had to

fulfill a modification of the diagnostic criteria to be eligi-

ble for inclusion, needing to possess at least one major

criterion, and not being admitted on the basis of four

minor criterions. During a mean follow-up of 39 months,

almost half had appropriate treatment, and one-quarter

experienced ventricular fibrillation or flutter, which were

considered to have likely been fatal in the absence of the

device. On multivariate logistic regression analysis, inde-

pendent predictors of ventricular fibrillation or flutter

included a prior history of cardiac arrest or ventricular

tachycardia with hemodynamic compromise, younger

age, and involvement of the left ventricle. Programmed

ventricular stimulation was of limited value in identifying

those patients at risk.

In the reported experience from a single German center

[15], of 273 patients who fulfilled the conventional diag-

nostic criterions, defibrillators were implanted in 60

patients, leading to successful resuscitation in over nine-
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tenths after cardiac arrest, documented sustained ventri-

cular tachycardia, or syncope. Event-free survival from

potentially life-threatening arrhythmias was 79%, 64%,

59%, and 56% after 1, 3, 5, and 7 years follow-up, respec-

tively.Multivariate analysis identified extensive right ven-

tricular dysfunction as an independent predictor of any

appropriate discharge, but the only independent predictor

of rapid and potentially fatal tachycardia or fibrillation

was inducible fibrillation at electrophysiological studies.

A similar study of 42 patients in the US [16] reported a

high incidence of appropriate discharge, occurring in over

three-quarters of the patients over a mean of 42 months.

Predictors of appropriate therapy included inducible tachy-

cardia during an electrophysiological study, documentation

of spontaneous ventricular tachycardia, male gender, and

severe right ventricular enlargement, albeit that multivariate

analysis showed only inducible tachycardia during the elec-

trophysiological study to be a predictor. Another study [17]

comparing those with devices implanted for primary as

opposed to secondary prevention found that electrophysio-

logical testing did not predict risk of discharge in those

undergoing primary prevention. Overall, three-quarters of

55 patients who met the diagnostic criterions for the condi-

tion had an appropriate discharge from their device, leading

the authors to conclude that patients whomeet the diagnos-

tic criteria should have devices implanted for primary and

secondary prevention, regardless of the outcome of electro-

physiological testing. Interestingly, the overall population

studied included 12 patients who had probable disease, the

features on investigation failing to fulfill the accepted diag-

nostic criteria. Electrophysiological studies were carried out

on this subgroup showed that patients who had no inducible

arrhythmia sustainedwithout pharmacological provocation

did not receive reveal discharges from their devices during

follow-up.

Peters et al. [18] sought to identify risk factors for

arrhythmia and cardiac arrest in a population without

inserted devices. Global reduction in right ventricular

systolic function, regional hypokinesia, and end-systolic

or end-diastolic bulging were associated with an increased

risk of cardiac arrest. In another series fromFrance [5], all

21 patients who died of a cardiovascular cause had at least

one episode of ventricular tachycardia originating from

the left bundle branch. There were no deaths in the group

in whom no tachycardia was documented. The presence

of right ventricular failure, as well as documented tachy-

cardia, trended toward a significantly increased risk of

cardiovascular death.

Other potential indicators of increased risk include

demonstration of delayed depolarization on the electrocar-

diogram, and late potentials on signal-averaged tracings.

Turrini et al. [19] measured the variation in duration of the

QRS complex in all leads in three groups, 20 victims of

sudden death, 20 with sustained ventricular tachycardia,

and 20 without significant arrhythmias, comparing them

with 20 controls. They found a difference of 40 ms or more

between the maximum and minimum duration of the QRS

complexes recorded in any of the 12 leads was a strong

predictor of risk. The detection of late potentials on the

signal-averaged electrocardiogram is the surface counter-

part of delayed or late potentials detected during endocar-

dial or epicardial mapping. They are frequently found in

patients with documented ventricular tachycardia, but lack

specificity, being found in other settings, such as in the

postmyocardial-infarction setting [20, 21]. The prevalence

in arrhythmogenic right ventricular cardiomyopathy

ranges from 50% to 80% [22, 23]. The variation possibly

relating to severity of disease as a positive correlation has

been found between late potentials and extent of right

ventricular fibrosis, reduced right ventricular systolic func-

tion and significant morphological abnormalities on ima-

ging, but not yet convincingly with risk of potentially fatal

arrhythmia [24, 25].

The use of three-dimensional voltage mapping during

electrophysiological studies is a potentially useful area for

stratification, but data are limited at present. Corrado et al.

[26] demonstrated that reduced and fractionated voltage

signals correlated well with endomyocardial biopsy features

of advanced familial disease. Correlation with risk of sig-

nificant arrhythmia was statistically borderline, but further

studies may confirm its value as an objective and reprodu-

cible risk marker. The presence of abnormal voltage maps

also differentiated between classical disease with character-

istic biopsy findings and phenocopies of the condition, such

as sporadic disease associated with an inflammatory infil-

trate and a more favorable arrhythmic outcome.

These studies examining prediction of risk have been

performed in referral populations in major centers with

an interest in electrophysiology. Limitations exist in

applying these results to patients seen in a general cardi-

ologic clinic, or indeed to services providing family

screening. In all but one of the studies using implantable

defibrillators, patients were only included if they fulfilled

the diagnostic criteria, and in themulticentered study [14],

an even more highly refined population was included. It is

widely accepted, however, that reliance strictly on the

diagnostic criteria will, by definition, exclude variants of

the condition with left ventricular predominance, and

incompletely penetrant disease in the setting of family

screening, where risk of arrhythmia still undoubtedly

exists. Larger, more inclusive prospective studies of popu-

lations with a broader phenotype are needed to further

refine the stratification of risk. In addition, it could be

argued that populations with desmosomal disease, this

being made up of those confirmed to carry a disease-

causing mutation in one of the five desmosomal genes,
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may have a different natural history to the approximately

half of patients with a clinical diagnosis in whom no

mutation can be identified. With further advances in

genetic identification, perhaps gene-specific algorithms

can be developed for predicting risk.

18.6 Treatment

Patients with proven or suspected disease are discouraged

from participation in competitive sports or endurance train-

ing. Avoidance of stimulant recreational and therapeutic

drugs is advisable. In those with symptomatic arrhythmia,

therapy differs somewhat between American and European

centers, with Europeans using pharmacologic, device, and

interventional therapy, but centers in the United States

leaning toward implantation of implantable defibrillators

in those who meet the diagnostic criteria for the disease

[16, 27]. The application of this approach to encompass

those with a genetic diagnosis but who do not yet meet the

diagnostic criteria would appear inappropriate.

18.7 Pharmacological Therapy

Pharmacological treatment (Table 18.1) is the first line of

therapy for patients with symptomatic ventricular ectopy,

or with hemodynamically well-tolerated ventricular

arrhythmias. In the past, many agents have been used,

including Vaughan–Williams Class I drugs, beta

blockers, Sotalol, Amiodarone, and Verapamil, and com-

binations of these drugs. Wichter et al. [28] evaluated the

efficacy of these drugs in patients with spontaneous and

inducible ventricular tachycardia, and found sotalol was

the most efficacious (Table 18.2). In practice, both sotalol

and amiodarone are used, although long-term side effects

of amiodarone are a cause for concern. Both agents are

also used in patients with defibrillators who have recur-

rent discharges or persistent sustained arrhythmias.

There is no place for the routine prescription of Class 1

drugs, either alone or in combination. Patients who are

refractory to, or intolerant of, Sotalol or Amiodarone

therapy should be referred early for nonpharmacological

therapy, and more particularly for consideration of implan-

tation of a cardioverter–defibrillator. In those patients who

develop symptoms of heart failure, standard treatment with

inhibitors of angiotensin-converting enzyme and/or angio-

tensin 2 receptor blocking agents, beta blockers, and diure-

tics, including spironolactone, are used, although data for

efficacy in right ventricular failure is lacking. Anticoagula-

tion may also be necessary, as both pulmonary and cerebral

embolism are recognized complications [29].

18.8 Nonpharmacologic Therapy

18.8.1 Implantations of Automatic
Cardioverter Defibrillators

Patients who have survived cardiac arrest, or have had

hemodynamically unstable ventricular tachycardia are

unsuitable for drug therapy alone. The role of implanted

Table 18.1 Efficacy of medication in patients with ventricular tachycardia

Drug
Those with inducible VT
(%)

Those with noninducible VT
(%)

Class Ia/b 5.6 0

Class Ic 12 17.4

Beta-blockers 0 28.6

Sotalol 68.4 82.8

Amiodarone 15.4 25

Verapamil 0 50

2 � Class I 0 0

Class I + B-blocker 0 0

Class I + sotalol 20 0

Class I +
amiodarone *

50 50

VT = ventricular tachycardia (>30 s duration), NSVT= nonsustained VT (� 10
consecutive beats and <30 s duration), Pts = patients. All patients (n = 81) had
ARVC or suspected ARVC and documented spontaneous VT or NSVT. During
VT stimulation studies sustained VTwas inducible in 42 patients and noninducible
in 39 patients. * = not recommended for routine use.
Adapted from Wichter et al. [28]
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devices in secondary prevention is undisputed. The

requirement for concomitant use of anti-arrhythmic ther-

apy is usually determined by the individual circum-

stances. Patients with a single symptomatic episode who

do not have an inducible sustained arrhythmia may be

suitable for device therapy alone, whereas patients with

recurrent episodes, and/or easily inducible sustained

arrhythmia, should be considered for adjuvant pharma-

cological therapy, using Sotalol or Amiodarone. The fact

that many of these patients are relatively young, and often

have normal exercise capacity, means that most benefit

from beta blockade to reduce the risk of inappropriate

discharge from implanted devices.

The indications for, and efficacy of, implanted devices

for primary prevention need to be evaluated prospec-

tively. Although implantation may confer a survival ben-

efit of up to half [30], potential complications should

restrict its use to those in whom there is a positive ratio

of benefit to risk. Apart from standard complications,

which over a lifetime of revisions are not inconsequential,

these are exacerbated by the condition itself, with scar

tissue making satisfactory positioning of leads difficult,

and mural thinning increasing risk of perforation. Lead-

sensing problemsmay develop over time. The incidence of

inappropriate discharge ranges from 10% to 23% [14, 15,

30]. Complications occurred in 62% of patients in one

experience from a single center with a mean follow-up of

80 months, and 72% of these were classified as severe.

Further advances in technology with development of

devices which are entirely extracardiac would be a signifi-

cant advantage to this population.

18.8.2 Interventional Electrophysiology

Catheter ablation of ventricular-reentry circuits has been

very successful in certain limited situations. Success rates of

60–90% have been reported, although relapses occur in up

to 60%, probably due to development of new arrhythmic

focuses as the disease progresses [8]. Previously, catheter

ablation was only possible in those in whom tachycardia

could be induced. Electroanatomical-voltage mapping has

been used in some centers to identify likely areas of

arrhythmogenesis [31]. Regions of low-voltage scar, and

abnormal myocardium, were ablated with a success rate of

82% in the short term, although in this case series, a mean

of 38 lesions were needed in each patient, which is a major

cause for concern in the long term in an already thinned

and fibrotic ventricle. Tachycardia recurred in 23%, 27%,

and 47% of patients over 1, 2, and 3 years of follow-up,

respectively. In general, ablative therapy should not be

considered as a first-line treatment in patients with

arrhythmia, and its main role should remain in patients

with recurrent discharges from implantable devices who

are not responsive to medication.

In extreme cases with refractory arrhythmia, surgical

disconnection of the right ventricle has been performed,

Table 18.2 Indications for implantation of defibrillators

Definite

Resuscitated Cardiac Arrest

Hemodynamically unstable sustained ventricular tachycardia

Unexplained syncope and major morphological abnormality on imaging

Probable

Sustained tachycardia refractory to pharmacological therapy

Sustained tachycardia and major morphological abnormality

Nonspecific tachycardia and major morphological abnormality with symptoms

Young age with major morphological abnormality

Unexplained syncope with any feature on electrocardiogram or imaging

LV ejection fraction less than 35%

Task force criteria and significant presyncope

Task force criteria and family history with more than one premature sudden death

Possible

Task force criteria

Family history with more than one premature sudden death and features of disease

Sustained ventricular tachycardia

Nonspecific tachycardia and young age

Left ventricular involvement

Extensive right ventricular involvement

Features of disease with QRS dispersion greater than 40 ms

Features of disease and late potentials on signal-averaged electrocardiogram
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although this often led to refractory right ventricular fail-

ure after surgery due to loss of ventricular contraction.

Multisite pacing has been used experimentally to address

this problem [32]. Cardiac transplantation has aminor role

to play in the management of advanced disease, both in the

treatment of refractory right or biventricular failure, and,

in extreme cases, for refractory ventricular arrhythmia.

18.8.3 Future Directions

Stem cell therapy does not look promising. Even in loca-

lized infarcts, early studies have disappointed. The diffuse

nature of the pathological changes would render it chal-

lenging to deliver stem cells to areas of need. In addition, a

major limitation of this therapy to date has been an

inability to generate gap junctions, and perhaps conse-

quently an increased risk of ventricular arrhythmia. This

may in part be due to the source of stem cells used. Both

studies involving skeletal myoblasts and those derived

from the bone marrow have failed to elicit electrical cou-

pling in the myocardium following implantation. Gene

therapy is an attractive proposition, but probably spec-

ulative at this time.

Disease-modifying therapy is perhaps the most pro-

mising area for progress. Research groups are endeavor-

ing to determine which factors influence the apparent

penetrance of a gene—genetic, environmental, infective,

and lifestyle factors are all potential contributors andmay

be amenable to therapeutic intervention to retard or

prevent disease expression or progression. Better risk-

stratification tools, most likely to be developed by sophis-

ticated three-dimensional-mapping techniques will also

improve the natural history of this condition.
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Section 5
The Small Right Ventricle



Imaging the Hypoplastic Right Heart – How Small
Is Too Small? 19

Norman H. Silverman

19.1 Introduction

The question of how small the right ventricle can be in

order to be included in, or excluded from, the circulation is

complex. There is no one answer that will provide a satis-

factory answer in each and every case. Rather, this decision

will require all the clinical and historical skills of the

providers of care, involving multiple modalities of investi-

gation. This chapter deals with the echocardiographic eva-

luation needed to assess the mode of treatment.

19.2 Methods for Assessing Right
Ventricular Size

The problem of assessing the size of the hypoplastic right

ventricle is more complicated than that for the hypoplas-

tic left ventricle. For the left ventricle, it is an all-or-none

phenomenon. For the right ventricle, however, there are

three options. The ventricle may be large enough to sup-

port the entire pulmonary circulation, or it may be so

small as to be excluded completely from the circulation,

but by using a bidirectional Glenn anastomosis, there is

also the option of the so-called one-and-a-half ventricle

repair [1]. There are many factors other than size that are

important in making this decision, depending not only on

the measure of size, but also on ventricular function,

compliance, valvar leakages and obstructions, timing

(such as fetal presentation), presence of endomyocardial

fibrosis or coronary arterial abnormalities, and several

other factors [2, 3]. Because this is a complex issue, we

must pay attention to the factors involved in decision

making [4–7].

19.3 Determinants of Right Ventricular Size

19.3.1 Assessment of the Tricuspid Annulus

Assessment of the tricuspid annulus using the z score,

as described by Hanley and colleagues [8], is the first

quantitative measurement for determining the utility of

the right ventricle for a biventricular repair. These

authors worked on the principle that the size of the

tricuspid valve is closely correlated with that of the

right ventricle. Measurement of the z score for the tri-

cuspid valvar annular diameter, therefore, a simple

measurement made by cross-sectional echocardiogra-

phy, with one z value equal to 1 standard deviation

from the mean, can serve as the primary decision

maker for determining the adequacy of the size of the

right ventricle. The authors further incorporated a

hazard function to define risk for survival for their

strategies. Their technique has become a standard for

decision making as to whether or not the ventricle is too

small (Fig. 19.1A). The problem, however, with all tech-

niques having cutoff values is that they have less

strength in the region of the cutoff than they do when

the z values are further toward the extremes of the

range.

Minich and colleagues [9] used the ratio of the annu-

lar diameters of the tricuspid and mitral valves as the

determinant for deciding between univentricular and

biventricular repair, arguing that this measurement is

more precise than the z score (Fig. 19.1B). In their study,

the group of patients in which it was possible to achieve

successful as opposed to unsuccessful biventricular

repairs had ratios of 0.8 – 0.2 as opposed to 0.5 –
0.1. Using a cutoff for the z-score of the tricuspid

valve of more than �3, compared to a ratio between

the valves of greater than 0.5, these authors found their

ratio to be a better predictor for successful biventricular

repair.
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19.3.2 Area Planimetry and Ventricular
Volume Measurement

In an earlier study [10] (Fig. 19.2), we had planimetered the

area of the left and right ventricles in the four-chamber

view, and found that if the area of the right ventricle was

less than 0.45 of the left ventricle, attempted biventricular

repair was unlikely to succeed.

Although these simple measurements ensure that

observations can be made on a large number of patients,

it seems that calculation of ventricular volume may pro-

vide a greater degree of predictive accuracy. Because of

the shape of the right ventricle, however, there has been a

reluctance to use measurements of volume, the argument

being that the calculation is complicated. Because electro-

nic methods are now incorporated into most modern

ultrasonic machines, and into all offline systems for ana-

lysis currently available in North America, the operator

would be required to perform only a simple planimetric

tracing of the ventricular outline and a direct measure-

ment of lengths, usually from biplane orthogonal images.

We have used the method-of-disks measurement program

that permits a summated biplane analysis of volume,

designed for analysis of the left ventricle. For measuring

the right ventricle, however, we used the diaphragmatic
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Fig. 19.1A A diagrammatic representation is shown of the Z scores
of the tricuspid valve with respect to body surface area. The X axis is
body surface area the Y axis is the tricuspid diameter z-value and the
lines represent the different dimensions of the tricuspid valve
This figure is taken from the work of Hanley et al., (J Thorac
Cardiovasc Surg 1993;105:406–23)

This example highlights valve annulus diameter of the tricuspid valve
green: 12mm and blue: 9 mm for body surface areas varying from 0.28
to 0.38 (m2). Extrapolating from the body surface areas one can see
that at 0.4 (m2), the Z score is �5, whereas at 0.28 (m2) the Z value is
only�3.5 and for a valvar annulus of 12 mm at 0.38 (m2) the z-values
are �3 for the 0.38 (m2) and �1.6 for a body surface of 0.28 (m2)

(b)

Fig. 19.1B Is an example of the measurement of the tricuspid and
mitral annuluses directly from a four-chamber apical view as used by
Minich et al. [2].
The ratio of the mitral to tricuspid valves in these patients was always
greater than 0.5:1 in patients who underwent a successful biventricular
repair. Compared to a tricuspid valvar z-score of greater than –3, it
appeared to be better predictor in their series for a biventricular repair
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surface of the right ventricle to replace the plane of

the mitral valve, and the pulmonary valve to replace the

apex of the left ventricle. The common long axis then lies

between the midpoint of the diaphragmatic surface of the

right ventricle and the pulmonary valve (Figs. 19.3–19.5).

Using subcostal imaging, and the biplane method-of-

disks, which had been described in previous studies

[11–13], we calculated right ventricular volumes in

patients with various forms of hypoplastic right heart

[10]. Our data indicated that, when the ventricular volume

was greater than the 25th percentile of the normal range, a

biventricular repair could have been undertaken success-

fully. A variety of methods have been used for measuring

the left ventricle [14], but only a few are applicable to the

right ventricle (Fig. 19.3).

Since our original description, it has become possible

to obtain superior images, and also to enhance the tracing

of ventricular outlines using Doppler color information.

This latter factor is important, particularly in the presence

of deep sinusoids, when tracing an endocardial outline

is liable to exclude a substantial amount of the ventricular

volume. This issue is also important to consider when

doing echocardiographic studies, as with angiography,

because after an operation, when there is regression of

right ventricular hypertrophy, the volume of the ventricle

appears to increase.

Fig. 19.2 In this figure, simple area measurements of the left and
the right ventricle taken in the four-chamber view were used by
Schmidt et al. for predicting the outcome of a biventricular repair-
Ratios of greater than 0.45 of the right to the left ventricle were
indicators of successful biventricular repair. In this apical four-
chamber view the left atrium (LA), left ventricle (LV), right atrium
(RA), and right ventricle (RV) are labeled. The planimetered areas
of the two ventricles are indicated

Fig. 19.3 This figure demonstrates various methods for calculating
volumes of the left ventricle. The only plane that is suitable for the
right ventricle is that using the biplane Simpson’s rule method
because of the different shapes of the right ventricle.
Method 1 is Simpson’s rule method of disks.
Method 2 and Method 3 are Simpson’s rule multiplanar short-axis
imaging.
Method 4 a biplane area length method.
Method 5 is the hemisphere cylinder method or bullet method.
Method 6 a biplane area length method based on m mode or short/
small dimensional measurements and Method 7 a single plane area
length method.
The formulas for calculating these are shown in the right hand figure
Figure taken from Silverman NH. Pediatric Echocardiography and
published with permission of Lippincott – Williams Wilkins 1993
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Other techniques are available for calculating ventri-

cular volume, including a biplane method based on four-

chamber and short-axis views. Using this method, we

calculated the volume from a summation of these two

short-axis techniques, making possible a reasonable

assessment of right ventricular volume and ejection frac-

tion (Fig. 19.6). An echocardiographic method, based

on the work of Levine and colleagues [15, 16], has proven

to be accurate for the assessment of ventricular volume.

This method uses the formula that volume is equal to

two-thirds area multiplied by length. This measurement

has recently been used for transesophageal assessment of

right ventricular volume by Heusch and colleagues [17],

modifying the formula such that volume is equal to two-

thirds of area in the four-chamber projection multiple

by length in the long axis of the ventricle, a possibility

for children as previously suggested by Denslow and

Wiles [18].

Helbing and his colleagues [19, 20] and Lorentz [21]

estimated right ventricular volume using magnetic reso-

nance imaging, publishing standards for both the right

and left ventricles. Resonance imaging is considered to

be the gold standard for measuring volume, and thus

provides a noninvasive opportunity to compare images

of the right ventricle obtained by echo with those calcu-

lated by magnetic resonance imaging. In these studies,

the correlation with echocardiography has proven rea-

sonable. The comparisons made by Helbing and his

associates [20] for echocardiographic volumes of the

right ventricle determined by various methods with mag-

netic resonance imaging as the gold standard are shown

in Table 19.1. They employed five different methods,

Fig. 19.4 This figure is an example of the technique for calculating
biplane method of disks using octagonal planes from the subcostal
coronal and sagittal planes, and shows the method of disks method
used for calculating volumes in small right ventricles. The top left
frame is a subcostal coronal view in diastole and top right is systole.
The bottom frames are subcostal sagittal views in diastole and in
systole with the comparative lines drawn

Note that an inverted method as for apical four-chamber
imaging are from this ventricular logarithm is drawn using
the pulmonary valve annulus as the apical point and the mid-
point of the diaphragm as the equivalent of the coapted mitral
valvar leaflets
Figure taken from Pediatric Echocardiography by Silverman and
published with permission of Lippincott – Williams Wilkins;1993
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calculating volumes at end diastole and end systole. The

methods are as follows.

The Monoplane Ellipsoid Approximation Method [21]:

VRV ¼ 3=8pfðAap4Þ2=L ap4g (19:1)

Where V RV is total right ventricular volume, Aap4 is the

right ventricular area in the four-chamber view, and Lap4

is the distance from centre of the tricuspid valve to the

apex, both determined in the apical four-chamber view.

The Monoplane Multiple-Slice Method [22]:

20

V RV ¼
P

p f ðWn=2Þ2g h;
n ¼ 1

(19:2)

where the right ventricle, imaged from the apical four-

chamber view, is assumed to consist of a stack of n, here

where n is equal to 20, circular slices, with the width of

each slice denoted. The W values, in effect the diameter

of each slice, are measured perpendicular to the axis from

the center of the tricuspid valve to the apex, halfway

across the constant slice thickness (h).

TheModifiedBiplanePyramidalApproximationMethod [15]:

V RV ¼ 2=3ðAap4 Þ ðLsÞ (19:3)

where Aap4 is the right ventricular area measured

in the apical four-chamber view, and Ls, is the length

from apex to pulmonary valve as measured in the

subcostal view.

The Biplane Ellipsoid Approximation Method [23]:

V RV ¼ f0:849ðAap4; Þ2g; 41 þ f0:849ðApsxÞ2=Lpsxg

(19:4)

where A is the right ventricular area, and Lap4 is the

longest length, as measured in the apical four-chamber

view, andApex is the RV area, and Lp, the longest length,

as measured in the parasternal short-axis view.

The Biplane Multiple-Slice Method [24]:

20

V RV ¼
P

1=4 p ðXn=2ÞðYn=2Þh;
n ¼ 1

(19:5)

where the right ventricle is assumed to consist of a stack of

n, here with n again equal to 20, elliptical slices with

constant thickness. Xn is the width of the nth slice, half-

way across the slice thickness, in the apical four-chamber

view parallel to the axis from the center of the tricuspid

valve to the apex, andYn is the width of the nth slice in the

parasternal short-axis view at the level of tricuspid valve

and RV outflow tract, at a level corresponding to Xn Slice

(Table 19.1; Fig. 19.7).

(a) (b)

Fig. 19.5 This figure is an example of subcostal sagittal (A) and
coronal (B) views of the right ventricle where color has been lowered
to a very low Nyquist limit 0.80 to entirely fill the ventricle and aid

the eye in seeking the ventricular outline for defining even the
smallest ventricles
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Helbing and his colleagues [25] also compared the

volumes of the right ventricle calculated by angiographic

methods with their method using resonance imaging,

and further compared their measurements to those

calculated for the right ventricle by others [26–28]

(Table 19.2).

Other methods have provided interesting models for

defining either ventricular function or right ventricular

volume, such as volume equal to 2/3(A4ch)(DAD) [18].

This formula is derived from a difference-of-ellipsoids

model of the right ventricle [15], and has recently been

used for transesophageal assessment of right ventricular

volume by Heusch and his colleagues [17], as discussed

above.

Whereas two-dimensional methods allow reason-

able quantification of the right ventricle, and may be

adequate for assessing whether a ventricle can or can-

not be used to support the pulmonary circulation

(a) (c)

(b)
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y = 0.67x + 7.0

r = 0.81

s.e.e. ± 15.4

y = 0.82x + 1.4

r = 0.85

s.e.e. ± 6.5

y = 0.66x + 17.8

r = 0.82

s.e.e. ± 7.4

Fig. 19.6 (A) indicate a biplane method employing apical and
parasternal short axis used for calculating the right ventricle and
the concept of the synthesis of these planes is defined in (B). (C)
indicate the end diastolic and systolic and ejection fractions related

to angiography in the series of cases described
Published with permission of Silverman NH, Hudson S: Evaluation
of right ventricular volume and ejection fraction in children by two-
dimensional echocardiography. Pediatr Cardiol 1983;4:197–204
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based on its size, three-dimensional method of volume

as calculation by magnetic resonance imaging, compu-

terized tomography, or three-dimensional echocardio-

graphy, offers a greater opportunity for accurate cal-

culation [29].

19.4 Lessons Learned from the Left Heart

From a meta-analysis of patients with aortic stenosis

surviving or dying after a biventricular repair, Hoffman

[30] demonstrated that the minimal ventricular volume

for a functioning left ventricle. He showed that patients

with a left ventricle of less than 20ml/m2 of body sur-

face area had an extremely low likelihood for survival

(Fig. 19.8). This data was further elaborated on by

considering heart rate and ejection fraction for deter-

mining a desired cardiac output. These data

(Fig. 19.8b) show that, as the cardiac output increases

with a particular ejection fraction, it is possible to

predict the necessary left ventricular volume to ensure

a cardiac output for which a univentricular repair

would be adequate.

Although no such data exist for the right ventricle,

the measurement of diastolic and stroke volumes,

coupled with the opportunity for defining the size of

the right ventricle and its ability to contract, provides

additional quantitative assessment for the optimal sur-

gical repair. Fortunately for situations involving the

right ventricle, the alternative of using a bidirectional

Glenn anastomosis has led to the opportunity of incor-

porating part of the right ventricle into the pulmonary

circulation. This is sometimes termed the one-and-a-

half ventricle repair. This philosophy for repair, in

addition to its use in unbalanced atrioventricular septal

defects, has been used for patients with Ebstein’s mal-

formation, as part of the double-switch procedure for

corrected transposition, for those needing an arterial

switch after Senning or Mustard procedures, as well

as many other forms of complex congenital heart

diseases.

19.5 Echocardiographic Modifiers for Right
Ventricular Incorporation into the
Circulation

19.5.1 Infundibular Obstruction

There are several other echocardiographic indicators that

provide information about which ventricles cannot be

incorporated into a biventricular circulation [31]. These

Table 19.1 Comparison of 2-Dimensional Echocardiographic andMagnetic Resonance Imaging (MRI) Right Ventricular Volumes in
All Children Studied

Manoplane
Eilipsoid Apprax
Method (n = 33)

Manoplane
Multiple Slice
Method (n = 33)

Biplone
Pyramidal
Apprax. Method
(n = 17)

Biplane Ellipsoid
Apprax. Method
(n = 23)

Biplane Multiple Slice
Method (n = 23)

EDV (ml) 46 – 23 40 – 23 72 – 29 55 – 26 55 – 20

Mean diff. with MRI 46 – 17 52 – 17 14 – 16 37 – 23 37 – 18

a* 50.5 57.4 21.5 62 48.1

by +0.90x +0.86x +0.89x +0.54x +0.80x

r 0.77 0.75 0.86 0.57 0.66

p Value <0.001 <0.001 <0.001 0.004 0.001

ESV (ml) 19 – 11 18 – 11 32 – 14 26 – 13 27 – 12

Mean diff. with MRI 14 – 10 15 – 10 –4 – 7 9 – 9 8 – 8

a* 16.8 17.3 7.6 14.8 11.1

by +0.84x +0.85x 0.64x +0.77x +0.89x

r 0.67 0.69 0.82 0.78 0.81

p Value <0.001 <0.001 <0.001 <0.001 <0.001

See Text for Methods
*y intercept; yslope
Linear regression equation: (y = a + bx), where y – magnetic resonance imaging volume; x = echecordiographic volume.
See Statistics section for calculations of mean difference.
Date are expressed as mean – SD
Apprax. = approximation, Diff. = difference, EDV = enddiestalic volume; ESV = end-systalic volume.
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include infundibular hypoplasia or total obstruction,

which can be detected echocardiographically. Severe

infundibular obstruction will require an outflow patch

and, where possible, use of the ventricle in a one-and-a

half or biventricular repair, based on ventricular size

(Figs. 19.9 and 19.10).

19.5.2 Coronary Arterial Abnormalities

Coronary arterial abnormalities are found in many

patients with this disorder. Freedom and his colleagues

[2, 3] argued that there is probably no single group of

congenitally malformed hearts where decisions about
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Fig. 19.7 (A) demonstrates a biplane method for calculating right
ventricular volume using an area length method based on a transe-
sophageal method from Heusch et al. involving a transesophageal
four-chamber and transgastric view of the right ventricle
The volume is equal to 2/3 of the apical four chamber � the long

axis view � the length (L1)
Published with permission of Cardiology in the Young (B) shows
five graphs describing the relationship between calculations from
magnetic resonance imaging [19] and the five methods mentioned
in Table 19.1
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delineation of the morphology and physiology of the cor-

onary arterial circulation have more impact on ultimate

survival. The abnormalities can occur at the origin, or

within the distribution, of the coronary arteries. They

may involve absence of the proximal course, with filling

of the more distal circulation from the ventricles, termed

a right ventricular-dependent coronary arterial circulation

[32, 33]. There are varying degrees of ventriculo-coronary

arterial connections, coronary arterial stenoses, and

coronary-cameral communications. Many of these

abnormalities can be identified by echocardiography

(Figs. 19.11–19.14) – even in the fetus (Fig. 19.12), parti-

cularly the ventriculo-coronary arterial connections

[34, 35]. It is possible that, when the coronary arterial

circulation is not derived from the aorta, a coronary arter-

ial Doppler signal is monophasic, rather than the standard

biphasic signal seen when the coronary artery is connected

to the aorta (Fig. 19.14). Current technology for Doppler

color flow is at least as sensitive as angiography for the

definition of the ventriculo-coronary arterial connections,

Table 19.2 Comparison of results of this study with those of previously reported angiographic data

Reference # of children Ventricle End Diastolic index End Systolic index Stoke Volume Index EF

Graham26 16 Right 70 25 45 64

Left 73 27 46 63

Thilenius27 17 Right 78 30 48 61

Left 66 17 48 74

Fisher28 70 Right 64 25 39 61

Left 59 19 40 68

Helbing20 Right 70 – 9 21 – 5 48 – 7 70 – 4

Age 6–15y 22 Left 67 – 10 20 – 5 47 – 8 70 – 6

Other methods have provided interesting models for defining either ventricular function or right ventricular volume. Vol =
2/3(A4ch)(DAD).
This formula is derived from a difference-of-ellipsoids model of the right ventricle. 19

(b)(a)

Fig. 19.8 (A) is an example of meta-analysis of defining the
minimal functional volume for the left ventricle in patients who
were either alive or dead as described by Hoffman in the Cardi-
ovascular Journal of Southern Africa 1992;3:30–36. Although there
was a scatter, almost no patient under 20 ml/m2 of body surface
area were alive after a repair of aortic stenosis in infants. (B) is the
reconstruction of ejection fraction curves relating left ventricular

end-diastolic volume on the abscissa to heart rate on the ordinate,
in this group of neonates. The graphs represent cardiac indices of
1.75 l/min/m2, 2 l/min/m2, and 3 l/min/m2, respectively. Using var-
ious ejection fractions it can be seen that as the heart rate
decreases, from high levels on the top frames to low levels on
the bottom frames, a greater stroke volume is required for each of
these variables to pump the cardiac output from the left ventricle
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but not for definition of right ventricular-dependent

coronary arteries. As the importance of the ventricular-

dependent coronary circulation is critical in decision

making, but has not been validated by echocardiography,

angiography is still required. Although right ventricular-

dependent coronary arteries are found most frequently

in the more severe forms of right ventricular-dependent

coronary circulations, there are cases that are found with

a larger right ventricle, making appropriate angiography

mandatory.

Freedom and his associates [2, 3] examined the hearts

of 39 pathological specimens from patients diagnosed

during fetal life, three of whom died postnatally. Cor-

onary arterial abnormalities were defined as nonconnec-

tion of the left or right coronary arteries to the aorta,

ostial stenosis, marked tortuosity, dilation, and thicken-

ing or abnormal myocardial branching. Mild tortuosity,

or myocardial bridging, was considered normal. The

investigators measured the dimensions of the tricuspid

valve, together with the inlet and outlet portions of

the ventricles. They took particular note of Ebstein’s

malformation, tricuspid valvar dysplasia, and the

(a) (b)

Fig. 19.9 (A) is a pathological example of a patient with pulmonary
atresia and intact ventricular septum showing the diminutive size
of the right ventricular cavity, the marked ventricular hypertrophy
and near obliteration of the infundibulum of the right ventricle
between the cavity and the main pulmonary artery above. (B) is an
echocardiographic view showing a simulation of this projection. In

this example, the right atrium (RA), aorta (AO), pulmonary artery
(PA), and right ventricular cavity (RV) are shown. It is marked
hypertrophy of the diminutive right ventricle with encroachment
of the muscle into the outflow tract
The frame on the left was provided by courtesy of Robert
Anderson

Fig. 19.10 This is a subcostal sagittal view showing marked infun-
dibular hypoplasia (Inf) between the diminutive right ventricle (RV)
and pulmonary artery (PA) The left ventricle (LV) posteriorly is seen
to be of normal size by comparison with the cavity on the right side
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presence or absence of the infundibulum. The dimen-

sions of the right ventricle and tricuspid valves, and the

gestational ages of the fetuses were compared to 14 of the

25 who had no abnormalities, using independent t-tests.

The gestational ages were similar, at 21.9 as opposed

to 21.1 weeks. The mean dimensions of the tricuspid

valve, the median z-scores, and right ventricles were

significantly smaller for those with coronary arterial

abnormalities. A patent infundibulum was noted in 34

of 39 specimens. They concluded that over one-third of

fetuses with pulmonary atresia and intact ventricular

septum already exhibited coronary arterial abnormal-

ities at the time of the mid-trimester. The presence of a

patent infundibulum confirmed that atresia was an

acquired process. Coronary arterial abnormalities are

seen in half of those with hypoplastic right ventricles,

but less frequently in the presence of well-developed

ventricles, important information for those involved in

counseling parents.

(a) (b)

(c) (d)

Fig. 19.11 This figure is an echocardiographic and angiographic
comparison of ventricular coronary connections in the comparative
subcostal sagittal view (A) with a lateral angiogram (B) and sub-
costal coronal view (C) with a frontal view (D) in a patient with
pulmonary atresia, intact septum, and marked ventriculo-coronary
connections. In the subcostal sagittal view (top left) only the right
coronary artery is indicated by the presence of arrows and the

connection with the right ventricular cavity (RVC) is seen. The
right coronary artery (RCA) and the ventriculo-coronary connec-
tions (VCC) are shown. A small pericardial effusion (Per.Eff.) indi-
cates the presence of a pericardial effusion which also fills with color
and should not be confused with the coronary arterial morphology.
In the frontal plane (bottom left) the right coronary artery (RCA)
and left anterior descending (LAD) are also seen
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(a) (b)

Fig. 19.13 This is a different example of the right coronary
artery (RCA) filling from ventriculo-coronary connections
through a diminutive right ventricle (RV). The image was
taken in the subcostal sagittal view, the left hand frame is a

frontal equivalent of this type of ventricular coronary
connection
This pathological figure was provided courtesy of Robert
Anderson

(a) (b)

Fig. 19.12 This is an example of the fetal recognition of
ventriculo-coronary connections (VCC) in an 18-week fetus with
pulmonary atresia, intact ventricular septum, and ventricular cor-
onary connections. (A) shows the pathologic specimen of the heart

indicating the presence of an anterior descending coronary artery
arising half-way down the ventricle and in no way connected to the
aorta
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19.5.3 Endocardial Fibroelastosis

Endocardial fibroelastosis is also important when con-

sidering potential repair. Although there was an inverse

relationship between endocardial fibrosis and coronary

arterial lesions [3], it was noted that many cases of

milder hypoplasia had well-marked endocardial fibroe-

lastosis. Freedom and his associates pointed out that

the ventricle could exhibit a marked degree of

subendocardial fibrosis, and even transmural fibrosis,

as a result of ischemia. This is related to coronary

arterial abnormalities, because the right ventricle con-

tracts at suprasystemic pressures, and the mural stress

and subendocardial areas are at greatest risk for lack of

perfusion. Endocardial fibroelastosis, nonetheless, is

much less common in the hypoplastic right than the

left ventricle, and is patchy rather than diffuse

(Fig.19.15).

Fig. 19.14 This is a Doppler example of a flow in a coronary
artery in a patient, such as the one shown above, and indicates
the Doppler flow in this particular coronary artery. The coronary
artery is imaged as shown in the section above and indicates

flow toward the aorta in systole and flow into the ventricle
in diastole. Such signals represent examples of patent coronary
arteries without right ventricular-dependant coronaries in this
example

(a) (b)

Fig. 19.15 These two examples of pulmonary atresia and
intact ventricular septum show examples of unfavorable indi-
cations for repair. (A) taken in the subcostal coronal view,
the arrows indicate areas of intense reflection of the endocar-
dium indicating the presence of subendocardial fibrolastosis.

(B) taken on the subcostal sagittal view shows a diminutive
infundibulum although the pulmonary valve appears to dome,
there was no forward flow, and there is in addition a diminu-
tive cavity
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19.5.4 Atrioventricular Septal Defects

In this lesion, echocardiographic evidence of the diminu-

tive size of the ventricle has been derived from work

on the left ventricle. D’Oliviera and colleagues [36]

have helped determine whether, in atrioventricular septal

defects, the right ventricle is of adequate size for inclusion

as part of the circulation. Basing their observations of

whether a particular hypoplastic right ventricle could be

used in biventricular repair, they measured the atrioven-

tricular valvar area according to the method of Cohen

and colleagues [37] from the subcostal view, measuring

the atrial chambers as shown in Fig. 19.16 (left), and the

ratio of right to left ventricular lengths according to the

method of Van Son et al. [38] and Phoon et al. [39]

(Fig. 19.16 (right)). They graphed the ratio of ventricular

(a) (b)
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RA
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LA

LV

RV
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RV
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Fig. 19.16 This is an example of the two techniques used to assess the
adequacy of the left ventricular atrioventricular valvar orifice
in patients with unbalanced right-dominant atrioventricular septal
defects. (A) is provided from Cohen et al. [37]. (B) is the diagram
for the method of Phoon et al. [39] evaluating whether patients

with right-dominant atrioventricular septal defects could undergo
biventricular repair. In this method, the atrioventricular valvar orifices
and long-axis length were measured to calculate the ventricular
volume. These would be inversely related for a right dominant septal
defect, and involve the consideration of bidirectional Glenn procedure

162 N.H. Silverman



lengths on the abscissa, and the ratio of area on the

ordinate (Fig. 19.17). If the numbers were greater than

unity, a biventricular repair seemed more likely, although

the data did show minimal crossover. These data are

listed in tabular form below in Table 19.3. Their series

provides valuable information concerning the chances of

incorporating the right ventricle into a biventricular

repair, or whether to opt for a univentricular repair, or

the one-and-a-half ventricular.
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The Small Right Ventricle—Who Should Get a
Fontan? 20

Brian W. McCrindle

20.1 Introduction—Questions But No Easy
Answers

The small right ventricle continues to be a subject of

controversy in pediatric cardiology and pediatric

cardiovascular surgery. Many questions regarding

clinical management in this scenario have yet to be

optimally resolved. There is, however, some general

agreement regarding some preliminary answers to

key questions:

1. Who should get a Fontan procedure? It could be

agreed that patients with important hypoplasia or

dysplasia of right-heart structures causing irrepar-

able obstruction should be managed on a single ven-

tricle pathway. This is particularly relevant in those

settings where there is felt to be a lack of growth

potential of those structures. An additional group

of patients to be considered would be those who have

right-ventricular dependence of the coronary artery

circulation.

2. Who should NOT get a Fontan? Patients with associated

abnormalities that will affect Fontan physiologymay be

contraindicated for this procedure. These include

patients with important hypoplasia or obstruction in

the pulmonary arterial and pulmonary venous systems.

It would also include patients with impaired left ventri-

cular function, which may have been influenced by the

presence of severe coronary artery abnormalities or the

presence of a hypertensive right ventricle and impaired

interventricular interactions.

3. Is some right ventricle better than no right ventricle at

all? It has been reported that poor outcomes with the

Fontan procedure have been evident for those patients

where the hypoplastic right ventricle has been

incorporated into the Fontan pathway. However, this

is in contrast to more recent studies that have defined a

clear role for the 1½ ventricular type of repair in

selected settings.

4. Is the long-term functional status of the borderline

patient better with biventricular repair or a Fontan pro-

cedure? There is currently incomplete evidence to

address this issue, although preliminary answer

would suggest no.

20.2 What Lesions Are Associated with Right
Ventricular Hypoplasia?

A number of congenital cardiac lesions are associated

with important right heart hypoplasia or dysplasia.

Tricuspid atresia is associated with important right

heart hypoplasia, although little clinical controversy

exists as patients are uniformly managed on a single

ventricle pathway. Ebstein’s anomaly of the tricuspid

valve can present as a wide anatomic spectrum in terms

of severity. The majority of patients are, however, man-

aged on a biventricular pathway, with a few patients

having the addition of a bidirectional cavopulmonary

anastomosis. Atrioventricular septal defects (AVSD)

can sometimes be associated with important right ven-

tricular hypoplasia. The management of this lesion is

complicated by the challenge of partitioning the com-

mon atrioventricular valve in this setting. The congenital

lesions most commonly associated with a small right

ventricle are critical pulmonary stenosis and pulmonary

atresia and intact ventricular septum (PAIVS). The

majority of patients with critical pulmonary stenosis

undergo a biventricular repair. A much broader man-

agement spectrum is required for PAIVS. The focus of

the subsequent discussion is on issues related to unba-

lanced AVSD and PAIVS.
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20.3 What Is the Impact of the Small Right
Ventricle in the Management of
Atrioventricular Septal Defect?

The small right ventricle in the setting of anAVSD remains

an important management challenge. Adequacy of the

right ventricle to support the pulmonary circulation must

be carefully assessed. In addition, there are important

challenges regarding partitioning of the common atrioven-

tricular valve, which may render it more prone to the

development of important regurgitation, which would be

a challenge for maintenance of Fontan physiology.

De Oliveira and colleagues studied 38 patients, from a

single institution, with AVSD and a small right ventricle

[1]. They noted that 32 patients had biventricular repair,

with four deaths and six reoperations. Of the six patients

requiring reoperation, four had failed biventricular repair

due to either severe restriction or right ventricular inade-

quacy. The remaining six patients had single ventricle

palliation, with two deaths. The 32 patients who had

biventricular repair were compared to a matched control

group of balanced AVSD repair patients. Preoperative

echocardiograms were analyzed in a blinded manner.

The ratio of the long-axis length of the right ventricle to

the left ventricle was calculated. In addition, an atrioven-

tricular valve index was calculated as the ratio of the

presumed area of the right versus the left atrioventricular

valve that would be achieved along a theoretical parti-

tioning plane of the common atrioventricular valve

between the two septal defects. Figure 20.1 shows that,

while there was some overlap, the patients with right

ventricular hypoplasia clearly fell into a quadrant char-

acterized by a low right-to-left ventricular length ratio

and a low atrioventricular valve index compared to

those patients in the control (balanced) group. In addition

to differentiating those patients with right ventricular

hypoplasia, these indices also predicted outcomes. For

patients with right ventricular hypoplasia who underwent

biventricular repair, an atrioventricular valve index below

0.50 predicted reoperation for right ventricular inade-

quacy with 100% sensitivity and 95% specificity. In addi-

tion, this threshold also predicted operative death following

repair with 75% sensitivity and 91%specificity. The authors

concluded that the use of biventricular repair in the setting

of AVSD and a small right ventricle requires careful echo-

cardiographic quantitative assessment, with the atrioventri-

cular valve index being a key predictor of adequacy. If

biventricular repair is attempted in the setting of a small

atrioventricular valve index, the authors recommended that

atrial fenestration be utilized. Based on this report, it would

appear that the adequacy of the right atrioventricular valve

that can be achieved with repair is a key determinant of

outcomes in this setting.

20.4 What Is the Impact of the Small Right
Ventricle in the Setting of PAIVS?

20.4.1 How can Something so Small Cause so
Much Grief?

Dr. Robert Freedom, who, throughout his career, had a

strong interest in the issue of right heart hypoplasia in the

setting of PAIVS, made the following assertion in an

editorial published in 1992 [2]: ‘‘The reality of any single

therapeutic maneuver providing therapeutic salvation is

akin to a long-term ceasefire in those areas of the world

devoured by genetic hatred: the ceasefire lasts only

slightly longer (perhaps shorter) than the headline. For

PAIVS, there have been many headlines. But the promise

almost always falls short.’’ Certainly many would argue

that this quotation still bears a great deal of truth in the

current era, both in terms of observations regarding

world politics, but also management of PAIVS.

20.4.2 What is the Anatomic Substrate for
Patients with PAIVS?

While the anatomic substrate for PAIVS appears to follow

a continuum, three broad groups can be identified. The first

Fig. 20.1 Relationship of right ventricle to left ventricle length ratio
and atrioventricular valve index for atrioventricular septal defect
repair patients. Diamonds represent patients with small right ven-
tricle who had biventricular repair, circles represent patients with
balanced defects, and asterisks represent patients who had single
ventricle palliation.
From De Oliveria et al. Biventricular repair in children with atrio-
ventricular septal defects and a small right ventricle: anatomic and
surgical considerations. J Thorac Cardiovasc Surg. 2005;130:250–257

166 B.W. McCrindle



group is somewhat distinct and characterized by an

enlarged thinned right ventricle and right atrium in the

association with severe tricuspid valve dysplasia or

Ebstein’s malformation. The prognosis for these patients

is extremely poor regardless of the management strategy

adopted. The second group includes those patients where

the right ventricle is well formed and relatively normal in

size. There is a distinct inlet, trabecular zone, and outlet

portion to the structure of the ventricle. It is likely that these

patients form a spectrum with critical pulmonary stenosis,

and the majority is managed along the biventricular repair

pathway. The third group includes those patients character-

ized by a hypoplastic, hypertrophied right ventricle with a

hypoplastic and sometimes mildly dysplastic tricuspid

valve, often in the association with coronary artery abnorm-

alities. The structure of the right ventricle is often disturbed,

most prominently with severe attenuation of the trabecular

zone and, less commonly, absence of the outlet zone. This

group shows the greatest diversity in terms of severity,

leading to the controversies regarding a selection of appro-

priate management pathway.

Daubeney and colleagues studied the range of mor-

phology in a population-based study of PAIVS [3].

From 1991 to 1995 they identified 183 neonates from

18 institutions. The median Z score of the tricuspid

valve was –5.2 from echocardiography and –1.6 related

to normal pathology data. Of note, 4% of patients had

a dilated right ventricle, all of whom had important

tricuspid valve regurgitation. The right ventricular

morphology was judged to be tripartite in 59%, bipar-

tite in 33%, and unipartite in 8%. A number of associa-

tions were noted with a smaller Z score of the tricuspid

valve. These included a smaller Z score of the right

ventricular inlet, an abnormal angle with the ductus

arteriosus in relationship to its communication with

the aorta, the presence of coronary artery fistula and

atresia, muscular atresia of the pulmonary outflow,

presence of a uni- or bipartite right ventricle, the

absence of tricuspid regurgitation, and the presence of

higher right ventricular pressure. The coronary arteries

were judged to be normal in 54%, with minor fistula in

21% and major fistula in 25%. Right ventricular

dependence of the coronary artery circulation was felt

to be present in 8%. Of note, one patient had a fistula

from the right ventricle via the coronary arteries to the

pulmonary arteries. The magnitude of coronary artery

pathology was directly correlated with the degree of

right ventricular hypoplasia. The authors also noted

that coronary artery pathology can change over time,

showing evidence of regression of fistula or progression

to stenoses. All patients had confluent pulmonary

arteries, with hypoplasia being noted in only 9%. Aor-

topulmonary collateral vessels were rare. Left

ventricular abnormalities occurred in 6%, with septal

bowing into the left ventricular outflow tract causing

obstruction. A trivial ventricular septal defect was

noted in 7%.

Satou and colleagues studied 30 patients from 1991 to

1998 who all had echocardiography and angiography [4].

They noted the absence of coronary artery pathology in

30%, fistula only in 30%, fistula plus one right ventricu-

lar-dependent coronary artery in 20%, and fistula with

two or more right ventricular-dependent coronary

arteries in 20%. The Z score of the tricuspid valve was a

strong correlate with the degree of coronary artery

pathology. The presence of a Z score of the tricuspid

valve at or below �2.5 predicted the presence of a right

ventricular-dependent coronary artery with 100% sensi-

tivity and 83% specificity. The Z score of the tricuspid

valve was also a strong predictor of the eventual patient

outcome regarding management state, with patients with

more severe hypoplasia going on to having one and a half

or single ventricle repairs.

Giglia and colleagues studied 82 patients from 1979 to

1990 and noted a coronary fistula in 23 patients, 16 of

whom had right ventricular decompression as part of

their management strategy. [5] Of those, seven patients

with only coronary artery fistula who had decompression,

all survived. Of six patients who demonstrated a single

stenosis in the coronary artery, four survived; and for

those three patients who had stenoses of both the right

coronary artery and the left anterior descending branch,

none survived. The authors concluded that ‘‘decisions

regarding right ventricular decompression should be

based, to a large extent, on coronary anatomy. [The

results] do not indicate, however, that right ventricular

outflow tract reconstruction is in fact warranted in all

infants without right ventricular-dependent coronary cir-

culation. Such a conclusion could only be based on stu-

dies demonstrating right ventricular growth regardless of

right ventricular anatomy.’’

Given the correlations between the degree of right-

sided hypoplasia and the presence of functional and cor-

onary artery abnormalities, the anatomic substrate must

be completely defined in the setting of PAIVS. The major-

ity of the assessment can be determined through the use of

echocardiography. Qualitative assessment must be

accompanied by a careful quantitative assessment of

right ventricular structures related to appropriate normal

values. Functional assessment is also required. Addi-

tional imaging modalities may be of importance, particu-

larly in the assessment of coronary artery abnormalities,

where angiography remains the gold standard. However,

improvements in imaging with MRI and CT may replace

angiography for right heart and coronary artery assess-

ment in the future. Given the fact that coronary artery
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abnormalities may regress or evolve over time, ongoing

assessment remains important.

20.4.3 What is the relationship between
anatomic substrate, management
algorithm, and outcomes?

Given the broad spectrum of the anatomic substrate,

management is concomitantly complex. The goal is to

achieve optimal survival by appropriate patient selection

for management pathways aimed at achieving a particular

definitive end state. These end states may include biven-

tricular repair, one and a half ventricular repair, single

ventricle palliation or Fontan procedure, and primary

heart transplantation. A large proportion of patients,

however, will achieve these end states only after a period

where they are in an intermediate state.Management prior

to achievement of definitive end states may include early

palliations. Various palliations that have been used include

the placement of systemic to pulmonary arterial shunts,

performance of right ventricular outflow tract procedures,

atrial septostomy, and the creation of cavopulmonary

connections. Substantial mortality and morbidity occurs

for patients in these intermediate states.

Appropriate selection of the optimal management

pathway should be based on a strategy accounting for

right heart morphology and function. Yoshimura and

colleagues reported outcomes of 45 neonates with

PAIVS who had surgery from 1981 to 2002 [6]. The

selection of initial palliation was based on an assessment

of right ventricular morphology. The predominant early

decision-making tool was the right ventricular develop-

ment index, which incorporated measurements of the

right ventricular volume, the tricuspid valve dimension

and the dimension of the right ventricular outflow tract

indexed to body surface area. Decision making for defi-

nitive repair rested on the right ventricular to tricuspid

valve index, which incorporated the right ventricular

volume and the tricuspid valve dimension. All patients

underwent an initial valvotomy, with those patients with

small right ventricular development indices additionally

having a systemic-to-pulmonary artery shunt. Subse-

quent assessments of the right ventricle to tricuspid

valve index informed decisions regarding definitive

repair. Using this morphology-based management pro-

tocol, the authors noted a 5-year survival of 91% and

10-year survival of 82%. They concluded that the man-

agement protocol based on quantitative assessment of

right ventricular morphology was associated with good

outcomes.

Fenton and colleagues examined interim mortality in

PAIVS by examining 35 infants who had an initial shunt

procedure [7]. Right ventricular hypoplasia was noted in

22 patients, and was associated with one hospital death,

five interim deaths, and one late death, for an overall

survival of 64%. For the 13 patients judged to have two

adequate ventricles, there was one hospital death and one

late death, with an overall survival of 85%. Causes of the

interim deaths are important to note. Two patients died of

myocardial infarction, with a third patient with a single

left coronary artery dying suddenly. The remaining two

patients died from acute shunt thrombosis and obstruc-

tion. These findings indicate the precariousness of the

intermediate state. It also provides justification for antic-

oagulation strategies in shunted patients and vigilant care

for patients with coronary artery abnormalities.

The largest study of management strategy and out-

comes for PAIVS patients was reported by Ashburn and

colleagues on behalf of the Congenital Heart Surgeons

Society. [8] From 1987 to 1997, 408 neonates were enrolled

within 30 days of birth from 33 institutions. The median Z

score of the tricuspid valve was �1.2, with 19% having

right ventricular-dependent coronary artery circulation.

There was a significant correlation between the Z score of

the right ventricular size and the Z score of the tricuspid

valve, the presence of coronary artery fistula and obstruc-

tions and right ventricular-dependent coronary circula-

tion. Overall survival for the cohort at 5 years was 60%,

with 79% survival for those patients born in 1997.

A competing risk analysis was performed for the end

states of death before repair, biventricular repair, one

and a half ventricular repair, Fontan procedure, and

primary heart transplantation. The risk of death before

achieving an end state was greatest at the time of initial

admission then tapered rapidly to a constant risk. The

achievement of biventricular repair appeared to occur at

no particular specified time interval following admis-

sion. Several risk factors were independently associated

with both early and late achievement of each of these end

states. Patients were more likely to achieve early biven-

tricular repair if the right ventricle and tricuspid valve

were more normal in size and the left ventricular pres-

sure was higher. They were more likely to achieve a

biventricular repair later if they had more normal right

ventricular and tricuspid valve sizes, a lesser degree of

coronary artery fistula, and higher birth weight.

Achievement of one and a half ventricular repair was

predicted by higher right ventricular systolic pressure

and more normal Z score of the tricuspid valve. A

lower Z score of the tricuspid valve was the only ana-

tomic predictor of single ventricle repair. Factors asso-

ciated with early deaths before reaching a definitive end

state included lower birth weight, severe tricuspid
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regurgitation, both lower and higher Z score of the

tricuspid valve and the presence of an enlarged right

ventricle. Factors associated with later deaths before

reaching a definitive end state included a lower right to

left ventricle systolic pressure ratio, the performance of a

prior balloon atrial septostomy, and earlier date of

admission.

Of note, in each of these analyses, there were selected

institutions that, after adjustment for the significant factors,

remained associated with the performance of certain types

of repair. An analysis of these institution-specific outcomes

based on tricuspid valve Z score and preferred management

pathway is shown in Fig. 20.2. Institution Y was a high-risk

institution for interim death across the range of tricuspid

valve Z scores, with few patients achieving a definitive end

state, and probably represents suboptimal management for

patients in intermediate states. InstitutionL favored a biven-

tricular repair for all except the more extreme values of

tricuspid valve Z score hypoplasia. This was associated

with a particularly high risk of death for those patients

with the smallest tricuspid valve Z scores. The graph for

Institution T shows a preference for performing a Fontan

procedure across the anatomic spectrum. The mortality

appears to be much lower for those with smaller tricuspid

valve Z scores but higher for those with larger Z scores, with

very few patients achieving biventricular repair. Institution

E shows a balanced approached, with Fontan procedure

being performed on those patients with smaller tricuspid

valve Z scores and biventricular repair performed for those

with larger tricuspid valve Z scores. AZ score of�2 appears
to be the cross-over point for achievement of these two end

states. Of note, this institution had associated low mortality

for patients with both small and large tricuspid valves. This

indicates that a balanced management strategy based on

quantitative assessment of the anatomic substrate can be

associated with the greatest advantage in terms of survival.

Fig. 20.2 Risk-adjusted competing-risks nomograms for indivi-
dual institutions on the basis of morphologic spectrum of PAIVS.
The predicted 5-year prevalences of end states (vertical axis) are
plotted against tricuspid valve Z scores with commensurate

adjustment of right ventricular size.
From Ashburn et al. Determinants of mortality and type of repair
in neonates with pulmonary atresia and intact ventricular septum.
J Thorac Cardiovasc Surg. 2004;127:1000–1008
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20.4.4 Why is there a bias towards
biventricular repair for borderline
patients?

While it has been shown that institutions adopting a

balanced approach to the management of PAIVS have

excellent outcomes, there is a bias in many centers favor-

ing management strategies to push the patient along

toward a biventricular repair. This is based on a number

of assumptions which have not been well supported from

the current literature. The first assumption is that right

heart structures will grow if the obstruction is relieved,

particularly in response to changes in loading conditions.

Humpl and colleagues studied 35 neonates with PAIVS

enrolled from 1992 to 2000 [9]. Of the 20 patients who had

single ventricle palliation, 13 had right ventricular-depen-

dent coronary circulation, and 7 had a severely attenuated

right ventricular cavity or infundibulum precluding a

biventricular repair. The remaining 30 patients had an

attempted radiofrequency-assisted perforation and bal-

loon dilation of the pulmonary valve, with the procedure

being successfully completed for 27 patients. For these 30

patients, there were 5 deaths, and 16 patients successfully

achieved biventricular repair. Patients who achieved

biventricular repair had significantly greater Z scores of

the tricuspid valve and the right ventricular length and

area. Measurements from serial echocardiograms were

examined and showed that there was no change with

increasing age regarding the Z score of the tricuspid

valve diameter or of the right ventricular length. This is

to say that hypoplasia persisted relative to the size of the

patient with no evidence of any catch-up growth. There

was no influence of management or effectiveness of man-

agement in relieving the obstruction on growth.

The second assumption that drives the bias toward

biventricular repair is a feeling that functional outcomes

will be better with a biventricular circulation than Fontan

physiology. Sanghavi and colleagues examined 29 survi-

vors with PAIVS born before 1997, 19 of whom had biven-

tricular repair and 10 had Fontan procedure [10]. The two

groups were similar with regard to age and gender. Abnor-

mal aerobic capacity defined as peak oxygen consumption

below 85% predicted was noted in 58% of the biventricu-

lar repair and 60% of the Fontan procedure patients.

Figure 20.3 shows that the exercise capacity as indicated

by the peak oxygen consumption and peak oxygen pulse

was not significantly better in the biventricular repair

patients compared to the Fontan patients. They did note

that biventricular-repair patients had better chronotopic

function and ventilatory efficiency. There was considerable

variation and overlap between the exercise capacity

between both groups, with no associated anatomic predic-

tors noted. Predictors of abnormal aerobic capacity in the

biventricular repair patients included an inability to

increase their forward stroke volumes reflected by lower

oxygen pulse, the presence of severe tricuspid regurgita-

tion, and older age at the time of testing. The authors

concluded that ‘‘. . .our data suggest that delaying Fontan

completion by attempting to maintain a failing biventricu-

lar repair may ultimately cause long-term limitation to

exercise function, perhaps because prolonged impaired

oxygen delivery harms the myocardium.’’

Fig. 20.3 Exercise parameters as a function of surgical anatomy for
survivors with PAIVS.
From Sanghavi et al. Determinants of exercise function following

univentricular versus biventricular repair for pulmonary atresia/
intact ventricular septum. Am J Cardiol. 2006;97:1638–1643
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Exercise capacity is only one aspect of functional sta-

tus, and there is increasing interest regarding health-

related quality of life assessment, and possible differences

between biventricular and Fontan patients. Erkman-

Joelsson examined 42 survivors with PAIVS in terms of

their health-related quality of life [11]. They noted a few

differences from a normal population, and no differences

between patients who had biventricular repair versus

Fontan procedure. There was a high level of psychoso-

matic complaints and a lower satisfaction with activities.

These assessments of exercise capacity and functional

status are important, in that current management algo-

rithms are driven by an emphasis on mortality with an

unfounded bias toward biventricular repair based on pre-

sumed functional outcomes. Clearly further research is

needed on a larger scale to determine the functional status

and exercise capacity of these PAIVS patients and the

influence of anatomic and management algorithms.

20.5 Who Should Get a Fontan?—Summary

Several issues become evident through appraisal of the

recent literature. The decision regarding management

should take into account initial anatomic and functional

characteristics, with complete qualitative, quantitative,

and functional ongoing assessment. The intermediate

state is a precarious state, and if the patient is destined

for a single ventricle pathway, the commitment should

probably be made earlier. Finally, clinical decision mak-

ing should not only be aimed at maximizing survival, but

also ensuring optimal functional status and health-related

quality of life.
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Surgery for the Small Right Ventricle 21

Osman O. Al-Radi, Siho Kim, and Glen S. Van Arsdell

21.1 Introduction

Surgical solutions for congenital heart lesions traditionally

fall into a single ventricle repair or a biventricular repair

strategy. Ventricular size is the primary determinant of the

surgical strategy. The degree of ventricular underdevelop-

ment is a continuum, ranging from severely hypoplastic or

nonexistent cavities to normal-sized cavities. Therefore,

forcing a binary solution, single ventricle repair or biven-

tricular repair, may not result in the best outcome. A more

graded approach is considered.

Clearly, the systemic ventricle must be of adequate size

and function to support a full survivable cardiac output

against a normal systemic blood pressure. On the other

hand, the pulmonary circulation may be left with no ven-

tricular support, as is the case in the single ventricle Fontan

circulation achieved by single ventricle repair strategies.

That, however, is not without consequences. Decreased

exercise tolerance, atrial arrhythmias, protein-losing entro-

pathy (PLE), and late systemic ventricular failure are the

most troubling adverse outcomes of single ventricle repair.

It is hypothesized that incorporating a less than optimal

ventricle into the pulmonary circulation may provide some

physiologic benefit.

Themost common impediments to biventricular repair

are related to an inadequate ventricle—in this context, an

inadequate right ventricle (RV). A suboptimal RVmay be

due to small size or inadequate function. In both cases the

work load required of the RV can be reduced as much as

25–50% by performing a superior vena cava to pulmon-

ary artery anastomosis along with biventricular repair [1].

This strategy is known as the one and a half ventricle

repair (1½ ventricle repair) [1–4].

This chapter focuses on the problem of the small or

inadequate RV (subpulmonary ventricle) and where it

may be appropriate to include it in the pulmonary side

of the circulation. The pathological substrates, morpho-

logical, and functional criteria used to describe the RV, as

well as the decision-making algorithm for the marginal

patient is discussed. Additional issues that affect the sur-

gical decision, including the anatomic and physiologic

status of the pulmonary vasculature, the status of the

atrioventricular valve, airway and chest wall anomalies,

and associated anomalies are also considered.

21.2 What Is an Inadequate RV?

Once a certain threshold for right ventricular size is crossed,

it becomes a diastolic compliance problem. The reduced

compliance results in inadequate RV filling and reduced

cardiac output. This leads to increased central venous pres-

sure and a compensatory increase in heart rate. Alterna-

tively, theRVmay be of adequate size but deficient in terms

of contractility. The poorly contractile RV is unable to

maintain an adequate cardiac output, again resulting in

an increase in central venous pressure and heart rate.

Either scenario may eventually lead to inadequate fill-

ing of the left (systemic) ventricle, thereby limiting sys-

temic cardiac output and systemic blood pressure.

Defining the actual size threshold requires a discussion

about how anatomic measurements are described in a

standardized fashion.

21.2.1 Standardized Measurements

The size of the RV, or any anatomicmeasurement for that

matter, may be expressed as a standardized value, known

as the Z score. The Z score is the number of standard

deviations (SDs) between the age-matched population

mean and the observed value. For example, a Z score of

�2 indicates that the observed value is 2 SD below the
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mean of a population of similar age. Moreover, since +2

and+3 SD happen to correspond with the 95th and 97th

percentiles, a Z score of +2 and +3 indicate that the

observed value is above the 95th and 97th percentiles,

respectively [5]. Another method of presenting an ana-

tomic measurement in a standardized fashion is indexed

to the body surface area (BSA) in squaredmeter (m2). The

patient’s BSA is obtained from standard tables using

height and weight. The measured anatomic value is then

divided by the BSA of the patient[5].

21.2.2 How Small Is Too Small?

In most cases estimation of RV size is based on indirect

indicators. The most useful of which are tricuspid valve

diameter, RV morphology, that is, unipartite, bipartite,

or tripartite, and measured or estimated RV volume.

A detailed description of echocardiographic RV-assess-

ment techniques is beyond the scope of this chapter.

However, in summary, the RV size can be assessed echo-

cardiographically by defining the dimension of the ventricle

in the long and short axes, preferably in two orthogonal

planes, the area of the ventricular cavity is then used to

calculate the volume based on the geometric assumption

that the ventricular cavity is cylindrical or conical in shape

[6]. This measurement may be confounded by a malformed

RV [7]. Nonetheless, several echocardiographic criteria have

been described as tools to determine the adequacy of the

RV.As seen in Table 21.1, a tricuspid valve diameter Z score

of �2 to �5 indicated moderate RV hypoplasia, below �5
indicates severe RV hypoplasia. The importance of tricus-

pid valve diameter Z score was demonstrated in study by

Hanley et al. of a multi-institutional cohort of patients with

pulmonary atresia with intact ventricular septum (PA/IVS).

Tricuspid valve diameter Z score was the only patientspeci-

fic risk factor for not receiving a biventricular repair [8].

Tabel 21.2 describes the valueswe currently use as indicators

of how small an RV is adequate for biventricular repair or

1½ ventricle repair in the case of PA/IVS.

An RV without three distinct components, that is,

unipartite or bipartite, is more likely to be smaller, less

compliant, and associated with a smaller tricuspid valve

diameter, compared to a tripartite RV. Therefore,

whether the RV is tripartite, bipartite, or unipartite is a

useful overall indicator of the degree of hypoplasia.

Less-important echocardiographic indicators include

RV/LV length ratio, and right to left atrioventricular

valve ratio [9]. For the latter, a value > 0.5 is thought to

indicate suitability for biventricular repair.

Direct assessment of the RV volume is theoretically

ideal. Echocardiography, angiography, andmagnetic reso-

nance imaging (MRI) are the potential modalities for this

measurement. Subjective assessment of RV volume by

echocardiography and angiography is helpful; however,

objective measurement with these methods frequently

underestimates the size of the RV cavity. Recent advances

in MRI have allowed direct measurement of RV volume.

The threshold size for adequacy of the RV is not yet

known. MRI also adds the possibility of functional assess-

ment, including calculated forward flow through the tri-

cuspid valve and PA, total cardiac output, extracardiac

and intracardiac shunt volumes, and ejection fraction.

In critical aortic stenosis, a left ventricular volume less

than 20ml/m2 is associated with poor outcomes due to

inadequate cardiac output [10]. Extrapolating from this

study and based on anecdotal cases, we currently regard

an RV volume of more than 20ml/m2 to be adequate for

biventricular repair or 1½ ventricle repair.

21.2.3 Physiologic RV Assessment

Systolic function of theRV is assessed qualitatively or semi-

quantitatively with echocardiography. Diastolic function is

reflected by catheter measurements of end-diastolic pres-

sure andCVP. Thesemay not be accurate indicators if there

are intracardiac shunts or tricuspid valve regurgitation. In

the setting of PA/IVS and a borderline RV, occlusion of an

ASD in the catheterization lab allows one to test the hemo-

dynamic stability of a fully volume-loaded RV.

21.2.4 Pulmonary Vasculature

The anatomy of the pulmonary vasculature can be assessed

by echocardiography, conventional or CT angiography,

and MRI. Echocardiography is valuable for assessment

of the RV outflow tract, the proximal pulmonary artery,

and the pulmonary veins. The branch pulmonary arteries

are not easily evaluated by echocardiography. CT angio-

graphy is the conventional method of studying branch

pulmonary arteries as it provides excellent images and is

Table 21.1 Echocardiographic criteria used to assess the degree
of RV hypoplasia

Criterion RV hypoplasia

Mild Moderate Severe

RV components [28]. Tripartite Bipartite Unipartite

Apex formation yes no no

Tricuspid valve
diameter (z score)
[22, 29, 30, 31].

>�2 �2 to �5 <�5
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fast and readily available. MRI may also be used to assess

branch pulmonary arteries. It has the added benefit of

allowing for a calculation of flow to each lung. Conven-

tional angiography provides excellent images and has the

added benefits of the ability to measure pulmonary vascu-

lar resistance, test occlude atrial septal defects, and thera-

peutic pulmonary artery dilatation or stenting. The choice

of modality generally depends on the specific case, institu-

tional preference, and the need of therapeutic procedures.

21.3 The 1½ Ventricle Repair

The concept of incorporating an inadequate RV in the

circulation, without giving it the burden of a full cardiac

output is known as the 1½ ventricle repair (1½ ventricle

repair). It was described by Billingsley et al. for PA/IVS

[11]. The partial diversion of systemic venous return to the

lung by creating a end-to-side anastomosis between the

superior vena cava and the right pulmonary artery lessens

the volume load on the RV by 25–50% [4]. Animal experi-

ments showed that downsizing the RV to as low as 25%of

normal resulted in survivable hemodynamics [4]. In a dog

model, Ilbawi et al. recreated the Fontan circulation with

the RV included in the Fontan circuit. They subsequently

progressively reduced the size of the RV cavity by inflating

a balloon in theRV. They demonstrated that as theRV size

was progressively reduced, the heart rate increased. Down

to the RV size 50% of normal, there was no change in the

right atrial pressure and in the cardiac index. There was a

modest drop in cardiac index at RV size 25% of normal,

and an increase in RA pressure from 5 mm Hg at 50% of

normal to 12 mm Hg at 25% of normal RV size.

Additionally, potential RV growth in the presence of

pulsatile forward flow across the RV has been reported

[12–15]. The long-term problems associated with the

Fontan palliation, namely, protein-losing entropathy,

persistent atrial arrhythmias, and progressive ventricu-

lar failure may be delayed or prevented by lessening the

load on the dominant ventricle, and providing pulsatile

pulmonary blood flow.

21.3.1 Classification of 1½ Ventricle Repair
Based on Indication

A heterogeneous group of patients suffer from the clinical

problem of an inadequate RV. We found it useful to

classify the patients who underwent 1½ ventricle repair

for inadequate RV into four groups. This was based on

the indication for the repair [1]. The twomajor groups are

diastolic RV deficiency (small size), and systolic RV defi-

ciency (reduced contractility). Mavroudis et al. adopted

this classification with modification. Table 21.2 describes

both these classifications and shows the difference

between them. Here, we propose a simplified more gen-

eral classification (Table 21.3).

21.4 Congenital Anomalies Commonly
Associated with an Inadequate RV

PA/IVS, and complete AVSD with a small RV are the

most prevalent examples of diastolic RV dysfunction

(small RV, group A). The most prevalent example of

Table 21.2 Classification systems of repair based on indication

Group Van arsdell Mavroudis

A Small pulmonary
ventricle

Small right ventricle

B Chronic RV dysfunction Preoperative RV
dysfunction

C Facilitation of repair
without size or

To facilitate
biventricular repair

functional problems in
the RV

D Acute RV dysfunction To pressure unload the
pulmonary

ventricle in CCTGA,
VSD, PS

CCTGA: Congenitally corrected transposition of the great
arteries.
VSD: Ventricular septal defect.
PS: Pulmonary stenosis.

Table 21.3 Simplified classification of repair based on
indication

Group Indication of repair Example

A Volume unload a small
RV

PA/IVS

B Volume unload a
dysfunctional RV

Ebstein’s anomaly

C Facilitate biventricular
repair/surgical
convenience

Double switch with
simplified atrial baffle

D Pressure unload
pulmonary ventricle

CCTGA+VSD+PS

E Acute RV failure post-biventricular repair
with low output or
desaturation

PA/IVS: Pulmonary atresia with intact ventricular septum.
CCTGA: Congenitally corrected transposition of the great
arteries.
VSD: Ventricular septal defect.
PS: Pulmonary stenosis.

21 Surgery for the Small Right Ventricle 175



systolic RV dysfunction (Group B) is Ebstein’s anomaly.

Other entities are far less common.

21.4.1 Pulmonary Atresia with Intact
Ventricular Septum (PA/IVS)

For infants with PA/IVS, tricuspid valve diameter, and

RV-dependent coronary circulation are important factors

that predict both overall outcome and suitability for biven-

tricular repair. Traditionally, infants with PA/IVS in

whom the RV size is judged to be too small to support a

full cardiac output would undergo single ventricle repair.

In a study of 51 patients with PA/IVS treated between 1971

and 1984, de Laval et al. described the outcomes of biven-

tricular repair in infants with PA/IVS stratified by tricus-

pid valve diameter less than or more than the 99% lower

confidence interval (Z score<�3). Of the ten patients with

tricuspid valve Z score<�3 who had complete BVR eight

died. Whereas of eighteen infants with tricuspid valve

diameter Z score >�3, only 3 died [16, 17]. A multi–insti-

tutional Congenital Heart Surgeons Society (CHSS) study

described the outcomes of infants with PA/IVS between

1987 and 1997. Of 404 infants 33% had undergone biven-

tricular repair, 20% underwent single ventricle repair and

5% underwent 1½ ventricle repair, at 15 years after enroll-

ment [18]. The limitations to biventricular repair and 1 ½

ventricle repair are continuously challenged. In the most

recent published analysis of our outcomes from 1992 to

2000, Humple et al. showed that 53% had biventricular

repair, 10% had 1½ ventricle repair, and only 10% were

on an SVR track [19]. Fourteen patients with PA/IVS

underwent repair at our institution between 1972 and

2003 (three included in above study). Two deaths occurred

at 4 and 104 months of follow-up. Eleven of the remaining

patients are in New York Heart Association (NYHA) class

I, and one is in NYHA class II at last follow-up (unpub-

lished data). Our current anatomic guidelines that direct the

surgical strategy for PA/IVS are summarized in Table 21.4.

21.4.2 Unbalanced Atrioventricular Septal
Defect (AVSD)

In most patients with complete AVSD, the two ventricles

are of similar size and balanced. A subset of patients has a

small RV that might be able to pump lesser than total

systemic venous return to the lungs. Many infants hav-

ing an AVSD also have trisomy 21 and its attendant

respiratory problems potentially leading to increased

pulmonary vascular resistance. Therefore, performing

a cavopulmonary shunt to offload an anatomically

small RV may not be a good option. De Olivera et al.

described our approach to this population of patients

and reported our results of a case match study where

patients with AVSD with balanced ventricles were com-

pared to patients with AVSD with a small RV [20].

Reducing the RV preload by leaving an atrial fenestra-

tion was felt to be important to the success of biventri-

cular repair in the small RV group.

Others, however, have successfully used a 1½ ventricle-

repair strategy in this setting. Alvarado et al. reported on

the results for nine patients with small RV/AVSD and

tricuspid valve Z score as small as �10 [21]. A preceding

pulmonary artery band had been performed in over half of

the cases thereby lessening the PVR issues. When the PVR

is not in the range acceptable for single ventricle repair (PA

diastolic pressure < 12 mm Hg) we prefer the use of

biventricular repair with an adjustable ASD over 1½ ven-

tricle repair.

21.4.3 Ebstein’s Anomaly

Patients with Ebstein’s anomaly have an enlarged dys-

functional RV. In this setting, 1½ ventricle repair is con-

sidered for systolic RV dysfunction (Group B) [1]. We

have used the 1½ ventricle repair strategy in 28 patients

with Ebstein’s anomaly from 1965 to 2003. Three patients

died at 0, 18, and 24 months postoperatively. The remain-

ing patients were in NYHA class I or II at last clinical

follow-up. Sarris et al. have reported the results of a

multi-institutional study of 150 patients with Ebstein’s

anomaly. Seven patients underwent 1½ ventricle repair

with no deaths, and only young age at operation was a

risk factor for death in the entire group.

21.4.4 Transposition of the Great Arteries

Rare patients with simple transposition, VSD, and small

RV may be treated by initial balloon atrial septostomy

Table 21.4 Anatomic guidelines for repair of PA/IVS

Tricuspid valve
z score

Pulmonary
ventricular volume Strategy

>�2 > 80% biventricular repair

�2 to �5 80–50% 1½ ventricle repair

�5 to �10 50–30% 1½ ventricle repair
+ ASD

<�10 < 30% single ventricle
repair
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and pulmonary artery banding followed by an arterial

switch and cavopulmonary anastomosis [1]. Patients

with congenitally corrected TGA with a small morpholo-

gic RV may be treated by 1½ ventricle repair in the form

of a double switch with a simplified atrial baffle and

superior vena cava to pulmonary artery anastomosis [22].

21.5 Physiologic Testing, Adjustable ASD,
and the 1¼ Ventricle Repair

The complex and heterogeneous nature of indications for

1½ ventricle repair leave the managing team with a degree

of uncertainty about the suitability and success of 1½ ven-

tricle repair versus biventricular repair or single ventricle

repair. Every opportunity for physiologic testing and assess-

ment should be utilized to aid in the decision making. Pre-

operative assessment of central venous pressure, diastolic

RV pressure, pulmonary artery pressure, and MRI flow

data are helpful in determining whether a cavopulmonary

anastomosis is going to be tolerable. In general, 1½ventricle

repair requires the pulmonary vascular resistance (indirectly

assessed by pulmonary artery pressure and RV diastolic

pressure) to be low, in the same range as for a Fontan

physiology of single ventricle repair. Intraoperative visual

inspection of the anatomy, and the initial hemodynamic

variables after separation form cardiopulmonary bypass

assist in the decision to proceed with or accept biventricular

repair, 1½ ventricle repair, 1½ ventricle repair + ASD, or

to revert to single ventricle repair. A native or iatrogenic

ASD should be left in all patients where the size or function

of the RV is uncertain. A starting diameter of 4–5 mm is

usually adequate to prevent perioperative low cardiac out-

put. A purse string exteriorized outside of the heart on the

posterolateral aspect of the RA may be used to adjust the

ASD size. The desirable value for central venous pressure is

below 12 mm Hg. Postoperatively in the ICU the ASD can

be test occluded prior to chest closure. Later on the ASD

maybe test occluded in the catheterization laboratorywith a

balloon, and then device occluded if appropriate. The use of

an adjustable ASD has been a valuable adjunct to biventri-

cular repair in marginal patients [20, 23]. The temporary

volume off-loading achieved has allowed the use of biven-

tricular repair in patients who would otherwise undergo

single ventricle repair, and reduced the risk of low cardiac

output postoperatively. Similarly, some patients with mod-

erate to severe RV hypoplasia undergoing repair may

require such volume off-loading in the postoperative period

to overcome the perioperative fluid over load state. When

the ASD is left open indefinitely the final result may be

called a 1¼ ventricle repair, as the pulmonary ventricle is

bypassed by approximately three-quarters of the systemic

venous return; half directly to the lungs via the SVC to PA

connection, and a quarter via the ASD. At our institution,

of the 115 patients who underwent 1½ ventricle repair 49

left the operating room with an ASD.

21.6 Midterm Results of 1½ Ventricle Repair

At our institution, 115 patients underwent 1½ ventricle

repair for various indications between 1965 and 2003. The

time-related survival from initial repair was 94%, 93%,

74%, and 66% at 1 month, 1, 10, and 20 years, respec-

tively. The theoretical advantage of 1½ ventricle repair

over single ventricle repair needs to be confirmed by valid

clinical outcome analysis. As no studies of randomized or

even comparable groups of patients are available, one is

forced to examine studies that describe the outcomes of

both strategies separately. This comparison is not suitable

for reaching conclusions about the preferable strategy;

however, it may set the stage for comparative studies to

be commissioned.

In a recent analysis of medium to long-term results of

single ventricle repair, Ono et al. reported an early death of

rate 8% and long-term rate survival of 87% at 20 years [24].

Giannico et al. reported the results of extracardiac Fontan in

221 patients, survival at 15 years was 85% [25]. On the other

hand, two recent reports of midterm results of the 1½

ventricle repair are available. Chowdhury et al. published

in 2005, on 84 patients who underwent 1½ ventricle repair

between 1990 and 2003 [26]. In patients who underwent an

MRI, the end-diastolic RV volume indexed to BSA

(RVEVVi) was 22 – 2.2 ml/m2.The operative mortality

was 10.7%. The late mortality was 8%. With follow-up up

to 14 years, time-related survival was 82%at 7 years. Clinical

arrhythmia occurred in 15%of patients and 90%of patients

were in NYHA heart failure class I or II. In 2003, Numata

et al. published the results of 1½ ventricle repair for PA/IVS

or PS with a small RV [27]. For 13 patients operated on

between 1987 and 1999, theRVEDViwas 20–50%normal.

The tricuspid valve diameter was 40–70% of normal. The

mean follow-up was 10 years. There were no operative

deaths. One late death occurred at 8 years and two patients

were converted to Fontan circulation, with one death.

Exercise testing revealed a maximum oxygen uptake

(MVO2 max) of 24.8 – 4.9 ml, and anaerobic threshold of

16.6– 3.4 mls at 5 years. One patient developed PLE. In

their conclusion, they expressed that they did not see an

advantage for 1½ ventricle repair over single ventricle

repair. Given that the patient populations are different it

is difficult to make a direct comparison. However, from

these contemporaneous recent reports, onemight conclude

that there is no gross difference between the outcomes of
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single ventricle repair and 1½ ventricle repair in patients

selected for each strategy.

21.7 Summary

The main factors that play a role in deciding the operative

strategy for an inadequate RV are size and function. An

RV of size less than 30% of normal, or tricuspid valve Z

score < �10 most likely necessitates single ventricle

repair. Almost all patients with a tricuspid valve Z score

of > �2 will be best served by a biventricular repair.

Tricuspid valve Z score between�2 and�10 is a marginal

area where many options are available, including the 1½

ventricle repair. In patients with Ebstein’s anomaly, 1½

ventricle repair is considered for functional decompensa-

tion of the RV. The judicious use of preoperative imaging,

intraoperative testing, and early postoperative hemody-

namic monitoring aid in the decision making and ongoing

assessment of these challenging patients.
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Section 6
The Right Ventricle on the Intensive Care Unit



Postoperative Pulmonary Hypertension:
Pathophysiology and Current Management
Strategies

22

Mark A. Walsh and Tilman Humpl

22.1 Introduction

A postoperative increase of pulmonary artery pressures

is usually a result of a combination of several factors,

which may have different significance in the individual

patient, but usually include pre-operative, intraoperative,

and postoperative events (Fig. 22.1). Cardiopulmonary

bypass invariably elevates pulmonary vascular resistance

as a result of interrupted antegrade pulmonary blood

flow. In the years that followed the introduction of cardio-

pulmonary bypass for congenital heart surgery, pulmon-

ary hypertension was the leading cause of death in the

postoperative period [1]. Increased survival in the current

era can be attributed to improvements in preoperative,

intraoperative, and postoperative conditions. The increas-

ing trend toward earlier repair of congenital heart lesions

has decreased both the incidence and severity of pulmon-

ary hypertension [2]. In particular, with the introduction of

nitric oxide, postoperative pulmonary hypertension is now

a much less common indication for the use of extracorpor-

eal mechanical support [3] However, retrospective studies

have demonstrated significant associated morbidity, such

as increased ventilation times, and a greater than twofold

risk of prolonged intensive care stay [4].

In the absence of routine pulmonary artery pressure

monitoring, the incidence of postoperative pulmonary

hypertension is difficult to determine. In addition, many

children will tolerate a rise in pulmonary artery pressures,

with the pressures reverting to baseline without any treat-

ment within weeks of surgery [5]. In the era of the first atrial

switches for transposition of the great arteries, the early

mortality was as high as 25%, with postoperative pulmon-

ary hypertension being the leading cause of death [1]. Recent

reports have suggested that the current incidence of

clinically significant postoperative pulmonary hypertension

is as low as 2% [2]. Lesions such as atrioventricular canal

defects, truncus arteriosus, and total anomalous pulmonary

venous drainage all have a higher incidence of pulmonary

hypertension after cardiopulmonary bypass [5]. The pul-

monary endothelial dysfunction that occurs in these lesions

may be caused by either increased pulmonary blood flow or

increased pulmonary endothelial wall stress [6].

In the postoperative period a combination of factors can

combine to negatively impact right ventricular afterload, left

ventricular preload and ventricular interdependence. It is

important to distinguish between high pulmonary vascular

resistance and pulmonary reactivity, with the former being

associated with longstanding left-to-right shunts and the

latter more often seen following cardiopulmonary bypass

[7]. A pulmonary hypertensive crisis is often precipitated by

a noxious stimulus causing a sudden increase in pulmonary

arterial pressure, increased right ventricular afterload, de-

creased caval oxygen saturation, and decreased lung com-

pliance [8]. The critical component of this condition is the

fall in cardiac output, as apposed to the systemic right

ventricular pressure per se [5]. In terms of treatment, vas-

cular reactivity is more appropriately managed by limiting

noxious stimuli, sedation, and paralysis. Increased pulmon-

ary vascular resistancemaybemore appropriatelymanaged

with selective pulmonary vasodilators [5]. It remains un-

clear why airway resistance increases, however, it is a well-

recognized phenomenon. It is possible that large reductions

in pulmonary blood flowmay result in the collapse of small

caliber vessels which act as scaffolding for the respiratory

bronchioles [9].

22.2 The Pulmonary Endothelium

Despite many technical refinements, cardiopulmonary

bypass continues to induce a large systemic inflamma-

tory response which peaks approximately 8 hours after
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discontinuation (Fig. 22.2). Less appreciated is the fact that

the pulmonary endothelium is the least protected of all

organs and completely devoid of antegrade blood flow dur-

ing cardiopulmonary bypass [10]. Ventilation of the lungs

and perfusion of the pulmonary arteries during cardiopul-

monary bypass have both been shown to reduce lung injury

in the postoperative period [11].Much of the ischemic injury

occurs during reperfusion,which involves a complex cascade

of interactions, including compliment activation, neutrophil

migration, increased calpain activity, platelet activation, and

nuclear factor kappa–beta activation [12, 13].

22.3 Endothelin-1

Endothelin-1 (ET-1) is a powerful vasoconstrictor released

by the vascular endothelium which mediates smooth mus-

cle proliferation, vascular remodeling, and inflammatory

cascades [6]. Levels peak 3–9 h post-cardiopulmonary

bypass and correlate with the rise in pulmonary arterial

pressure, an effect which is more pronounced in patients

with preexisting high pulmonary blood flow [14]. Several

factors may be responsible for the rise in ET-1, such as

interruption of normal blood flow, hypothermia, alveolar

hypoxia, and components of the reperfusion injury as men-

tioned above [6].

Proendothelin is cleaved bymembrane-bound, endothe-

lin-converting enzyme-1 to formET-1,which acts on at least

two different receptors. Endothelin-A receptors are found

predominantly on vascular smooth muscle, and mediate the

vasoconstrictor effects of ET-1. Endothelin-B receptors are

found on the vascular endothelium and regulate the secre-

tion of ET-1. They are also responsible for the vasodilatory

effects of ET-1, releasingNO, andprostaglandin [15]. ET-1 is

both secreted and reabsorbed by the pulmonary endothe-

lium in equilibrium, with approximately 50% of circulating

ET-1 being recycled with one passage through the lungs.

Elevated ET-1 levels following cardiopulmonary bypass

may be due to reduced reabsorption, increased secretion, or

a combination of both. Animal data has shown that high

pulmonary blood effects to increase the number of ET-A

receptors and causes a change in the locus of the ET-B

receptor from the endothelium to the smooth muscle, both

of which favor vasoconstriction [16]. There are various dif-

ferent types of ET-1 antagonists, with varying degrees of

selectivity for A and B receptors. Blockage of the ET-A

receptor following cardiopulmonary bypass significantly

decreases pulmonary vascular resistance, with no additional

effect from NO once ET-A blockade has occurred [14].

The delayed peak in ET-1 following cardiopulmonary

bypass levels suggests that additional mechanisms such as

decreased NO and increased thromboxane may be respon-

sible for the immediate rise in pulmonary arterial pressure

[17, 18]. The fact that NO donors only partially reverse

cardiopulmonary bypass-induced pulmonary hypertension

suggests an imbalance in the regulation of vascular tone with

many mediators acting in unison to elevate pulmonary vas-

cular resistance [19]. This would also explain the presence of

nonresponders and the phenomenon of rebound pulmonary

hypertension [20]. Prophylactic ET-1 blockade may be clini-

cally beneficial in patients with a high preoperative risk

profile. It is unlikely, however, that it would result in an

acceptable risk–benefit ratio in all children undergoing car-

diopulmonary bypass.

22.4 The Role of Nitric Oxide

The role of the endothelium inmediating vascular smooth

muscle relaxation was first described by Furchgott and

colleagues [21]. The endothelium was thought to secrete a

Fig. 22.2 Systemic inflammatory response to cardiopulmonary
bypass

Fig. 22.1 Overlapping factors contributing to postoperative pul-
monary hypertension. No: Nitric oxide
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relaxation factor which was subsequently identified as NO.

It is produced in the pulmonary endothelium by NO

synthase from the substrate L-arginine [22]. Acetylcholine

acts on a muscarinic Gi-protein-linked receptor which ele-

vates intracellular calcium, activatingNO synthase [19]. NO

then diffuses into the vascular smooth muscle-mediating

relaxation by stimulating soluble guanylate cyclase to pro-

duce cyclic GMP [23]. The lack of endothelial-dependent

relaxation of smooth muscle in response to acetylcholine

following cardiopulmonary bypass may be related to be a

dysfunctional G-protein-signaling process [24].

In the acute setting, the combination of NO and supple-

mental oxygen is more effective in treating a pulmonary

hypertensive crisis than oxygen alone [23]. NO compares

favorably with conventional strategies, such as hyperven-

tilation and systemic pulmonary vasodilation, with treat-

ment effects seen at 20–40 parts per million (ppm) [23]. NO

improves lung compliance and decreases airway resistance,

both of which are abnormal during a pulmonary hyperten-

sive crises [8]. Studies have also shown a significant

improvement in the alveolar–arterial gradient following

inhaled NO because of its selective distribution to well-

ventilated segments of lung tissue [25].

The use of routine prophylactic-inhaled NO has not

been conclusively shown to reduce mortality or prevent a

pulmonary hypertensive crisis. NO in select cases however

is a very effective treatment and has contributed greatly

toward improved survival [3]. NO donors serve to tip the

complex balance of vasoactive mediators in favor of pul-

monary vasodilation. This may however be only partially

treating the underlying pathophysiology, as seen by the

fact that NO donors only partially alleviate cardiopulmon-

ary bypass-induced pulmonary hypertension.

22.5 Other Mediators

Prostacyclin is released by the endothelium and activates G-

protein-linked smooth muscle cyclic AMP, mediating

smooth muscle relaxation [26]. It has been shown that the

action of acetylcholine andNO is influenced by prostacyclin

and visa versa, suggesting an interdependence of both path-

ways [27]. Thromboxane A2 is synthesized by cycloxyge-

nase and causes smooth muscle vasoconstriction. It has a

pronounced effect on the pulmonary vasculature, where it

is mediates vasoconstriction in many different forms of

pulmonary hypertension [28]. Both prostacyclin and throm-

boxane A2 are elevated in children with increased pulmon-

ary blood flow, particularly in the immediate postoperative

period [29]. This imbalance is may be caused by endothelial

injury post-cardiopulmonary bypass, although whether it is

a mediator of the disease or a marker of endothelial dys-

function remains unclear.

Calpain is a calcium-activated serum protease, which

has been shown to have a role in transmembrane signaling,

cell differentiation, transcription, cytokine processing, and

apoptosis [30]. In animal experiments, calpain inhibition

following cardiopulmonary bypass has been shown to have

a role in preventing endothelial dysfunction by attenuating

the rise in ET-1 and preserving endothelial NO synthase

activity [31]. Nuclear factor kappa–beta is a nuclear tran-

scription factor which mediates many components of the

inflammatory cascade. Calpain and inhibitor factor kappa

beta modify this inflammatory response with calpain inhi-

bitors attenuating nuclear factor kappa beta-induced

reperfusion injury [32].

Inhibition of nuclear factor kappa beta has been

shown to limit reperfusion injury in animal studies, with

improved oxygenation, decreased pulmonary arterial

pressure, and improved lung compliance in transplanted

lungs. [13] Remote ischemic preconditioning is a novel

process by which short periods of ischemia offer a pro-

tective effect against prolonged periods of ischemia to

remote organs. The protective effect is dependent on

inhibition of nuclear factor kappa beta. [33] Animal mod-

els of remote ischemic preconditioning have shown

decreased airway resistance and increased pulmonary

compliance following cardiopulmonary bypass [34].

Arginine vasopressin is a vasopressor which is sometimes

used as an adjunct to other inotropic agents after cardio-

pulmonary bypass. In animal studies, low-dose vasopressin

mediates pulmonary vasodilatation by acting on pulmon-

ary endothelial V1 receptors and releasing NO. Hypoxic

pulmonary endothelium exhibits more pronounced vasodi-

lation in response to arginine vasopressin, which may be

due to an altered receptor-mediated process [35].

Recent years have seen increased research into vascular

endothelial growth factor (VEGF). VEGF acts as a central

cytokine/growth factor and is primarily involvedwith angio-

genesis. It has a profound effect on many functional aspects

of the endothelium including NO synthesis, prostacyclin

synthesis, and vascular permeability [36]. VEGF activates

endothelial NO synthase via the tyrosine kinase and inositol

triphosphate pathway [37]. Animal studies have shown

increased levels of VEGF post-cardiopulmonary bypass,

which correlate with increased lung permeability and

decreased exhaled NO. The failure of VEGF to augment

NO production may be related to either the deleterious

effects of cardiopulmonary bypass on the endothelial cell

membrane or a defect in endothelial NO synthase [24].

22.6 Therapeutic Approach

A comprehensive policy should be applied for patients at

risk for postoperative pulmonary hypertension, including

preoperative, intraoperative, and postoperative settings
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(Fig. 22.3). Most important for the initial postoperative

management is the appropriate surveillance and limitation

of any possible stimuli that might initiate a pulmonary

hypertensive crisis. Although high ventilation pressures

may be necessary to maintain a normal pH, high mean

airway pressures negatively impact systemic venous return

and increase right ventricular afterload. Pulmonary hyper-

tension should be suspected when any stimulus causes a

sudden decrease in cardiac output. Hyperventilation is

commonly used in the treatment and prevention of pul-

monary arterial hypertension [38]. Chang and colleagues

pointed out that the effect of pH predominates over the

effect of carbon dioxide in regulating pulmonary vascular

resistance, which has important implications in determining

the most efficacious therapeutic approach [39]. In the ab-

sence of a pulmonary artery catheter, central venous oxygen

saturations will provide adequate monitoring of cardiac

output [5]. Pressure tracings may reveal a high central

venous pressure and cannon A waves from tricuspid regur-

gitation. Clinical features suggesting a sudden elevation in

pulmonary artery pressures include tachycardia, agitation,

and hypotension. Biochemical markers such as increa-

sed anaerobic metabolism and evidence of decreased end-

organ perfusion may also indicate impaired cardiac output.

It is paramount to minimize potential triggers bymain-

taining an alkaline pH, normocapnia, normothermia,

adequate sedation, and minimizing noxious stimuli. Fac-

tors that may adversely affect ventilation should be

sought out and treated appropriately. Administration of

100% oxygen promotes pulmonary vasodilation and will

correct hypoxic vasoconstriction of parenchymal origin if

present [40]. Inhaled NO 20–40 parts per million is gen-

erally the first therapeutic intervention, with a rapid

response seen in those who respond. Other potential

inhaled agents are iloprost (a prostacyclin derivative)

and milrinone (a type 3 phosphodiesterase inhibitor).

Iloprost has been shown to be as effective as NO, how-

ever, they do not act synergistically [41]. Iloprost [42]

may be advantageous with less toxic side effects, easier

mode of delivery, and the option of long-term treat-

ment. Resistance to treatment suggests a residual,

fixed anatomical lesion and should prompt further ima-

ging [43].

The use of prophylactic intravenous milrinone follow-

ing cardiopulmonary bypass may attenuate pulmonary

hypertension by increasing smooth muscle cAMP in the pul-

monary arteries [44]. It is a valuable adjunct to treatment

in cases of impaired ventricular function where positive

cardiac inotropy without pulmonary vasopressor activity is

required. Animal models have demonstrated that inhaled

milrinone causes less tachycardia, and less intrapulmonary

shunting when compared to the intravenous form [45].

Hypoxia secondary to intrapulmonary shunting is a well-

described phenomenon, whereby the use of a nonselective

pulmonary vasodilator prevents hypoxic vasoconstriction in

areas of impaired ventilation [40].

Cyclic GMP is one of the mediators of vasorelaxation

in the pulmonary vascular bed and is catabolized by

specific members of the phosphodiesterase family. The

most widely studied of these is phosphodiesterase type

5A, which is abundant in the pulmonary vasculature

[46]. Sildenafil is an inhibitor of phosphodiesterase type

5A, which is available in both oral and intravenous forms.

It has been shown to attenuate hypoxic pulmonary hy-

pertension when administered 1 h before the onset of

hypoxia [47]. Some studies suggest that it is useful for

weaning inhaled NO and to alleviate rebound pulmon-

ary hypertension on withdrawal [48]. The intravenous

form of sildenafil is a potent pulmonary vasodilator

which is as effective as inhaled NO, also augmenting its

effects with concomitant use. However, intravenous sil-

denafil when used at higher doses can cause systemic

hypotension and hypoxia secondary to increased intra-

pulmonary shunting, an effect which is not reversed by

inhaled NO [25].

The use of preoperative and intraoperative glucocor-

ticoids has been associated with an improvement in

cardiac and pulmonary function following cardiopul-

monary bypass. Glucocorticoids suppress transcription

and translation of inflammatory cytokines, and alter the

expression of other proteins, such as endothelin-1 and

inhibitor kappa beta [49]. Animal data has demonstra-

ted that administration of glucocorticoids 6 h before

and during cardiopulmonary bypass, decreases pulmon-

ary edema, endothelin-1 levels, myeloperoxidase activ-

ity, and nuclear factor kappa beta activity [49]. More

importantly, glucocorticoids administered 6 h before

Fig. 22.3 Preventive measures to minimize postoperative pulmon-
ary hypertension. No: Nitric oxide, PDE5: Phosphodiesterase 5
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cardiopulmonary bypass completely prevented the subse-

quent rise in pulmonary vascular resistance. [49]

The use of modified ultrafiltration transiently improves

hemodynamics, lung compliance, and pulmonary vascu-

lar resistance following cardiopulmonary bypass [50]. It

remains unclear whether the improvement in pulmonary

vascular resistance and lung compliance is related to the

removal of excess fluid or the removal of proinflammatory

cytokines [51]. The majority of studies are consistent in

showing immediate improvements in pulmonary compli-

ance and pulmonary vascular resistance however the effects

are not sustained for longer than 12 h [52]. In addition, the

magnitude of improved lung function and decreased pul-

monary vascular resistance may depend on the method of

ultrafiltration used [53].

22.7 Conclusion

Over the last decade we have seen a dramatic reduction in

the amount of clinically significant postoperative pul-

monary hypertension. Elevated pulmonary vascular re-

sistance, however, continues to contribute significantly

toward morbidity from cardiopulmonary bypass. Our

understanding of the pathophysiology involved in the

last decade has prompted the investigation of new ther-

apeutic approaches, such as endothelin blockade, in-

haled iloprost, and phosphodiesterase inhibitors. There

are many more pathways involved in cardiopulmonary

bypass-induced lung injury which have yet to be explo-

red clinically. The focus of the future will no doubt focus

on translating therapies based on the molecular genetics

of the ischemia reperfusion injury into clinical useful

treatments.
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Ventilatory Management of the Failing Right
Heart 23

Desmond Bohn

The development in our knowledge and understanding of

cardiovascular and respiratory physiology has tended to

proceed along parallel lines. However, many of the texts

on cardiac physiology have tended to underestimate the

major hemodynamic changes that occur during the transit

of blood through the thoracic cavity from the venous to

the arterial side of the circulation. Since the heart and

lungs share the same body cavity, changes in pleural

pressure associated with either spontaneous or mechan-

ical ventilation have important effects on preload or after-

load of both ventricles.With the development of intensive

care and in particular positive pressure ventilation (PPV),

we now have a greater appreciation that the heart and

lungs are more than two independent but connected sys-

tems, and events that occur in either organ will impact on

the other. In congenital heart disease this is best exempli-

fied in obstructive right heart disease and palliated single

ventricle with cavopulmonary shunts.

23.1 Ventilation and Cardiac Function in the
Normal Heart

Perhaps the easiest way to begin to understand the fun-

damentals of the complex interaction between the sys-

temic and pulmonary circulations within the thorax is to

use a model of two pumps connected in series, enclosed

within a chamber where the pressure is constantly chan-

ging. The reservoir for the filling of the right heart lies

partly outside the thorax and is consequently subject to

atmospheric or intra-abdominal pressure (eg. the infer-

ior vena cava), whereas some of the large venous con-

nections (eg. the superior vena cava) are intrathoracic

and subject to pleural pressure. On the other hand, the

reservoir for left heart filling (the pulmonary circulation)

and the systemic pumping chamber lie entirely within the

thorax, although the pump ejects against a high impe-

dance which is largely extrathoracic (systemic vascular

resistance). Since pleural pressure is constantly changing

during the respiratory cycle, it follows that the resulting

fluctuations in intrathoracic pressure will affect the out-

put from the pump by altering preload or filling on the

right side and afterload or ejection on the left side.

The interaction between respiratory and cardiac func-

tion is a complex one with major differences occurring

under conditions of spontaneous or positive pressure

respiration. These are illustrated in Fig. 23.1, which

shows hemodynamic pressure changes during ventilation.

The dashed lines represent the inspiratory phase of the

respiratory cycle. During spontaneous breathing, pleural

pressure becomes negative during inspiration, increasing

the pressure gradient for venous return, transmural right

atrial pressure (Pratm) rises and right ventricular stroke

volume (SVRV) increases. Coincidently, there is a transi-

ent fall in left ventricular stroke volume (SVLV), which is

then augmented within a couple of cardiac cycles. The

reasons suggested for this include the pooling of blood in

the pulmonary circulation due to lung expansion, right

heart filling causing a change in left ventricular diastolic

compliance or increased afterload on the left ventricle due

to negative intrathoraic pressure. Positive inspiratory

pressure on the other hand leads to a fall in Pratm as the

rise in intrathoracic pressure decreases the gradient for

venous return, filling of the atrium is impeded, and SVRV

falls, but there is a phase lag before this reduction is seen

in the left heart. As intrathoracic pressure increases there

is a very transient rise in SVLV due to either reduced

afterload on the LV or enhanced flow from pulmonary

capillaries to the LA associated with the increase in

intrathoracic pressure. This is more than offset by the

subsequent fall in SVLV as right-sided events become

predominant.
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Cournaud in 1948 published one of the classic physio-

logical studies on cardiopulmonary interactions, in which

he demonstrated that positive pressure respiration (deliv-

ered by face mask) in normal subjects resulted in a fall in

cardiac output due to decreased venous filling of the right

heart [1]. Furthermore, he was able to show a relationship

between the level of mean airway pressure (MAP) pres-

sure and the fall in cardiac output, the lower MAP the

lesser the effect. These fundamental observations are as

relevant today as they were 50 years ago when approach-

ing ventilation in patients with right heart dysfunction.

23.2 Ventilation and Total Cavopulmonary
Connections

Understanding the relationship between ventilation and

cardiac function is of fundamental importance in the man-

agement of patients with single ventricle physiology and

cavopulmonary connections. In this type of reconstruc-

tion, pulmonary blood flow occurs predominantly during

diastole and is highly preload dependent. PPV used in the

post operative period, particularly when used with positive

end-expiratory pressure (PEEP,) impedes venous return

and has an adverse effect on cardiac output [2]. Indeed, in

his original paper describing the operation of atriopulmon-

ary connection for tricuspid atresia, Fontan made the

comment that ‘‘respiratory assistance should be stopped

early because positive pressure prevents venous return’’ [3].

Important new insights into that have improved our

understanding of the cardiorespiratory physiology and

how ventilation can change hemodynamics have come

from a series of investigations done by Redington and

colleagues at the Royal Brompton Hospital. In a series of

patients with left atrial isomerism studied remotely follow-

ing total cavoplumonary anastomosis, they showed that

there is significant augmentation of the pulmonary blood

flow Doppler signal during the inspiratory (negative

pleural pressure) phase of spontaneous respiration [4]

(Fig. 23.2). The application of aValsavamaneuver resulted

in complete obliteration of the pulmonary blood flow,

while the large negative pleural pressure produced by a

Mueller maneuver gave rise to augmentation of the signal.

Penny [5] in a study on patients with a Fontan circuit found

a 35% augmentation of pulmonary blood flow during the

inspiratory phase of spontaneous respiration breathing.

The implication from these studies is that positive

intrathoracic (pleural) pressure impedes pulmonary blood

flow, while negative pressure increases it. The logical next

step was to compare negative pressure breathing with PPV in

patients with cavopulmonary anastomosis. The device used

to deliver negative pressure ventilation was a Hayek oscilla-

tor, which is a cuirass respirator enclosing the chest andupper

abdomen and delivers a continuous negative pleural pressure.

In a series of studies, the authors demonstrated when they

applied positive and negative extrathoracic pressure to Fon-

tan patients that while positive pressure resulted in retrograde

blood flow away from the lungs, negative extrathoracic pres-

sure increased pulmonary blood flow, and therefore cardiac

output [6, 7]. These studies were extended by Shekerdemian

and colleagues,where conventionalPPV in intubatedpatients

was compared with continuous negative pleural pressure

Fig. 23.1 Changes in hemodynamics associated with spontaneous
and positive pressure ventilation (PPV) in the normal human
The area between the dashed lines represents the inspiratory phase.
The reduction in pleural pressure during spontaneous inspiration
increases right atrial filling and the right atrial pressure rises,
together with right ventricular stroke volume. There is a simulta-
neous fall in left ventricular stroke volume. During PPV, as right
heart filling decreases, LV stroke volume rises. For a more detailed
explanation see text.
From Pinsky MR: Cardiopulmonary Interactions in Cardiopulmon-
ary Critical Care, 2nd edition. Dantzker DR ed. WB Saunders
Philadelphia 1991
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delivered by the Hayek oscillator [8]. Positive and negative

pressure ventilationwas compared in 18post-Fontanpatients

(nine acute postoperatively and nine convalescent during

cardiac catheterization). They again found that switching to

NPVwas associatedwith a significant increase inPBF (54%),

SvO2, and stroke volume, and that this improvement was

maintainedover an extendedperiod.Attempts have also been

made to see if high-frequency, low tidal-volume ventilation

would confer any benefit on cardiac output following the

Fontan operation. Meliones compared high-frequency jet

ventilation (HFJV) with conventional ventilation (CMV),

patients being ventilated to the same PaCO2 levels

(27 mmHg) [9]. This was achieved with a 50% lower MAP

on jet ventilation and this resulted in a 25% increase in

cardiac output and a 59% reduction in pulmonary vascular

resistance. In a second studywhere high-frequencyoscillatory

ventilation (HFOV) was compared with CMV at similar

(low) MAPs, no difference in cardiac output or PVR was

found [10].

23.3 Ventilation and Obstructive Right Heart
Lesions

Patients who undergo surgical reconstruction of obstructive

right heart lesions constitute another group where changes

in intrathoracic pressure have important effects on venous

return andPBF.Thesewould include patientswith tetralogy

of Fallot and pulmonary atresia. Diastolic right ventricular

dysfunction is a common finding following surgical repair of

severe right ventricular outflow tract obstruction and is

characterized by a pulsedDoppler signal showing antegrade

pulmonary artery flow during atrial systole accompanied by

retrograde flow in the superior vena cava [11, 12]. This is due

to the fact that right ventricular end-diastolic pressure

exceeds pulmonary artery diastolic pressure due to the stiff-

ness of right ventricle. There is premature opening of the

pulmonary valve and the RV acts as a passive conduit

between the right atrium and the pulmonary artery

(Fig. 23.3). In a study by Cullen [13] of postoperative tetral-

ogy patients, half had this feature and those that did had a

higher incidence of ascites and pleural effusions and longer

durations of ICU stay. He also made the important obser-

vation that during the inspiratory phase of PPV theDoppler

signal of antegrade flow in the pulmonary artery was oblit-

erated, and there was a decrease in the flow signal across the

tricuspid valve (Fig. 23.4). This again gives rise to specula-

tion that NPV might actually improve cardiac output and

PBF in children following biventricular repairs. In an initial

study, Shekerdemian and colleagues compared positive with

negative pressure in otherwise healthy children undergoing

catheterization and PDAclosure with seven children in ICU

who had undergo biventricular repair of CHD [14]. They

found thatNPVwas associated with a significant increase in

Fig. 23.2 The effect of changes
in intrathoracic pressure on
pulmonary blood flow in
patients following total
cavopulmonary connection
measured by Doppler. During
the Mueller maneuver (top), the
flow signal is augmented, while
during the Valsalva (lower) it
decreases
From Redington AN: Pulmonary
blood flow after total cavopul-
monary shunt. Br Heart J.
1991;65:213
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cardiac output in the postoperative patients. They further

conducted a series of acute studies in 11 patients after repair

of tetralogy or the Fontan operation [15]. Patients were

switched from positive pressure to negative pressure ventila-

tion for 15-min periods, while cardiac output, PBF, and

oxygen consumption were measured by the Fick equation

and mass spectrometry. NPV was associated with a 46%

increase in PBF, a 48% increase in stroke volume, and a

4.6% increase in SVO2. Similar to the extended studies in

the Fontan patients, they did a series of short-term (15 min)

and extended trials of NPV in 23 children who had under-

gone repair of tetralogy, eight of whom had restrictive right

ventricular physiology [16]. These patients were character-

ized by antegrade diastolic pulmonary artery flow and had a

more significant degree ofmetabolic acidosis comparedwith

their nonrestrictive peers. By the end of 45 min of NPV,

pulmonary blood flowhad increased by 67% in the group as

a whole but interestingly the improvement trend was lower

in the restrictive group. The beneficial effect was lost when

patients were switched back to PPV.

23.4 Implications for Postoperative
Management

What are the implications of these studies using negative

pressure ventilation for the postoperative management

of patients with Fontan and tetralogy with restrictive

right ventricular physiology? It is unlikely that negative

pressure ventilation will become a standard method for

postoperative respiratory support. All these studies were

done with patients intubated, anesthetized, and on pres-

sure-support ventilation. The device requires a signifi-

cant amount of expertise to efficiently operate in the

postoperative period and cannot be used unless the ster-

num is intact. However, these studies do demonstrate an

important physiological principle, that is, that all other

things being equal spontaneous breathing is a preferred

option over PPV in this patient group. The goal should

be early weaning and the reestablishment of sponta-

neous breathing progressing toward early extubation

[17]on the assumption that this would have a beneficial

effect on venous return and pulmonary blood flow,

echoing the comments made by Fontan himself 35

years ago [3]. Our postoperative management strategy

is to leave postoperative Fontan and tetralogy patients

intubated but start short-acting sedative/analgesic infu-

sions in the operating room prior to transfer to ICU. If

there are no bleeding complications, rhythm disturbances,

or other factors that would preclude early extubation,

sedation is discontinued, and patients are extubated within

6–8 h of returning from the operating room. If low cardiac

output or other postoperative complications prevent this

plan from being implemented, then a ventilation strategy

based on minimizing mean airway pressures would seem

logical.

It should also be borne in mind that, with increased

numbers of children with single ventricle lesions surviving

Fig. 23.3 Pulmonary artery
Doppler flow (A) in a patient
with tetralogy of Fallot and
restrictive RV physiology
demonstrating antegrade PA
diastolic flow (arrow). The effect
of PPV on trans-tricuspid
(middle panel B) and pulmonary
artery (lower panel B) Doppler
flow. During the inspiratory
phase of PPV there is diminution
of peak velocity flow and the
obliteration of antegrade
diastolic flow
From Cullen S: Characterisation
of right ventricular diastolic
performance after complete repair
of tetralogy of Fallot Circulation.
1995;91:1782
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the third-stage reconstruction and into adulthood, there

are important messages to be learned from these studies

by practitioners administering anesthesia to patients with

Fontan physiology, namely, the importance of maintain-

ing adequate filling pressures and using low intrathoracic

pressure ventilation [18].

23.5 Ventilation and the Bidirectional
Superior Cavopulmonary Anastomosis
(BCPS)

A second group of patients where there have been impor-

tant new insights into cardiopulmonary interactions are

those following the bidirectional cavopulmonary shunt

operation (BCPS), performed as a second-stage recon-

struction for single ventricle lesions. In this operation,

the superior vena cava is disconnected from the right

atrium and anastomosed to the pulmonary artery. This

places the cerebral and pulmonary circulations in series.

Pulmonary blood flow is dependent on venous return

from the head, neck, and upper limbs. Oxygenation

depends on an adequate transpulmonary pressure gradi-

ent between the SVC and the pulmonary capillaries. Typi-

cally, the postoperative systemic saturation is in the

region of 80%. For patients in whom saturations fail to

reach the expected level after the BCPS, the diagnostic

algorithm is outlined in Table 23.1.

Having excluded the anatomical causes that may be

responsible, the traditional therapeutic approach has

been, having ensured an adequate filling (right atrial)

pressure, to assume that this is a downstream problem

due to an increased pulmonary vascular resistance and to

attempt to reduce it by inducing an alkalosis with hyper-

ventilation, with or without inhaled nitric oxide (iNO).

However, there is little evidence to show that iNO has any

beneficial effect on pulmonary vascular resistance follow-

ing a BCPS as measured by an increase in SvO2, PaO2, or

SaO2, despite a minor decrease in Pa pressure [19]. There

is also the possibility that the increase in mean airway

pressure associated with hyperventilation may actually

result in an increase in pulmonary vascular resistance.

One might also draw the conclusion that the problem

does not lie downstream from the pulmonary artery,

and the focus should shift to in the inflow side of the

cavopulmonary connection. Bradley and colleagues rea-

soned that since hyperventilation by lowering the PaCO2

actually results in a decrease in cerebral blood flow, this

might adversely effect pulmonary blood flow and oxygen

delivery [20]. They studied a series of 13 postoperative

Table 23.1 Causes of hypoxemia following BCPS

Cyanosis with elevated (>18 mmHg) SVC (PA) pressure

� High underlying PVR

� Kinking or distortion of SVC/PA anastomosis

Cyanosis with normal SVC (PA) pressure

� Decompressing venous collaterals

� Pulmonary arteriovenous malformations

� Baffle leak (hemi-Fontan)

� Pulmonary parenchymal disease

Fig. 23.4 The effect of (a) positive and (b) negative pressure venti-
lation in a patient after the Fontan operation. During the positive
pressure inspiration antegrade pulmonary artery flow is lost, while
there is a marked increase during negative pressure inspiration. The
augmentation of pulmonary blood flow was lost when the negative
pressure cuirass was removed (c)
From Shekerdemian LS: Negative-pressure ventilation improves cardiac
output after right heart surgery. Circulation. 1996;94[suppl II] II-49
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BCPS patients (nine hemi-Fontan patients). Hyperventi-

lation was induced by increasing the respiratory rate while

keeping the tidal volume constant. The PaCO2 fell from

50 mmHg to 33 mmHg, while pH increased from 7.38 to

7.5. This resulted in a fall in PaO2, SaO2, and an increase

in upper body a-vDO2. In addition, they measured cere-

bral blood flow velocity by transcranial Doppler and

showed that this decreased with hyperventilation. These

findings reversed when patients were changed back to

baseline ventilation. The proposed mechanism was an

alkalosis-induced cerebral vasoconstriction resulting in

lower SVC blood flow. They then reasoned that, since

hyperventilation decreased PBF, hypoventilation might

actually improve it. In a second series of studies, they

induced hypercabia by decreasing the ventilator rate and

compared this with a metabolic alkalosis induced by

bicarbonate and ventilation to baseline normocarbia

[21]. Hypoventilation resulted in improved systemic

saturation, PaO2, reduced a-vDO2, and increased cerebral

blood-flow velocity. Metabolic alkalosis resulted in no

significant change compared with baseline ventilation.

In both these studies, mean airway pressure changed

with the increases and decreases in ventilator rate.

These studies left unanswered whether the improve-

ments in oxygenation whether hypercarbia improves

oxygenation and O2 delivery by increasing total cardiac

output or by selectively increasing CBF. There was also the

issue of what effect the change in mean airway pressure

might have had in Bradley’s studies. These issues were

addressed in a study by Hoskote where hypercarbia was

induced by the addition of CO2 to the inspiratory gas flow

of the ventilator, while other parameters were unchanged

Fig. 23.5 Arterial pH, PaCO2, SaO2, and PaO2 associated with
various levels of hypercarbia in nine patients following BCPS
The lines represent individual patients, while the bold line indicates
the mean value

From Hoskote A. The effects of carbon dioxide on oxygenation and
systemic, cerebral and pulmonary vascular hemodynamics after bidir-
ectional superior cavopulmonary anastomosis. J Am Coll Cardiol.
2004;44:1501
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[22]. CBFwasmeasured by near-infrared spectroscopy and

transcranial Doppler, and blood samples were obtained

from a jugular venous bulb, PA, and femoral catheters.

Patients were studied at PaCO2 levels of 35, 45, 55 mmHg

and then on return to 40 mmHg. Arterial PaO2, SaO2,

cerebral oxygen saturation and systemic oxygen delivery

increased at PaCO2 levels of 45 mmHg and 55 mmHg

compared with 35 mmHg (Figs. 23.5 and 23.6). This ben-

eficial effect was lost when PaCO2 levels returned to

40 mmHg. Furthermore, hypercarbia resulted in reduced

oxygen consumption and decreased arterial lactate concen-

trations in this patient group [23]. It can be concluded from

these studies that hypercarbia post-BCPS improves both

cardiac output and cerebral blood flow and that hypocar-

bia has the opposite effect.

23.6 Implications for Postoperative
Management

These studies suggest that the traditional approach to

hypoxemia after BCPS of using hyperventilation is not

only ineffective, but may be harmful. The management

algorithm for postoperative hypoxemia in these patients

should include a diligent search to exclude anatomical

obstruction in at the level of the cavopulmonary anasto-

mosis and a bubble study to exclude decompressing venous

collaterals. The optimum ventilation strategy is moderate

hypercarbia (PaCO2 55 mmHg) with a pH in the region of

7.35, proceeding to early extubation with the expectation

that the combination of spontaneous respiration and

hypercarbia will augment PBF.

Fig. 23.6 Transcranial arteriovenous oxygen difference, NIRS tis-
sue oxygen index, peak transcranial Doppler velocity, and mean
transcranial Doppler velocity at various levels of hypercarbia
From Hoskote A. The effects of carbon dioxide on oxygenation and

systemic, cerebral and pulmonary vascular hemodynamics after bidir-
ectional superior cavopulmonary anastomosis. J Am Coll Cardiol.
2004;44:1501
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23.7 Summary

The optimal ventilatory management of patients with

right heart failure or single ventricle physiology requires

a fundamental understanding of the physiological princi-

ples that govern the interaction between breathing and

circulation. Emphasis needs to be placed on the impor-

tance of the potential for adverse hemodynamic effects of

positive intrathoracic pressure, and how negative pleural

pressure and hypercarbia can enhance cardiac output and

pulmonary blood flow rather than the traditional

approaches to PPV and normal blood-gas values.
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Origins and Treatment of Right Ventricular
Dysfunction After Heart Transplantation 24

Anne I. Dipchand

24.1 Introduction

Acute right heart dysfunction in the perioperative period

following orthotopic heart transplantation is a long-

recognized occurrence that contributes significantly to

early post-transplant mortality and to intermediate and

long-term survival [21, 23, 25, 26, 33]. Reported early

postoperative mortality ranges from 14% to 26% [14,

26, 45, 46]. The cause of death is multifactorial and

include both donor and recipient factors [Fig. 24.1].

Most commonly, it results from a donor heart impaired

by the sequelae of brain death and ischemia-reperfusion

injury, and not prepared for the increased afterload of

pulmonary hypertension (PHT) and increased pulmon-

ary vascular resistance (PVR) in the recipient. Under-

standing the issues from both the donor and recipient

perspectives is important in order to maximize donor-

organ usage and optimize recipient outcomes. Manage-

ment strategies have evolved over time.

24.2 The Effect of RV Function on LV
Function and Cardiac Output

The normal right ventricle (RV) has multiple anatomic

and physiologic characteristics that differentiate it from

the left ventricle (LV). However, the RV and LV are

highly interdependent physiologically, partly due to the

shared interventricular septum. RV failure results in dila-

tion, ischemia, and decreased contractility. Shift of the

interventricular septum toward the LV and decreased

pulmonary blood flow leads to underfilling of the LV

and the clinical scenario of decreased cardiac output

[29]. Concurrent underperfusion of the coronary

circulation further aggravates the right ventricular dys-

function and a vicious cycle ensues [22, 29]. Clinically, in

the acute post-heart transplant patient, this manifests as

an elevated central venous pressure and signs of decreased

cardiac output including systemic hypotension that is

refractory to, and often worsened, by fluid administra-

tion. Echocardiography demonstrates decreased right

ventricular contractility with dilatation and varying

degrees of tricuspid regurgitation [7].

24.3 What Contributes to RV Failure?
[Fig. 24.1]

Figure 24.1 illustrates some of the contributing factors

to right heart failure post-heart transplant. The adap-

tive mechanisms of the RV are not well suited to large

increases in pressure. The energy efficiency related to

ejection during pressure decline in the RV is lost in the

face of increased afterload related to high pulmonary

pressure or resistance. The effect of positive pressure

ventilation on stroke volume, without and with normal-

ization of preload, is well described, as is the impact of

cardiopulmonary bypass on RV contractility. There is

data from the International Society of Heart Lung

Transplantation illustrating adverse outcomes from a

lower donor to recipient weight ratio in the face of

PHT. Even the effect of LV contraction (LV systolic

function) on pressure generated in the RV an impact the

clinical scenario in the early post-transplant period.

Heart rate and preload are also critical in the post-

operative phase.

From a donor perspective, the donor heart was accus-

tomed to low or normal afterload and suddenly is faced

with the PHT in the recipient (see below). Ischemia and

reperfusion can significantly affect the function of both

ventricles. But the bigger issues, from a donor perspective,

are the effects of brain death.
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24.4 Impact of Brain Death

Understanding the potential effects of brain death is

important clinically as it relates to (1) management of

the potential organ donor with acute intracranial hyper-

tension, (2) determination of the appropriate timing for

the assessment of organ function, and (3) recognition of

the potential for functional recovery and allowing time

for recovery and reassessment in an organ donor.

Brain death is characterized by a unique set of physio-

logic responses which have varying and temporal effects

on cardiac function. Acute brain death is associated with

a transient massive catecholamine release or autonomic

storm—both systemically and at the neuronal level [32,

36, 39, 41]. This is subsequently followed by significant

acute right ventricular dilation and dysfunction within

minutes of the acute rise in intracranial pressure [30, 34].

The magnitude of catecholamine released and the extent

of myocardial injury depends on the rate of rise of intra-

cranial pressure [41]. The cardiac dysfunction that follows

is related in part to catecholamine-related myocardial

injury but is amenable with time and appropriate inter-

vention to functional recovery, therefore allowing for

successful organ donation [18, 34]. However, it may also

play a role in the early postoperative right ventricular

dysfunction seen post transplant [Fig, 24.2b] [8, 48].

The reported frequency of echocardiographic myocar-

dial dysfunction in brain-dead patients ranges from 10%

to 42% [15, 19, 20]. In the largest study involving 66 brain

dead patients, the presence of myocardial dysfunction

could not be predicted by clinical characteristics, includ-

ing etiology of brain death, time from brain injury to

brain death, or need for press or support [15]. Myocardial

dysfunction was both segmental and global. Pathology

demonstrated varying degrees of contraction band necro-

sis, a characteristic feature of neurogenic myocardial dys-

function. There was poor correlation between echocar-

diographic dysfunction and pathologic findings,

suggesting that despite segmental wall motion abnormal-

ities, pathologic abnormalities may be mild or absent and

the myocardium may not be irreversibly damaged.

There is a well-described cardiovascular response to

brainstem ischemia [8, 34, 39]. Animal experiments clearly

demonstrate hypertension and bradycardia, followed by a

hyperdynamic state (tachycardia and elevated cardiac

output) of varying duration [8, 18, 30, 39]. Using a load-

independent index in a canine brain-death model, Bittner

demonstrated significant systolic biventricular dysfunc-

tion following brain death, which was more prominent

in the right ventricle (37% decrease) compared with the

left (22% decrease) [Fig. 24.2b]. There was a concurrent

progressive increase in right ventricular end-diastolic

volume. There was no evidence of myocardial ischemia

or dysfunction of the b-adrenergic receptor system as

possible contributory factors to the ventricular dysfunc-

tion. In fact, there was upregulation of the b-adrenergic
receptor system evidenced by increased b-adrenergic
receptor density, increased isoproterenol-stimulated

adenylate cyclase activity, and increased sensitivity to

isoproterenol. In a cohort of 40 pigs, Ryan demonstrated

sympathetic storm leading to transient cardiac dysfunc-

tion that was reversible and associated with an absence of

troponin release (supportive of lack of cell necrosis) [39].

In a similar pig model, Mertes demonstrated an early

impaired LV contractility and a deleterious effect of

rapid volume infusion on hemodynamic status [31].

In humans, White compared 10 donor hearts with

dysfunction with 13 without dysfunction, and demon-

strated less maximum net tension response and net con-

tractile response to isoproterenol in RVmyocardium [48].

As with Bittner, White did not demonstrate a decreased

number of total b-adrenergic receptors, he did demon-

strate abnormalities in receptor coupling manifested as a

decrease in isoproterenol-mediated stimulation of adeny-

lyl cyclase, a rightward shift of the isoproterenol-adenylyl

cyclase dose-response curve, and a reduced b-receptor
agonist-binding affinity [48]. This was felt to be consistent

with desensitization to b-agonist stimulation andmyocar-

dial damage due to catecholamine storm. Finally, White

used creatine kinase measurements to assess the amount

of remaining viable myocardium and found no difference

between the two groups, and hypothesized the possibility

of myocardial recovery in the group with dysfunction.

Following the autonomic storm, a normo- to hypoten-

sive state ensues characterized by impaired cardiac inotropy

and chronotropy, impaired vascular tone, and reduced

Fig. 24.1 Factors contributing to right ventricular dysfunction in
the early post-transplant period LV, left ventricle; PHT, pulmonary
hypertension; PPV, positive pressure ventilation; RV, right ventri-
cle.* donor to recipient weight ratio
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cardiac output [30, 37]. In a pig model, Li demonstrated a

significant and persistent fall in systemic vascular resistance,

and a significant increase in oxygen consumption with an

accompanying greater increase in oxygen delivery [Figure

24.2a]. Despite these findings, systemically there was evi-

dence of impaired myocardial metabolism. Appropriate

donor management, in this scenario, is imperative in order

to optimize cardiac function and facilitate organ donation.

Therapy should be directed toward restoration of intravas-

cular volume and appropriate support of the myocardium

and vascular system to ensure optimal cardiac output [40].

Detailed discussion about the optimal management of the

organ donor is published elsewhere [40]. However, with

optimal management and time, unacceptable or marginal

donor organs may have significant recovery of function

demonstrable both clinically and by echocardiography,

allowing for successful heart transplantation. The unknown

factor is, despite functional recovery, the extent of micro-

scopic ischemic myocardial damage that may contribute to

acute post-transplant graft dysfunction—particularly the

right ventricle.

In a human study looking at a load-independent index

of right ventricular systolic and diastolic function in

brain-dead donors, marked abnormalities of RV function

were demonstrated.[personal communication, A. Reding-

ton, 2006] Donor hearts were significantly more dilated

Fig. 24.2a Data obtained from six pigs: there is an initial catecho-
lamine surge following brain death with an increase in cardiac out-
put and decrease in systemic vascular resistance. Cardiac output
then decreases back toward normal with systemic vascular resis-
tance remaining low. This may explain the clinical observations in
brain-dead patients and have implications for management of the
donor. Oxygen consumption increased, but this was compensated

for by an even greater increase in oxygen delivery. Oxygen extrac-
tion decreased and lactate remained low. Oxygen consumption and
delivery subsequently decreased over the next 90 min. dP/dT max
increased at 1 min followed by a decrease and subsequent return to
baseline. Overall, systemic aerobic metabolism appeared adequate
but data supported an imbalance in myocardial oxygen transport
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with a lower end-systolic pressure–volume relationship

(ESPVR), reflecting a reduced contractile state. With

inotropic stimulation, there was no change in ESPVR

but a paradoxical increase inRV end-diastolic volume–RV

dilatation in the face of increased preload, an observation

that has clinical implications for the management of these

patients in the early postoperative period.

Both animal studies and human experience support

dynamic changes in echocardiographic systolic function fol-

lowing brain death. Systolic dysfunction evidenced early

following brain death may persuade medical personnel to

forego organ transplantation. However, as noted above,

there is potential for improvement. The role for serial echo-

cardiography is supported by the literature. Kono demon-

strated improvement and even resolution of segmental wall

motion abnormalities over time in 12 patients with subar-

achnoid hemorrhage [27]. Utilizing low-dose dobutamine

stress echocardiography, he then demonstrated that patients

with dobutamine-responsive wall motion abnormalities

normalized their ventricular function prior to death [28].

The response to brain death is of deterioration in ven-

tricular function with the RV myocardium more affected

than the LV. There is potential for functional recovery

with appropriate and intensive monitoring and interven-

tion. Repeat echocardiography is essential to reassess

suitability for organ donation. Both animal and human

models, despite functional recovery, provide evidence for

myocardial insult and/or susceptibility to dysfunction in

the acute postoperative period due to the physiologic

changes resulting from progressing through brain death.

24.5 Pulmonary Hypertension and Risk
Following Heart Transplant

From a recipient perspective, the major risk factor con-

tributing to right heart dysfunction in the postoperative

period is PHT. In 1971, Griepp and colleagues first

documented elevated pulmonary vascular resistance

(PVR) as a risk factor for early death post-transplant

from acute right heart failure [21]. Bourge reported

acute RV failure associated with elevated preoperative

or intraoperative PVR in 16% of early deaths post-heart

transplant [9]. In a large cohort from Columbia, acute

right-sided failure was responsible for 17% of the deaths

within 30 days post-transplant [16]. Finally, PHT or right

heart failure was the reported cause of death within 90

days post-transplant in 26% in a large cohort from Stan-

ford, which corresponded to an overall mortality rate due

to PHT or right heart failure of 3.3% (10/301). A further

10 patients (3.3%) had significant postoperative compli-

cations related to PHT and right heart failure [14].

Elevated PVR has consistently been a risk factor for death

in multiple single andmulticenter analyses [Fig. 24.3] [25]. A

linear relationship has been described between PVR and

mortality [Fig. 24.4] [23, 25].

Themechanism and degree of the PHT has implications

for predicting the success or failure of the transplanted

heart. All 20 patients who either died or had significant

postoperative issues with PHT and right heart failure in the

Stanford series had a PVR> 2.5 Wood units (WU) [14].

Murali reported a 15.4%, 0–2 day mortality rate, and

19.2%, 7-day mortality rate in patients with a transpul-

monary gradient (TPG) of>15mmHg (compared to 4.3%

and 6.4%, respectively) [33]. In the study by Bourge, the 1-

month mortality rate for patients with a pretransplant

PVR > 4 was 19% compared with 7.4% with PVR < 4

WU. Similar 30-daymortality figures fromColumbia were

Fig. 24.2b Significant systolic biventricular dysfunction following
brain death; more prominent in the right ventricle (37% decrease)
compared with the left (22% decrease)

Fig. 24.3 Kaplan Meier survival curves associated with increasing
PVR Reprinted from International Society of Heart and Lung
Transplantation, 24:945–982, David O. Taylor MD, Leah B.
Edwards PhD, Mark M. Boucek MD, Elbert P. Trulock MD,
Mario C. Deng MD, Berkeley M. Keck MPH and Marshall I.
Hertz MD, Registry of the International Society for Heart and
Lung Transplantation: Twenty-second Official Adult Heart Trans-
plant Report–2005 Copyright 2005, with permission from Elsevier
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5.1% and 17.7% for a PVR of <2 WU and >3 WU,

respectively. The corresponding PVR indexed for body

surface area (PVRi) numbers were 5.7% and 18.0% for

PVRi of <4 WU � m2 and >7 WU � m2 [13]. In general,

increased PVR (>4WUs) and/or PVRi or a trans-pulmon-

ary gradient of more than 15mmHg are considered a

relative contraindication to Tx.

Not all series report an adverse outcome with PHT.

The largest series from Germany reported 400 patients in

whom 83 had elevated PVR with no increase in 2-day, 30-

day, 3-month, or late mortality [44]. In a cohort reported

by Erickson, preoperative systolic pulmonary artery pres-

sure (PAP), PVR, and PVRi were not predictive of 1-

month, 6-month, or 1 year mortality [16]. Finally, 119/

145 patients in the Stanford series with a PVR of >2.5

WU survived the early post-operative period [14].

The parameters deemed to be important to delineate

prior to heart transplantation remain controversial, but

include PVR, PVR indexed (PVRi), systolic PAP, and

TPG [13, 16, 43]. Whether or not these hemodynamics

are fixed or reactive is also felt to be of variable signifi-

cance. In reality, these indices are useful for risk assess-

ment, though no one test can accurately predict outcome

[16]. The situation can be complicated by the fact that

determination of pulmonary resistance is imprecise, espe-

cially in infants with complex congenital heart disease [5, 6].

Early registry data from the Transplant Cardiologists

Research Database demonstrated higher PVR as a risk

factor for death in the pediatric population (age < 16

years) [9]. In a review of their single-center experience,

Bando et al. reported an elevated transpulmonary

gradient (>15 mmHg) and elevated PVRi (>4 WU-m2)

as significant preoperative risk factors for death in their

early experience (fourfold greater mortality) with only

elevated trans-pulmonary gradient being significant in

their later experience [5].

In one of the earliest pediatric series, Addonizio, et al.

reported on six patients with resting elevation of PVR

ranging from 7 to 15. Five underwent transplantation

following demonstration of a decrease in PVR with nitro-

prusside infusion (range 4–5.5) with four long-term survi-

vors [2].

Addonizio subsequently compared PVR and PVRi

values with clinical course post-Tx in 82 patients ranging

in age from 4 to 61 years [1]. Systolic pulmonary artery

pressure did not distinguish patients at risk as greater

than 50% who had a pressure of over 50 mmHg. PVRi

identified patients at risk better than PVR. Thirty-three

percent of patients with a PVRi of >6 units developed

right ventricular failure with a mortality of 15%. No

patient with a PVRi of <6 units developed RV failure.

The results also confirm that high PVR is not an absolute

contraindication to transplantation as 28/33 patients with

a PVRi of >6 and 10/12 patients with a PVRi of >9 were

successfully transplanted, although at a higher risk of RV

failure (40%) and mortality (15%).

Gajarski reported the outcomes in eight patients with a

mean PVRi of 11.5 WU � m2 which was reactive to

vasodilator testing. Mortality was 12% (1/8). In the

seven survivors, PVRi decreased to 3.3 WU � m2 by the

time of the first biopsy (approximately 10 days post-

transplant) [17].

The infant population either with congenital heart

disease predisposing to systemic pulmonary pressures

(duct-dependent single ventricle physiology) or cardio-

myopathy has a low incidence of significant postoperative

complications from PHT. Bailey reported a single death

from PHT in a group of 139 consecutive infant trans-

plants up to 12 months of age [4].

It is important to define the presence or absence of

fixed versus reactive PHT [1, 2, 10, 14]. Data fromColum-

bia described a nearly fourfold increase in incidence of

30-day mortality in patients with fixed PHT [13]. Even

those patients with reversible PHT retrospectively had an

increase in 30-day mortality compared with transplant

recipients without preoperative PHT. Conversely, seven

pediatric patients reported by Gajarski with very high

PVRi (mean 12.3 WU � m2 which might prompt certain

centers to exclude these patients from heart transplanta-

tion) were all reactive (mean 3.9 WU � m2 with vasodi-

lator testing) with six of the seven surviving. Costard-

Jackle reported 3-month mortality figures in 293 patients

in whom reversibility was assessed with nitroprusside.

Those patients in whom the PVR could not be reduced

Fig. 24.4 The relationship between PA diastolic pressure and risk
of 1 year mortality Reprinted from International Society of Heart
and Lung Transplantation, 24:945–982, David O. TaylorMD, Leah
B. Edwards PhD, Mark M. Boucek MD, Elbert P. Trulock MD,
Mario C. DengMD, BerkeleyM. KeckMPH andMarshall I. Hertz
MD, Registry of the International Society for Heart and Lung
Transplantation: Twenty-second Official Adult Heart Transplant
Report–2005 Copyright 2005, with permission from Elsevier
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to less than 2.5 WU with or without systemic hypoten-

sion had a higher 30-daymortality rate (33.3% vs. 3.8%),

with a higher rate of death due to right heart failure

(13.9%) [14].

Following heart transplantation, the elevated PAP and/

or PVR is expected to fall toward normal, though the

degree and time course varies. Bhatia et al. prospectively

followed a cohort of 24 adult heart transplant recipients for

1 year post-Tx to assess the time course for changes in

pulmonary arterial pressures and donor RV remodeling.

[Figure 24.5] Right and left heart filling pressures declined

in parallel, reaching their nadir at 2 weeks post-Tx. PVR

was normal in the majority (80%) at 1 year post-Tx. Right

ventricular size was increased on day 1 and even larger at 1

month post-Tx, returning to immediate postoperative

values by 1 year post-Tx. Tricuspid regurgitation, which

was present in 67% immediately post-Tx, improved with

time (36% at 1 year) [7]. In a larger, retrospective series,

Bourge reported normalization of pulmonary hemody-

namics by 1 week post-Tx [10]. In the small pediatric

cohort reported by Gajarski, the mean PVRi dropped

from 11.5 to 3.3WU�m2 by 10 days post-transplant [17].

Looking at more long-term survival, Erickson, et al.

despite showing no difference in 30-day mortality based

on TPG or PVR, and PVRi demonstrated higher 6- and

12-month mortality in patients with a trans-pulmonary

gradient > 12 mmHg (24% and 36%) versus <12mmHg

(5%) [16]. There was a corresponding slow and gradual

increase in probability of death for increasing PVR and

PVRi without a clear cutoff.

There is no threshold hemodynamic values beyond

whichRV failure is certain. Conversely, there are no values

below which RV failure is avoidable. Therefore, it is up to

each center to define guidelines or make patient-specific

decisions regarding eligibility for heart transplantation.

24.6 Other

Normal preoperative PVR does not rule out the potential

for increased PVR and acute RV failure after heart trans-

plantation. Cardiopulmonary bypass in and of itself has

been shown to lead to an increase in PVR, primarily due

to complement activation and the release of inflammatory

mediators [42]. Organ preservation techniquesmay have a

deleterious effect on ventricular function, with the right

ventricular myocardium more susceptible to transient

preservation-induced injury.

24.7 Management

There is no one approach to dealing with acute RV failure

after transplant [43]. The goal is to provide adequate

support of the transplanted heart permitting time for

recovery. The overall approach should be to dilate pul-

monary vasculature and decrease PVR while maintaining

systemic blood pressure and coronary perfusion. Impor-

tant interventions include reducing preload to the dis-

tended and ischemic RV, reducing RV afterload or

PVR, optimizing coronary perfusion by maintaining sys-

temic blood pressure, and optimizing myocardial oxygen

delivery while minimizing oxygen consumption. Table

24.1 gives an overview of the approach to management.

Pharmacologic pulmonary vasodilation is a corner-

stone of therapy and has evolved over the last 15 years.

Studies looking at pharmacotherapy for PHT and right

heart failure post-transplant have been nicely summar-

ized by Stobierska-Dzierzek [43]. Sodium nitroprusside

and nitroglycerin are longstanding agents used to pro-

duce pulmonary vasodilatation. There were several

early reports in the early to mid-1990s of successful

treatment of acute right heart failure post-heart trans-

plant with prostaglandin E1 (PGE1) [3, 47]. The Loma

Linda infant experiences reported the routine use

of postoperative prostaglandin infusion for 7–10 days in

all infants with pretransplant duct-dependent diagnoses [4].

Fig. 24.5 Following heart transplantation, the elevated pulmonary
artery pressure and/or pulmonary vascular resistance is expected to
fall toward normal, though the degree and time course varies
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Bauer et al. reported a strategy to prophylactically manage

all patients for right heart failure prior to coming off cardi-

opulmonary bypass with PGE1 and alkalinization in the

post-transplant period with good results. Successful use of

prostacyclin was reported in several series over a similar time

period [24, 35].

Milrinone has been shown in an animal model to be an

effective means to improve right ventricular dysfunction

and pulmonary vascular efficiency after heart transplan-

tation in the setting of chronic pulmonary hypertension.

Milrinone is both a positive inotrope and a pulmonary

vasodilator [12].

The earliest report of inhaled nitric oxide (NO) for the

management of right heart failure post-transplant was in

1993. Williams subsequently reported the successful

use in five patients, all of whom failed treatment with

nitroprusside and prostacyclin; all survived to hospital

discharge [49]. Kieler-Jensen and colleagues examined

the roles of sodium nitroprusside, prostacyclin, PGE1,

and NO on hemodynamics and right heart function

post-heart transplant. Systemic and pulmonary vascular

resistance were lowest with prostacyclin, but NO was the

only selective pulmonary vasodilator that resulted in

increased cardiac output and no change in systemic vas-

cular resistance [24].

Isoproterenol, a nonselective beta-agonist that is both

a positive inotrope and chronotrope also results in pul-

monary vasodilatation, making it a preferred choice for

an inotropic agent post-transplant. Alpha-agonists are

often needed to balance the peripheral vasodilatation

and resultant systemic hypotension related to the above-

mentioned vasodilatory drugs, the majority of which have

peripheral vasodilatory effects as well.

There are reports in the literature of successful

mechanical support for a failing right ventricle,

despite therapeutic maneuvers as outlined above and

Table 24.1 Approach to treatment of RV failure post-heart transplant

� Optimize coronary perfusion (systemic blood pressure)

� Inotropic support (dobutamine, isoproterenol, milrinone)

� Pulmonary vasodilators (reduce RV afterload - see below)

� Chronotropy (heart rate) – pacing, isoproterenol

� Reduce preload to distended and ischemic RV

� Limit fluid

� If systemic blood pressure/cardiac output does not respond to fluid admin (with increased RAP) would suggest that further volume
replacement is NOT warranted

� Reduce RV afterload – PVR

� 100% O2 (pulmonary dilation)

� pharmacologic vasodilation
& prostaglandins

� prostaglandin E1

� prostacyclin
& beta-sympathomimetics

� isoproterenol (nonselective beta-agonist)
� positive inotrope/chronotrope
� pulmonary and peripheral vasodilation

� dobutamine (beta-agonist)
& phosphorylase III inhibitors

� milrinone
& nitro compounds (nitroglycerin, sodium nitroprusside)
& alpha-adrenolitics (tolazoline, hydralazine)
& adenosine

� inhaled NO

� optimize LV function (see above)

� Optimize stroke volume: treat arrhythmias, ensure AV synchronous rhythm

� Ventilatory management

� Increased tidal volume, optimal PEEP

� Early extubation

� Intubated, ventilated, and sedated – paralyzed for severe elevation of PVR

� Mechanical assist

� RVAD

� Interarterial balloon pump

� ECMO
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in Table 24.1. Consideration must be given to choice of

device and optimal timing of insertion [38, 43, 45, 46].

24.8 Summary

Acute right heart dysfunction following heart transplan-

tation contributes significantly to post-transplant mortal-

ity. Most commonly, it results from a donor heart

impaired by the sequelae of brain death and ischemia-

reperfusion injury and not prepared for pulmonary

hypertension and increased pulmonary vascular resis-

tance in the recipient. The resultant right heart failures

manifests with signs of low cardiac output. There are

issues from both the donor and recipient perspectives.

The cardiac dysfunction that follows brain death is amen-

able to functional recovery, given appropriate manage-

ment, allowing for successful organ donation. With

regard to the recipient, it is clear that there are no thresh-

old hemodynamic values beyond which RV failure is

certain, and no values below which RV failure is avoid-

able. Therefore, it is up to each center to define guidelines

or make patient-specific decisions regarding eligibility for

heart transplantation. Management strategies have

evolved over time, but with a consistent goal of pulmon-

ary vasodilatation while maintaining systemic blood pres-

sure and coronary perfusion.
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Noninvasive Assessment of Right Ventricular
Contractile Performance 25

Michael Vogel and Manfred Vogt

25.1 Echocardiographic Assessment of RV
Function

Imaging of the right ventricle by b-mode echocardiography

has notoriously been difficult. In order to assess right

ventricular (RV) ejection fraction, the end-diastolic and

end-systolic volume need to be measured. As the RV

shape is very complex, none of the formulas to measure

RV volume and calculate RV ejection fraction from cross-

sectional (b-mode) images has stood the test of time [1].

With the advent of three-dimensional (3D) echocardiogra-

phy it has been possible accurately to calculate right ven-

tricular (RV) volumes. We have validated 3D echocardio-

graphic measurements of RV volume in vitro [2] and in vivo

[3] and have applied it clinically in patients with tetralogy

of Fallot [4]. Recent developments in 3D echocardiogra-

phy have made the method a lot less time consuming and

thus expanded its clinical applicability (Fig. 25.1). Unfor-

tunately RV ejection fraction is a poor index of ventricular

contractile function because it is very load dependent.

Loading conditions are abnormal or widely variable in

many patients with congenital heart defects, so the use of

any ejection-phase index to determine RV function in con-

genitally malformed hearts is questionable.

Simple alternative methods to assess RV function like

the myocardial performance (TEI) index may be applied

independent of RV shape but have similar limitations as

ejection fraction with regard to load dependency [5].

Furthermore, many patients with congenitally mal-

formed hearts have abnormal regional RV function on

top of a reduced global dysfunction.

Myocardial Doppler which is based on sampling

myocardial velocities anywhere along the ventricular

wall has the potential to (1) assess global function inde-

pendent of RV shape and (2) to assess regional wall

motion [6].

Doppler myocardial imaging (DMI)-derived peak sys-

tolic and diastolic velocities, strain and strain rate have

emerged as useful tools to quantify regional ventricular

function [6–8]. Their utility to assess global function is

limited, like most single-beat ejection-phase indices by

both pre- and afterload dependency [9, 10]. However,

they have greatly facilitated the assessment of regional

ventricular function [7] and have led to new clinical

insights [6]. For the assessment of global function, mea-

surements of myocardial contraction during the isovolu-

mic period are likely to be more robust than ejection

phase-based indices. One of the most common measured

isovolumic indices remains dP/dtmaxwhich can only be

assessed by invasive techniques [11]. Previous myocardial

Doppler studies have assessed myocardial velocities dur-

ing isovolumic contraction or so-called pre-ejection [12].

The peak myocardial velocity during isovolumic con-

traction, measured in the posterior wall of a short-axis

section, changed appropriately with m-mode-derived

ejection fraction changes during dobutamine infusion.

The lack of further pharmacologic manipulation with

negative intotropic drugs, a lack variation of pre- or after-

load, and the use of ejection fraction as the index of

contractility to which velocities were compared to make

interpretation of these data difficult.

Ten years ago, the acceleration of the endocardium

was measured using an accelerometer sensor mounted

on a pacemaker lead [13]. An almost linear increase of

endocardial acceleration during an infusion with dobu-

tamine was detected [13]. More importantly, these stu-

dies found that peak endocardial acceleration occurred

during isovolumic contraction rather than during the

ejection phase [14]. Recently, endocardial acceleration

assessment was also used to detect acute myocardial

ischemia during percutaneous transluminal coronary

angioplasty [15].
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Myocardial Doppler allows for noninvasive measure-

ment of acceleration during isovolumic contraction.

If the peak myocardial velocity is known, and temporal

resolution is adequate, the calculation of the accelera-

tion during isovolumic contraction (IVA) is straight-

forward (Fig. 25.2). This measurement has been tested

by our group in a variety of experimental and clinical

settings.

25.2 Validation of IVA as an Index
of Contractile Function

We used myocardial Doppler to measure the acceleration

of the myocardium during isovolumic contraction (IVA),

after we had noticed that the ventricular myocardial

velocity during isovolumic contraction increased more

markedly than the peak systolic velocity during dobuta-

mine stress evaluation of contractile reserve in adults with

congenital heart disease.

Subsequently we validated experimentally IVA as an

index of contractile function, comparing it to myocardial

acceleration, and velocities measured during the ejection

phase [16]. For the purpose of these experiments we chose

a 15–17 kg closed-chest pig model, which offered the best

compromise between good echocardiographic windows

and neck vessel diameters suitable for insertion of six and

seven French catheters. As the independent index of con-

tractility for comparison of DMI data, we used pressure–-

volume analysis, derived by conductance catheter, to mea-

sure endsystolic (Ees), andmaximal elastance (Emax) in the

LV and RV, respectively [17, 18]. Our studies confirmed

that small changes in contractile function during beta

blockade (esmolol) or beta-receptor stimulation (dobuta-

mine) can be detected by measuring IVA. Importantly,

changes in pre- and afterload in a physiological range did

not affect IVA, while the DMI-derived ejection phase

indices were all influenced significantly by these changes.

To some extent therefore ejection indices, such as peak

systolic velocities and strain or strain rate, offer little advan-

tage over ejection/shortening fraction in terms of assessing

ventricular performance. Conversely, IVA represents a

robust measurement of LV or RV contractile function

with a sensitivity approaching or exceeding those indices

traditionally measured using invasive techniques [19].

25.3 Clinical Validation of IVA to Assess
RV Function

We have applied IVA to the evaluation of myocardial

disease in right ventricular disease. In the clinical valida-

tion study, we addressed the important problem of eval-

uating contractile function in patients with amorphologic

right ventricle supporting the systemic circulation. In

patients with complete transposition of the great arteries

who have been treated with atrial redirection procedures,

such as the Mustard or the Senning operation, the right

ventricle remains the systemic ventricle. Some of these

patients develop systemic ventricular dysfunction as

early as the second or third decade of life. We assessed

the contractile reserve of the right ventricle supporting the

systemic circulation in 12 clinically well patients with

transposition of the great arteries and a Mustard or Sen-

ning operation. Under beta-receptor stimulation by

dobutamine (10 mcgs/kg/min for 10 min) we analyzed

conductance-catheter-derived pressure–volume relations,

to assess endsystolic elastance (Ees), and measured IVA

Fig. 25.1 3D reconstruction of the RV in patient with repaired
tetralogy. The RV endocardial border is manually traced in 3 dif-
ferent Echocardiographic planes (left side) and the computer calcu-
lates and reconstructs the volume (right side)

Fig. 25.2 Measurement of IVA (IsoVolumicAcceleration) from the
myocardial Doppler tracing. The mean acceleration is calculated
from themaximal velocity during isovolumic contraction divided by
the time from zero line crossing to peak velocity
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simultaneously. Both parameters of contractile function

increased significantly during beta stimulation, demon-

strating that IVA can detect changes in contractile func-

tion in the human [21]. There was a considerable variety in

the contractile reserve of the systemic RV in asympto-

matic patients with complete transposition of the great

arteries following the Mustard or Senning operation [21].

Patients with a good contractile reserve, that is, an

increase of IVA or Ees of 200% or more continued to

do well clinically, while among the four patients with little

change of IVA or Ees, one patient subsequently died,

one had to be listed for transplantation, and one was

transplanted successfully. In the future, assessment of

the contractile reserve may be used as additional clinical

information to predict long-term outcome.

After IVAwas validated in patients, the normal values of

IVA from infancy to adulthood in a database of 272 volun-

teers were established. IVA was measured in the basal,

midventricular, and apical segment of the RV, the ventricu-

lar septum, and the LV lateral wall. Our data demonstrate

that IVA, and therefore ventricular contractile function, is

age dependent in both ventricles. We found the highest IVA

in the second decade of life, that is, between ages 10 years

and 20 years, with a progressive decline of IVA in each

following decade. Thus, age-appropriate control values

have to be used in clinical studies. IVA is generally higher

in theRV than in theLV. This, in keepingwith experimental

data, shows that RV twitch velocities in vitro exceed those of

the LV. While establishing this database of normal values,

we also have assessed interobserver variability. The Bland–

Altman curves of limits of agreement between two observers

for measurement of IVA are very similar to those of mea-

surement of peak systolic velocities and other manually

measured echo-Doppler parameters.

25.4 Clinical Studies of IVA in Congenital
Heart Disease

Patients with tetralogy of Fallot have an excellent out-

come of initial surgical repair in the current area. How-

ever, pulmonary regurgitation as a common sequela of

surgical corrections leads to a progressive dilatation of the

right ventricle with subsequent right ventricular dysfunc-

tion, wall motion abnormalities, and abnormal electrical

de- and repolarization resulting in an increased risk of

sudden, unexpected, premature cardiac death [4, 22, 23].

We examined 124 patients with tetralogy of Fallot and

measured IVA, systolic myocardial velocities, and strain/

strain rate in the longitudinal axis of both the right and

left ventricle. IVA was lower in all tetralogy patients

compared to normals and correlated with the severity of

pulmonary regurgitation (PR), whereas systolic veloci-

ties, strain, and strain rate, while being abnormally low,

failed to correlate with severity of PR. Significantly,

patients with severe PR had a high incidence of tricuspid

regurgitation which by altering RV load makes it difficult

to apply load-dependent ejection phase indices and may

be an explanation for the fact that IVA and not myocar-

dial systolic velocities or strain detected a reduced con-

tractile function, especially in those patients with PR who

also had tricuspid regurgitation. Thus, the study in the

tetralogy patients demonstrates well the clinical need for a

less load-dependent index like IVA in patients in whom an

abnormal contractile function may be masked by signifi-

cant changes in loading conditions caused by severe atrio-

ventricular valve regurgitation.

In patients with thalassemia, we found a high number

of wall motion abnormalities in those patients who had an

abnormal iron loading diagnosed by magnetic resonance

imaging. Regional dysfunction in this patient group like-

wise affected global function and IVA was significantly

lower in those with abnormal than in those with normal

wall motion [24].

Atrial septal defect (ASD) closure by an Amplatzer

device results in acute volume unloading of the RV and

is a good clinical model to assess load dependency of

indices of ventricular function. Myocardial velocities

and IVA were measured before and immediately follow-

ing ASD closure in 39 patients in the cardiac catheteriza-

tion laboratory. While systolic-myocardial velocities in

the right ventricle fell immediately after ASD closure,

IVA remained unchanged, confirming our previous

experimental findings of a load independency of IVA in

a physiological range [25].

Pauliks et al. also assessed various myocardial

Doppler-derived functional parameters to test their abil-

ity to detect acute allograft rejection in 65 children follow-

ing heart transplantation. They found that of all tissue

Doppler-derived data, IVA was the most sensitive para-

meter to prospectively detect transplant rejection [26].

25.5 Measurement of IVA and Current
Limitations

When measured using the currently available software,

IVA is a measurement of the average rate of acceleration

during isovolumic contraction. The potential for online

measurement of peak IVA clearly exists, however. We

have also used the raw digital data available from system

fiVe (GE Vingmed) to derive an instantaneous peak

acceleration curve, which behaves in a similar way to the

manually measured average myocardial acceleration.
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Furthermore, using the Vivid seVen ultrasound scanner

(GE Vingmed) with inputted micromanometer ventricular

pressure recordings, we can compare the timing of IVA

and the ventricular pressure signal. In this way, we con-

firmed that IVA starts at the onset of ventricular-pressure

rise and reflects a very early systolic event (Fig. 25.3). This

observationmay partially explain the load independence of

IVA, the timing of which is occurring at a point of minimal

diastolic or systolic load.

We have predominantly assessed that contractile func-

tion in the longitudinal axis as the angle of interrogation of

theDoppler beam is not optimal in echocardiographic views

commonly used to assess radial function. The analysis of

longitudinal function may be superior to indices derived

from the LV short axis as longitudinal fibers start to shorten

before radial fibers and are the first to be affected by myo-

cardial ischemia. We have found that IVA is higher in the

basal segments and decreases with sampling toward the

apex in a similar fashion as DMI-derived myocardial velo-

cities. Thus, different ranges of normal values of IVA are

required for different segments of the heart when comparing

normal values to disease. As others, we usually assessed

function in the basal, midventricular, and apical segment

of the respective chamber placing the sample volume for

Doppler interrogation at the base of each of the three seg-

ments. Measurement of IVA has only become possible

because of the high frame rate achieved by currently avail-

able ultrasound technology. The duration of IVA is in the

range of 10–40 milliseconds (ms), thus even with the high

frame rates used in our studies (130–250 frames per second),

data were acquired only every 4–6 ms, that is, 2–10 frames

were acquired during isovolumic acceleration. With recent

hardware developments, such as Vivid seVen (GE

Vingmed), frame rates of up to 350 frames per second can

be achieved but the machine settings still require careful

adjustment with regard to depth and sector width to achieve

these very high frame rates. Like all Doppler measurements,

IVA, myocardial velocities, and the myocardial velocity-

derived one-dimensional strain are angle dependent. This

angle dependency is exemplified when comparing data

acquired by transthoracic echocardiogrphy to those

acquired by the transesophageal technique [27].While Blan-

d–Altman plots showed comparable data for both methods

in normally positioned hearts, we found significant differ-

ences in malpositioned hearts when the angle of Doppler

interrogation cannot be optimally aligned to the myocar-

dium [27]

25.6 2D Strain

To overcome this limitation of influence of insonation

angle on Doppler-derived myocardial acceleration and

velocities, the new method of two dimensional (2D) strain

has been developed. 2D strain is not angle dependent,

because it is not based on Doppler-derived data. Instead,

this technique is based on tracking of radiofrequency image

patterns. This allows for estimating the velocity vector. For

each pixel in the b-mode image, angle-independent velocity

estimation is performed by selecting a search pattern

around that pixel in one frame. The new technique has

Fig. 25.3 Simultaneous RV
pressure curve (light blue) and
myocardial Doppler tracing
(white). The onset of IVA is just
at the time of initial pressure
build-up before the pulmonary
valve opens
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recently been validated in tissue-mimicking phantoms [28],

in animal experiments [29], and in humans with normal

hearts [30]. From the 2D strain, data set myocardial velo-

cities can be derived, but unlike Doppler-based data

these derived velocities are completely angle independent.

Figure 25.4 demonstrates a 2D strain image of a right

ventricle acquired from a subcostal and four-chamber

view, both at a different angle. The myocardial velocities

and IVA derived from those data sets are virtually iden-

tical, although they have been obtained by completely

different methods. The fact that the velocity from the 2D

strain data set acquired in the subcostal view is identi-

cal to the Doppler-derived velocity in the apical four-

chamber view (at an optimal Doppler angle) is a proof of

the angle independency of 2D strain and indirectly vali-

dates this new method.

For patients with congenital disease measurement of

IVA and myocardial velocities either by Doppler inter-

rogation or RF signal-based 2D strain offers new insights

into RV contractile function and for the first time allows

assessment of systolic function independent of RV shape

and position.
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Acute Right Ventricular Failure 26

Steven M. Schwartz

Differences in anatomy and physiology between the right

ventricle (RV) and left ventricle (LV) can be vitally impor-

tant when treating the patient with acute heart failure.

Although the success of the Fontan operation for palliation

of single ventricle lesions in pediatric patients is an example

that pulmonary blood flow does not require a pulsatile

cardiac chamber to provide mechanical impetus, a failing

RV in a two-ventricle circulation places a burden on the

heart not present in the single ventricle circulation. Evidence

of this principle abounds: acute RV failure from right cor-

onary infarction, pulmonary embolus, pulmonary artery

hypertension, or secondary to LV failure is associated with

significantmortality [1–3]. Furthermore, failure to recognize

the presence of RV dysfunction as a cause of heart failure

and low cardiac-output risks neglecting essential aspects of

treatment, ormisapplication of therapy that while beneficial

for the failing LV may further impair the failing RV.

26.1 Pathophysiology of RV Failure

Understanding the basic geometry of the RV yields

insight into the way the RV adapts to various disease

states. Despite similarity to the LV in terms of functioning

as a blood pump, the RV is distinctly designed to serve as

a conduit from the right atrium to the pulmonary artery.

The compliance of the thin-walled chamber allows effec-

tive emptying of the right atrium during diastole, and

maintenance of low right atrial and central venous pres-

sure (CVP). Systole consists of contraction of the free wall

toward the septum fueled by transversely oriented fibers

within the anterior wall of the RV, and then twisting

of the septum; the consequence of spirally aligned fibers

in this part of the heart [4]. Compliance of the chamber

during systole prolongs and minimizes pressure rise [5].

One of the consequences of the geometric arrangement

of the ventricles is the way in which ventricular–ventricular

interactions develop as the RV dilates. In the short axis,

the LV is circular, reflective of a bullet shape in three

dimensions, whereas the RV forms a crescent around the

anterior surface of the heart. Both ventricles are constrained

by the pericardium, which puts a finite limit on the degree

to which ventricular dilation can be tolerated without an

accompanying rise in intracavitary diastolic pressure [6].

Given the normal shapes and relationships of the ventricles

with respect to one another, the ventricular septum is nor-

mally bowed toward the RV. When RV diastolic pressure

becomes higher than LV diastolic pressure, the ventricular

septum shifts toward the LV impairs LV filling, and raises

left atrial pressure. This puts an additional hemodynamic

burden on the already failing RV, since increased left atrial

pressureultimately increases the amount of pressure theRV

needs to generate for complete ejection. Although severe

dilation of the LV may impair RV filling [7], failure of the

LV alone is not usually accompanied by the same degree of

adverse effects on RV function and physiology because the

natural position of the ventricular septum is maintained,

and becausemaintaining a highCVP to ensureRV filling in

this situation does not increase afterload stress on the LV.

When RV failure occurs in the context of LV failure, RV

volume overload is an important cause of impaired cardiac

output.

In addition to the geometric differences between the RV

and LV, there are important physiologic differences as

well. The normal RV pressure–volume curve is triangular

in shape (Fig. 26.1) unlike the more rectangular LV pres-

sure–volume curve [8]. This difference is accounted for by

a relative lack of isovolumic contraction and relaxation

times in the RV. The normally low afterload of the RV

and the high compliance of the outflow portion of the
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ventricle allow ejection to begin almost instantaneously

after the onset of contraction and proceed through pres-

sure decline so that there is near complete emptying of the

ventricle by the end of systole and the ejection time of the

RV, thus spans the entire period of systole. An important

consequence of this relationship is that even small increases

in RV afterload begin to make the RV pressure–volume

curve begin to resemble the normal LV pressure–volume

curve, with isovolumic contraction and relaxation times

becoming more prominent [9] (Fig. 26.1). Ejection fraction

is reduced, although stroke volumemay bemaintained due

to RV dilation [10], and the thin-walled RV may handle

this new physiology quite poorly.

Increased RV afterload can also adversely affect RV

function because it impedes RV coronary blood flow.

Coronary flow to the RV occurs in both systole and

diastole, so that the flow pattern in the right coronary

artery resembles the flow pattern in the aorta (Fig. 26.2).

As RV pressure increases, RV coronary flow becomes

more like LV flow, occurring predominantly in diastole.

Since the pressure-loaded RV has increased oxygen

demands because of the need to generate more pressure

and the appearance of isovolumic contraction and relaxa-

tion times, there is further impairment of RV function.

This can lead to low cardiac output, which in turn leads to

hypotension, further decreasing coronary perfusion pres-

sure. The combination of pulmonary artery hypertension

and systemic hypotension can therefore have an addi-

tively detrimental effect on perfusion of the RV muscle.

These aspects of RV anatomy and physiology may

explain why sudden changes in loading conditions like

pulmonary artery hypertensive crises or acute contractile

dysfunction can result in life-threatening compromise of

cardiac output. When an afterload stress is placed on the

RV, the alterations in contractile performance and perfu-

sion lead to acute ventricular dilatation and regurgitation of

the tricuspid valve. Tricuspid insufficiency places a further

volume stress on the RV and limits antegrade flow which is

ultimately the source of LV inflow and thus cardiac output.

The decrease in LV filling and output, coupled with incre-

asing RV dilatation exacerbates unfavorable ventricular

interactions. A vicious cycle develops in which pressure

and volume stresses on theRVbecomes greater and greater,

and RV function becomes more and more compromised as

the cardiac output declines. Cardiovascular collapse rapidly

ensues unless effective intervention is instituted.

26.2 Recognition of Acute RV Failure

Since treatment of acute heart failure is often about treating

low cardiac output more so than it is about specific heart-

failure therapy, and because there are no RV-specific

inotropic agents, the distinction between acute RV failure

and acute LV failure may seem somewhat academic.

Because effective treatment of acute RV failure often

Fig. 26.2 Coronary flow patterns in the right and left ventricles.
Coronary flow in the left ventricle (upper tracing) occurs predomi-
nantly in diastole. In contrast, coronary flow in the lower-pressure
right ventricle occurs mostly in systole. RV ¼ right ventricle; LV ¼
left ventricle

Fig. 26.1 Schemetic pressure–volume loops from the normal right
ventricle and hypertensive right ventricle. Note how the shape
chauges from a trapezoidal or triangular shape to a square or
rectangular shape. Coincidentally the area subtended by the loop
(reflecting stroke work) increases
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requires treatment of the precipitating cause and because

certain strategies commonly used for the treatment of low

cardiac output affect the RV and LV differently, distin-

guishing acute RV failure from acute LV failure is of

significant clinical importance.

Proper recognition of acute RV failure as the cause of

low cardiac output depends on identification of certain

characteristic hemodynamic patterns and a high index of

clinical suspicion. Two of the most common scenarios in

which acute RV failure occurs in the adult population,

pulmonary embolus and right coronary artery infarction,

are rare in the pediatric population. The association of

pulmonary hypertension and RV failure with acute lung

injury is frequently considered, but is rare in pediatric

practice. The most common cause of acute RV failure

in pediatric patients is pulmonary artery hypertension,

most often as a consequence of congenital heart disease,

and most commonly presenting surgery involving car-

diopulmonary bypass. There are two specific aspects of

congenital heart repairs that make sudden increases in

pulmonary vascular resistance likely to occur in the

early postoperative period. The first is that these types

of repairs often involve septation of the atria or ventricles

and therefore diminish or eliminate the possibility of

right-to-left shunting of blood as a response to a sudden

rise in pulmonary vascular resistance. Instead, RV failure

and low cardiac output become manifest. The second

reason that pulmonary hypertensive events are more

likely to occur in the immediate postoperative period is

that injury of the pulmonary endothelium occurs during

cardiopulmonary bypass. The pulmonary endothelium

receives its nutritive blood flow from the pulmonary cir-

culation. During bypass, this circulation is absent, even

though the rest of the body, including the bronchial

arteries, is well perfused. Following bypass, the ability

of the endothelium to regulate the production of nitric

oxide and endothelin is deranged, and pulmonary vaso-

constriction is often the result [11, 12].

Acute RV failure should thus be considered as a poten-

tial cause of low cardiac output in at-risk patients. Spe-

cific predisposing factors for postoperative pulmonary

hypertension include high preoperative resistance from a

long-standing ventricular or great artery level left-to-right

shunt, mitral valve disease, or left ventricular failure with

left atrial hypertension. Operations that tend to be asso-

ciated with these risk factors include repair of truncus

arteriosus, repair of aortopulmonary window, repair of

cor-triatriatum, mitral valve repair or replacement (parti-

cularly for mitral stenosis), or cardiac transplantation.

Ventricular septal defect where there is preexisting pul-

monary vascular disease or atrioventricular canal repair

in patients with Trisomy 21 can also be associated with

postoperative pulmonary hypertension. Neonates

undergoing repair or palliation using cardiopulmonary

bypass are also potentially at increased risk because of

the vasoactive capacity of the neonatal pulmonary

vasculature.

Acute RV failure can also occur in the setting of long-

standing LV failure because of severe LV dilation, devel-

opment of associated pulmonary hypertension secondary

to left atrial hypertension, or simply because of diffuse

cardiac muscle disease that affects the RV and LV simul-

taneously. Acute RV failure should be considered in

patients with chronic LV failure who experience a sudden

decompensation not accounted for by changes in LV

function. Echocardiographic assessment of RV pressure

and clinical testing of therapy designed to lower pulmon-

ary resistance may be necessary to identify this problem.

Perhaps the most common finding in low cardiac out-

put secondary to acute RV failure is a high CVP. Elevated

CVP is not specific for RV failure, since LV failure with

severe dilatation or very-high left atrial pressure can also

cause a rise in CVP. Nevertheless, a low CVPmakes acute

RV failure very unlikely. When there is low cardiac out-

put and concomitant evidence of elevated pulmonary

artery pressure out of proportion to the degree of left

atrial hypertension (when present), it is strongly sugges-

tive of RV failure as a contributing cause for the low

cardiac output. It should be noted that the onset of a

pulmonary hypertensive event may not be heralded by

an acute rise in pulmonary artery pressure. The most

apparent hemodynamic eventmay be decrease in systemic

arterial pressure with no change in pulmonary artery

pressure. This phenomenon occurs because cardiac out-

put decreases as pulmonary resistance increases. The

increased resistance maintains pulmonary artery pressure

despite the decrease in blood flow, but lack of systemic

vasoconstriction to the same degree results in systemic

hypotension. In other words, when monitoring pulmon-

ary artery pressure in a patient at risk for a pulmonary

hypertensive event, one must look at changes in the ratio

of pulmonary artery to systemic artery pressure. An

increase in this ratio in the setting of signs of a decrease

in cardiac output should be considered the result of an

acute increase in pulmonary resistance and failure of

the RV.

When RV failure occurs in the presence of a residual

atrial or ventricular communication, cardiac output is

often preserved albeit at the expense of systemic satura-

tion. It is important to understand that atrial level shunts

are driven by the relative compliance of the two ventricles.

Therefore, increases in pulmonary artery pressure will not

lead to a right-to-left atrial shunt until the degree of RV

failure is such that RV end-diastolic pressure becomes

higher than LV end-diastolic pressure. A ventricular

level shunt, on the other hand, will present with cyanosis
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when the RV systolic pressure exceeds LV systolic pres-

sure. In the event that the communication is not restrictive

to pressure, the relative ventricular compliance (atrial

shunt) or vascular resistance (ventricular shunt) will

determine the direction of blood flow. When there are

no patent atrial or ventricular communications, there is

no opportunity for a right-to-left shunt to preserve car-

diac output. If the RV is not well prepared to handle the

hemodynamic effects of pulmonary vasoconstriction, or

whenRV filling is impeded by diastolic dysfunction, acute

RV failure, and low cardiac output ensue, usually without

associated cyanosis unless there is coexisting lung disease

or ventilation–perfusion mismatch.

Bedside diagnosis of acute RV failure can be aided by

assessing the response to relatively simple maneuvers

designed to treat RV failure or its underlying causes. In

the pediatric population this generally means using hyper-

ventilation, 100% oxygen, and/or nitric oxide to acutely

lower pulmonary resistance. When this is effective, the

improvement in hemodynamics can be almost immediate

[13, 14], with a decrease in CVP and pulmonary artery

pressure and/or rise in systemic arterial pressure and even

the acute appearance of urine output in a previously

oliguric or anuric patient. Nitric oxide can also effectively

prevent further pulmonary hypertensive events [15],

although currently cost makes prophylactic use of the

drug prohibitive except in the highest-risk circumstances.

When there is doubt as to the contribution of RV failure

or the need to apply specific therapy to treat the causes of

acute RV failure, further modes of investigation are

needed. Specifically, echocardiography and/or cardiac

catheterization may be necessary.

26.3 Treatment of Acute RV Failure

Once there is recognition that a patient has acute RV

failure, treatment must be directed at the underlying

cause, and cardiovascular and respiratory support must

be adjusted insofar as possible so that RV preload is

optimized, afterload is minimized, and contractility is

enhanced. This may require departures from the

approach normally used to treat acute LV failure, so

that biventricular disease with an important component

of RV failure (cardiomyopathy with pulmonary hyper-

tension, for example) requires frequent reassessment to

verify improvement in RV function has not been accom-

panied by reduction in LV function.

One of the most important ways in which treatment of

low cardiac output due to RV failure differs from treat-

ment of low cardiac output caused by LV failure is in the

way in which positive-pressure mechanical ventilation

affects ventricular loading. Ventricular-wall tension is

determined by the law of Laplace, which states that ten-

sion ¼ (pressure � radius)/(2 � wall thickness). Pressure

in this equation refers to the ventricular transmural pres-

sure, which is intracavitary pressure minus intrathoracic

pressure. As intrathoracic pressure increases, ventricular

transmural pressure, and thus wall tension decreases so

long as intracavitary pressure does not increase even

more. When intrathoracic pressure is changed from nega-

tive to positive, LV intracavitary pressure remains

unchanged, or it may even decrease due to changes in

circulating catecholamines, diminished work of breathing

and sedation. The net effect on LV transmural pressure,

and thus wall stress, is often a significant reduction. This

is one of the underpinnings for the use of positive pressure

ventilation in the treatment of cardiogenic shock. The

transition from negative-pressure to positive-pressure

ventilation has a more complex effect on the RV. Positive

pressure still increases intrathoracic pressure, which

would, in the absence of any other hemodynamic change,

reduce afterload. The important aspect of the introduc-

tion of positive airway pressure with regard to RV after-

load, however, is that positive-pressure ventilation can

increase intracavitary pressure. The important principles

governing the relationship of airway pressure to RV after-

load are that pulmonary vascular resistance accounts for

a substantial part of the afterload on the RV, and that the

lowest pulmonary resistance occurs at functional residual

capacity. When the lungs are relatively healthy, and pul-

monary compliance is normal, positive pressure applied

to the airways is easily transmitted to the pulmonary

vasculature, raising effective pulmonary vascular resis-

tance and increasing afterload on the RV. Clinically,

this can occur when a person with normal lung compli-

ance is placed on positive-pressure ventilation with any-

thing more than minimal pressure. When there is lung

disease, the relationship between airway pressure and

pulmonary vascular resistance is muddied, with lung

volume becoming the important intermediary. When the

airway pressure is high enough to cause over-distention of

the lungs, or of large lung segments, pulmonary resistance

and RV afterload will be increased. On the other hand,

low lung volume can also increase RV afterload by indu-

cing atelectasis and collapse of pulmonary vessels, and

can further increase pulmonary resistance because of

hypoxia and ventilation–perfusion mismatch. Thus, it is

apparent that using positive-pressure mechanical ventila-

tion in the context of a failing RV is governed by the effect

of positive-pressure ventilation on the RV, which requires

one to have a sense of whether or not the lung compliance

and pulmonary parenchyma are normal. Frequent reas-

sessment of lung volume and clinical correlation of dif-

ferent ventilator settings with indicators of cardiac
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output, systemic perfusion, and oxygen delivery are often

necessary.

Volume status is another aspect of management of low

cardiac output that is both vitally important and poten-

tially hazardous in the presence of a failing RV. Although

much of this chapter has dealt with the issue of systolic

RV failure, the most commonly encountered type of RV

failure in pediatrics is RV diastolic failure. This is char-

acterized by the presence of restrictive RV physiology in

which the RV is preload dependent and maintenance of

cardiac output may require a supranormal CVP [16, 17].

Because hydrostatic forces favor third spacing of fluids

when the CVP is high, administration of large amounts of

intravenous fluids becomes necessary to maintain the

CVP and cardiac output. Third-space losses then contri-

bute to accumulation of peripheral edema, ascites, and

pleural effusions [16]. Unless the peritoneal and thoracic

cavities are well drained, extravascular fluid collections

can impair maintenance of appropriate lung volumes, and

thus impart a deleterious effect on oxygenation and ven-

tilation. Hypoxia and respiratory acidosis combined with

atelectasis from compression of lung tissue by pleural

fluid or limited excursion of the diaphragm can raise

pulmonary vascular resistance and place an additional

afterload stress on the already struggling RV. Further-

more, the dilated, high-pressure RV can impair LV effi-

ciency via ventricular–ventricular interactions. Renal

blood flow may be compromised as a consequence of

increasing intraperitoneal pressure, leading to decreased

renal perfusion pressure, oliguria, and inability tomanage

fluid balance. Essential to any strategy designed to break

this cycle of high CVP, third-space fluid losses, and low

cardiac output with impending respiratory and renal fail-

ure is that the RV must be able to fill and provide cardiac

output at a more physiologic pressure. Creation of an

ASD when one does not exist may allow maintenance of

LV filling via a right-to-left atrial shunt, and also decrease

the amount of volume that the RV needs to handle.

Drainage of pleural and peritoneal spaces can help main-

tain oxygenation and ventilation at appropriately low

airway pressure and also maintain renal perfusion. The

use of negative-pressure ventilation may have very favor-

able hemodynamic effects [18, 19]. Postoperative patients

may benefit from delayed sternal closure or reopening of

the sternotomy in the critical care unit. Since the RV is the

anterior ventricle, this maneuver can allow the RV to

expand beyond the plane of the sternum and thus effec-

tively improve compliance. Delayed sternal closure is

most likely to be effective; therefore, in situations where

high RV-filling pressure is partly driven by a dilated and

dysfunctional RV rather than a small and hypertrophied

RV since the latter is less likely to be compressed by the

anterior chest wall.

When RV systolic function is poor, it is important to

maintain a low CVP. In pediatric practice, the relative

frequency of RV diastolic failure requiring volume load-

ing often leads to the erroneous belief that volume loading

is the appropriate strategy for RV systolic failure as well.

This problem may be compounded because clinical pre-

sentations of RV systolic and diastolic failure are quite

similar. History, underlying disease state, and echocar-

diography may be required to differentiate these entities,

but the distinction is vital to institution of appropriate

fluid management. When RV contractility is compro-

mised, high CVP impedes, rather than enhances cardiac

output, and the adverse effects of high RV-filling pressure

on cardiac output that occur even in normal hearts are

magnified. Acute volume unloading to relieve a high CVP

can occasionally improve cardiac output rather rapidly.

Although not well described in the literature, anecdotal

experience suggests that removal of aliquots of 2–3 ml/kg

of blood at a time, accompanied by close monitoring of

blood pressure and clinical indicators of cardiac output

can sometimes lower CVP and simultaneously increase

cardiac output. Again, maintaining low afterload on the

RV is crucial and can be accomplished by minimizing

ventilator pressure, maintaining functional residual capa-

city at end expiration and imaging to rule out any residual

anatomic RV outflow obstruction.

Because of the importance of systolic coronary blood

flow for perfusion of the RV, maintenance of systolic

blood pressure is important in RV failure. Unfortunately,

increased systemic resistance and blood pressure adds

afterload to the LV, so that this principle may not be

realistically applicable when the contractility of both ven-

tricles is more or less equally impaired. Nevertheless,

when the situation suggests that the underlying cause of

low cardiac output is RV failure, and restoration of RV

function might improve LV output as well, use of alpha-

adrenergic agonists or other vasoconstricting agents, such

as vasopressin, may be beneficial. Since RV failure in

pediatrics is often seen after relief of RV-outflow obstruc-

tion, it is important to determine if the substrate for

dynamic obstruction remains postoperatively. In the

event that there is still significant subpulmonary muscle,

use of vasoactive drugs with beta-adrenergic activity may

worsen the situation. When there is no concern regarding

the RV outflow tract, use of beta-adrenergic agonists can

acutely enhance RV function and relieve symptoms of low

cardiac output, just as in LV failure. Milrinone and levo-

simendan have nonselective pulmonary vasodilating

properties [20, 21]. Dobutamine, and more so epinephr-

ine, also show benefit in animal models of right-heart

failure [22]. Although there have not been studies of the

long-term effects of beta-adrenergic stimulation in RV

failure, it is reasonable to assume that they have the
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same detrimental effects as is seen in LV failure. As such,

limitation of the drugs to the symptomatic patient or

those with transient RV failure (such as, after repair of

congenital heart disease) is probably wise.

Many studies have shown that the development of

acute RV failure in the setting of preexisting LV failure

is associated with a particularly poor prognosis and must

be treated aggressively. RV ejection fraction is an inde-

pendent predictor of survival or need for transplant in

patients with established LV failure [23–25]. Even after

implantation of an LV-assist device, RV dysfunction can

remain an important problem that, without treatment,

can limit survival to transplant [26, 27]. When there is

evidence of restrictive filling in the LV, acute RV volume

unloading improves LV diastolic function and cardiac

output [28, 29]. Use of pulmonary vasodilators in this

situation should be undertaken, recognizing the possibi-

lity of acute pulmonary edema in the event that pulmon-

ary resistance is decreased without any relief of left atrial

hypertension [30, 31]. Nevertheless, pulmonary vasodila-

tors can improve cardiac output and heart-failure symp-

toms in some patients [32].

When medical support of the patient with acute RV

failure is ineffective, mechanical circulatory support may

be used. Although there are a variety of devices and

techniques for supporting the failing LV, some may be

better than others for the failing RV. The most commonly

used type of mechanical support for acute RV failure has

been the right ventricular-assist device, frequently

employed in post-transplant RV failure [33, 34]. Although

this technique is effective, more recent data suggests that

biventricular support with extracorporeal membrane

oxygenation may be more effective than right ventricular

assist device alone [35], although conclusions from this

study are limited by the use of historical rather than

contemporary controls. Interestingly, in a porcine model

of ischemic RV failure, use of an intra-aortic balloon

pump was associated with a marked increase in stroke

volume [36]. These results emphasize the importance of

restoration of coronary flow in improving RV systolic

performance. The degree to which this might be applic-

able to pediatric practice is unclear.

In addition to mechanical devices, there are also surgi-

cal/interventional options for patients with chronic RV

failure but preserved RV function. Creation of an atrial

septal defect can allow for decompression of the right

heart and adequate filling of the left, albeit at the cost of

systemic saturation. This principle is commonly taken

advantage of in pediatric patients in that when postopera-

tive RV dysfunction is expected, it is usual to leave the

foramen ovale patent at the time of surgery. There is also

a report of the creation of a bidirectional cavopulmonary

anastamosis for acute RV failure following myocardial

infarction in an adult [37]. This practice is also used in

pediatrics for the patient with a small but not miniscule

RV when a bidirectional cavopulmonary anastamosis is

combined with closure of the atrial septal defect in the

so-called ‘‘one and a half ventricle’’ repair.

26.4 Conclusion

Acute RV failure must be distinguished from LV failure

because of important differences between the ventricles in

terms of geometry, physiology, coronary flow, and the

differential effects of commonmodes of therapy. Further-

more, RV failure often has a specific inciting cause that

may be amenable to treatment. Positive-pressure mechan-

ical ventilation and volume loading of the RV must be

repeatedly and critically assessed. In general, these are

treatment modalities where less is better in the setting of

acute systolic RV failure. When a patient with RV failure

has a simultaneously failing LV, consideration should be

given as to whether or not volume unloading, decrease in

mechanical ventilatory support, or increased systemic

blood pressure via systemic vasoconstriction will result

in improved RV function, geometrically beneficial ventri-

cular–ventricular interactions, and ultimately improved

cardiac output and oxygen delivery. Mechanical support,

either univentricular or biventricular, may allow time to

obtain resolution of the underlying impetus for RV failure

and can result in a favorable outcome.
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The Subpulmonary Right Ventricle in Chronic Left
Ventricular Failure 27

Paul F. Kantor

27.1 Heart Failure as a Biventricular Disease

The clinical recognition of right ventricular dysfunction

as a part of the syndrome of heart failure dates to the

Hippocratic writings of the third century BC, where the

description ‘‘The abdomen fills with water, the feet and

legs swell, the shoulders, clavicles, chest and thighs melt

away’’ first appears. Numerous early classical physicians

[1] went on to contribute to the understanding of heart

failure as a biventricular phenomenon, including Ara-

taeus of Capadoccia (describing Cor pulmonale), Galen

(who nevertheless failed to recognize the existence of the

pulmonary circulation), and Ibn an-Nafis , a physician in

Cairo writing in the twelfth century (who did recognize it)

[2]. Eventually in 1669, Lower [3] formulated a definition

of heart failure, and in 1674 Mayow [4] observed that

mitral stenosis appeared to obstruct blood flow through

the lungs, with the result that the right ventricle became

dilated. In 1832, James Hope proposed the backward fail-

ure hypothesis [5] to account for the hydropic conse-

quences of heart failure, stating that ‘‘when a ventricle

fails to empty its contents, blood accumulates, and pres-

sure rises in that ventricle and in the venous system emp-

tying into it’’. Much later still, early in the twentieth

century, Mackenzie [6] proposed the ‘‘forward-failure’’

hypothesis emphasizing systemic and renal underperfu-

sion as a feature of heart failure.

Given this historical recognition, has the phenomenon

of right ventricular dysfunction following upon left ven-

tricular failure been described in the modern era? Direct

hemodynamic measurements of patients with advanced

left heart failure reveal that right atrial pressure (and

therefore right ventricular-filling pressure) is significantly

elevated [7]. Importantly there is also a direct relationship

between right atrial and pulmonary capillary wedge

pressures in these patients. Furthermore, there is good

evidence of right ventricular remodeling occurring as a

consequence of isolated disease of the left ventricle. This

was described by Hirose et al. [8] who performed serial

electron beam CT scans of asymptomatic patients follow-

ing angiographically proven left ventricular anterior wall

infarction. The authors demonstrated a progressive incre-

ment in both left and right ventricular volumes after the

index event, apparently related to altered filling rates of

both of the ventricles, and unrelated to changes in intrin-

sic systolic contractile function of the left ventricle.

Subsequent studies have detailed the presence of

altered right ventricular and central hemodynamics, as

well as diminished right ventricular contractile function

in chronic left ventricular failure: Spinarova et al. [9]

described the difference between patients with sympto-

matic left ventricular failure with diminished right ventri-

cular function (quantified by tricuspid annular velocity)

versus those with only left ventricular dysfunction. It was

evident that those patients with diminished right ventri-

cular function also had abnormal loading of the right

ventricle, with higher filling pressures, higher pulmonary

vascular resistance, and evidence of right ventricular

remodeling, despite having a similar left ventricular ejec-

tion fraction to those with isolated LV dysfunction. This

implies that altered loading conditions may result in right

ventricular dysfunction in some, but not all patients with

left ventricular failure.

27.2 The Importance of RV Dysfunction
in Heart Failure

What then is the relevance of right ventricular dysfunction

in the presence of left ventricular failure? DiSalvo [10] has

shown retrospectively by multivariate analysis, that in

patients with advanced left ventricular failure, right ven-

tricular function during exercise (as determined by
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radionuclide angiography) was able to predict survival

over a period of 3 years following transplant listing. In

this series of 65 patients, right ventricular ejection fraction

(RVEF) of greater than 35% at exercise was the only

independent predictor of event-free survival by a propor-

tional hazards analysis. In contrast, more recognized

indices of cardiac function, like resting cardiac index, max-

imal oxygen consumption, left ventricular ejection fraction

(LVEF) at rest, or incremental increase in left or right

ejection fraction by >5% on exercise were not predictive

of survival on univariate or multivariate analysis.

In a subsequent prospective series of 205 patients with

moderate symptomatic heart failure, DeGroote and

co-authors [11] noted that an RVEF of <25% was highly

predictive of a lower event-free survival (59%) over a

median follow-up duration of 2 years, as compared to

equivalent patients with better-preserved right ventricular

function. More recently, others have demonstrated that

both load-dependent (tricuspid annulus velocity), and

load-independent (isovolumic acceleration) myocardial

Doppler indices of right ventricular function appear to

be predictive of survival in patients with chronic stable left

ventricular failure [12].

It would appear from these data that a case can be

made both for the existence and the relevance of right

ventricular failure occurring secondarily to left ventricu-

lar dysfunction. Does this secondary right ventricular

dysfunction represent a form of left–right ventricular–-

ventricular interaction?

27.3 Ventricular Interaction in Heart Failure

Ventricular interaction, as described originally in 1910 by

Bernheim [13], was a theory purporting that pathologic

left ventricular hypertrophy and failure might result in a

reduction in right ventricular diastolic function. In 1914,

Henderson and Prince later noted that progressive right

ventricular pressure and volume loading could also result

in diminished left ventricular ejection partly attributed to

pericardial constraint [14]. Thus the concept of ventricu-

lar interaction has long been appreciated, especially in the

context of heart failure. A concise definition of ventricu-

lar interaction, articulated by Santamore would be

‘‘forces transmitted from one ventricle to the other ven-

tricle through themyocardium and pericardium, indepen-

dent of neural, humoral and circulatory effects’’ [15]. In

this respect, one should confine the concept to those

effects that occur by direct transmural (i.e., septal) force

transmission or volume displacement, rather than series

effects of altered pulmonary vascular resistance and pres-

sure or volume loading of the right ventricle.

Diastolic ventricular interaction has been well

described in open-chest experimental models perhaps

most elegantly by Weber and colleagues [16], wherein an

increase in ventricular pressure results in diastolic septal

shift with altered diastolic pressure and filling-volume

relationship for the contralateral ventricle. Hence, a

supraphysiologic rise in right-sided venous return should

result in a corresponding decrease in left-sided filling

volume and an increase in left-sided filling pressures in

vivo. While this effect is immediate and reflected by trans-

septal pressure and septal position in experimental mod-

els [17], the threshold for its occurrence in clinical heart

failure with an intact pericardium was unclear.

In the clinical setting, most hemodynamic data are

acquired in the context of advanced heart failure, fre-

quently at pretransplant assessment [7]. There is clearly

an association between elevated left ventricular and ele-

vated right ventricular filling pressures, and a reduction in

systemic venous return (following diuretic therapy)

results in improved symptoms, and perhaps in an

improved pressure–volume relation, for both ventricles.

Atherton and colleagues [18] have studied patients

with stable chronic heart failure, and an ejection fraction

of less than 35%. The authors demonstrated that the

application of lower body suction (�30 mmHg) for

5 min resulted in an expected decrease in right ventricular

diastolic volume, and small but significant increase in left

ventricular end-diastolic volume, (which did not occur in

control patients) with no change in atrial filling pressures

(Fig. 27.1). Subsequently, Bleasdale and colleagues [19]

have demonstrated that the immediate effect of inferior

caval vein occlusion in spontaneously breathing patients

Fig. 27.1 Schematic representation of changes in ventricular
volumes that occur during acute volume unloading such as that
produced by application of lower-body suction A: Normal indivi-
duals. B: Direct diastolic ventricular interaction in heart failure
patients with pericardial constraint. RV = right ventricle; LV =
left ventricle.
Adapted from [18]
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with heart failure is an immediate increment in left ven-

tricular volume for the same filling pressure (Fig. 27.2)

27.4 When and How Does Clinically
Relevant Left–Right Ventricular
Interaction Result?

There is clear evidence that the volume status of the right

ventricle has become a liability to the patients described

above. It is not clear, however, whether this volume load-

ing of the right ventricle has occurred by virtue of the

chronic fluid retention seen in left ventricular failure, or

whether right ventricular remodeling and dysfunction has

in fact occurred as a direct myofiber or interventricular

effect of a failing left ventricle on the susceptible right

ventricle.

If one examines the situation of isolated, asympto-

matic left ventricular diastolic dysfunction, as occurs in

patients with left ventricular hypertrophy due to systemic

hypertension, one finds that there are indeed subtle direct

effects of the left ventricle on right ventricular diastolic

function [20, 21]. In these patients, diastolic-filling

indices, and longitudinal diastolic tissue velocity of the

right ventricle closely mirror those of the left ventricle,

with similar (albeit load-dependent) features of delayed

relaxation. In the situation of established systolic dys-

function, it is clear from several cross-sectional studies

[9–12] that right ventricular function is significantly

impaired in a sizeable proportion if not a majority of

adult patients with chronic heart failure. The following

factors have been identified as being relevant to the patho-

genesis of secondary right ventricular failure in these (pre-

dominantly adult) populations. Figure 27.3A–E indicates a

theoretical construct of ventricular pressures, septal posi-

tions, and empirical ventricular interactions in various

phenotypes of heart failure.

27.5 Pressure Overload of the Right Ventricle

Increased right ventricular afterload results in right ven-

tricular hypertrophy, which is traditionally considered to

be compensatory and beneficial to the maintenance of

normal ventricular systolic wall stress. However, in

humans with idiopathic pulmonary hypertension [22],

there is a substantial rise in right ventricular wall stress,

regardless of the degree of compensatory hypertrophy

attained (Fig. 27.3B). Furthermore there is a close inverse

relationship between right ventricular ejection fraction,

and right ventricular wall stress, demonstrating that dete-

riorating right ventricular function in the face of increased

afterload is inevitable.

In the case of chronic left ventricular failure, as reported

by Ghio et al. in a large single-center experience of adult

patients with congestive heart failure of mixed etiology

[23], an elevated pulmonary arterial pressure (mean >

20 mmHg) was demonstrated in approximately 60%. A

close correlation was evident between themean pulmonary

arterial and the pulmonary capillary wedge pressures in

these patients (r=0.8). Also, a reasonable inverse correla-

tion was found between mean pulmonary arterial pressure

and right ventricular ejection fraction (RVEF). In this, and

other studies, mortality was by far the highest in patients

with both low RVEF, and an elevated pulmonary arterial

pressure suggesting that these two variables together may

be a good indicator of end-stage left ventricular failure.

Drazner and co-workers have demonstrated similar find-

ings in an even larger multicenter study of patients during

assessment for possible cardiac transplant [7]. In 1,000

adult patients who underwent right heart catheterization,

the following data emerged: systolic pulmonary arterial

pressurewas elevated (mean of 52+16mmHg) and varied

in direct proportion to the pulmonary capillary wedge

pressure (r = 0.79). This suggested that elevated right-

sided systolic pressure was determined primarily by left-

sided filling pressure, and not by the presence of

Fig. 27.2 An example of instantaneous end-diastolic pressure-
volume measurements during IVC occlusion of a patient with sig-
nificant external (i.e., right ventricular) constraint. This acute reduc-
tion in RV volume removes external constraint to LV filling from the
RV and pericardium. ‘‘During this intervention, the LVEDP is pro-
gressively reduced over several beats. For each beat, the relation
between LVEDP and LVEDV was assessed. In the absence of exter-
nal constraint, IVC occlusion gradually reduces both LVEDP and
LVEDV, with the values progressing downward and leftward along a
single end-diastolic pressure–volume relation. In contrast, in severe
heart failure, when marked external constraint is present, LVEDV
initially (for a few beats) increases as LVEDP falls. Only after the
external constraint has been removed do the pressure–volume values
move down and to the left. Number markers represent successive
beats after IVC occlusion.’’
Adapted from [19]
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parenchymal lung disease. As would be expected, these

patients also had elevated right-sided preload, with right

atrial filling pressures of 12 – 7 mmHg (Fig. 27.3D). Inter-

estingly, the concordance rate of elevated right atrial with

elevated pulmonarywedge pressurewas around 80%, right

ventricular ejection fractionwas not, however, measured in

this study.

Acquired restrictive physiology of the left ventricle is not

uncommon in adult populations, where it may occur in the

context of amyloidosis, hemochromatosis, and other sys-

temic conditions. Primary (sarcomeric origin) restrictive

cardiomyopathy is an uncommon disease more frequently

noted in children or young adults. However, in both cases, a

chronic and severe elevation of LV end-diastolic pressure

Fig. 27.3 Illustrations of recognizable patterns of biventricular
failure with important ventricular–ventricular interactions. A. nor-
mal: neutral position of atrial septum, ellipsoid left ventrical, and
trapezoid right ventricle. B. right ventricular pressure overload as a
result of pulmonary: hypertension. Dilated and hypertrophied right
ventricle, compromising left ventricular diastolic filling. C. Primary
restrictive cardiomyopathy with massive dilation of the left atrium,
and secondary compromise of right ventricular systolic function.D.
Dilated cardiomyopathy with predominant left ventricular involve-
ment. Left ventricular remodeling has occurred, and ventricular

septal position is neutral, revealing early equalization of transseptal
diastolic pressure. Right ventricular function is preserved. E.
Advanced dilated cardiomyopathy: left ventricular systolic function
is severely compromised. Right ventricular filling pressure and sys-
tolic pressure are significantly elevated, and right ventricular remo-
deling has occurred through several possible mechanisms (see text).
Left ventricular filling is also compromised by external constraint
from the right ventricle, with associated left bundle branch block
distorting septal position
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results in the restriction of late diastolic mitral inflow, with

LA dilatation and chronic pulmonary venous hypertension.

While such patients frequently have a pulmonary capillary

wedge pressure in the range of 25–30 mmHg, they infre-

quently demonstrate any fixed elevation of pulmonary vas-

cular resistance. Nonetheless, PA and RV pressure is fre-

quently elevated, and over a number of years RV dilatation

and systolic dysfunction can be demonstrated (Fig. 27.3C).

An ominous sign in such patients is the progressive elevation

of RV diastolic pressure, and clinical features of RV dys-

function, including pleural effusions and ascites. Throm-

boembolic complications and arrhythmic sudden death are

also well-recognized clinical sequelae in this context, but the

contribution of the RV to these events is unclear.

27.6 Volume Overload of the Right Ventricle

It has been noted that the prognosis for patients with

heart failure is worse if both ventricles are congruently

dilated (Fig. 27.3E), and better if the right ventricular

dimension is less than that of the left ventricle [24]. In a

small single-center experience, Lewis et al. [25] noted that

the survival of children with biventricular dilation in non-

ischemic cardiomyopathy was significantly worse than in

those who had a smaller right ventricular dimension. This

survival disadvantage was also associated with more

severe mitral and tricuspid regurgitation in these subjects.

As is the case in left ventricular disease, right ventricular

chamber remodeling can occur as a result of several pro-

cesses. Ischemic damage to the septum and inferior wall of

the left ventricle can be associated with right ventricular

volume enlargement. Progressively elevated pulmonary

arterial pressure may result in pulmonic or tricuspid valve

insufficiency. A cardiomyopathic process may involve

both left and right ventricle with tissue damage and apop-

tosis distributed variably. Regarding the latter, aside from

the classic scenario of arrhythmogenic right ventricular

dysplasia, right ventricular involvement may be particu-

larly pronounced in cases of iron overload cardiomyopa-

thy resulting from thallassemia major [26]. In this condi-

tion, left ventricular failure is typically accompanied by

profound right ventricular diastolic dysfunction in the pre-

sence of a normal pulmonary vascular resistance.

27.7 Altered Right Atrial and Right
Ventricular Flow Dynamics

Diastolic function of the right ventricle is compromised

when right ventricular hypertrophy and elevated preload

and afterload occur. Detailed MRI assessment of right

ventricular systolic and diastolic filling rates suggests that

right atrial reservoir function increases as a result of

impaired right ventricular diastolic function, and that

right atrial contractile function (late diastolic filling) com-

pensates in order to maintain the same ventricular pre-

load [27]. Resting cardiac output remains unchanged in

the short term, but during hemodynamic stress, or during

exercise, reduced right ventricular filling occurs, corre-

sponding to a decrease in cardiac output.

The effect of elevated right ventricular and right atrial

diastolic pressure, transmitted to the coronary sinus may

also result in an impediment to effective coronary perfu-

sion pressure as would be assumed from a vascular water-

fall model of coronary flow [28, 29]. By the same token, it

is clear that a simple arithmetic assessment of effective

perfusion pressure across the coronary bed by extrapola-

tion from diastolic arterial and coronary sinus pressure is

seriously flawed [29]. The effects of both elevated left

ventricular diastolic pressure on coronary flow distribu-

tion, and the possibility of regional cross-talk between left

and right ventricular coronary beds remain unresolved.

Some authors have described a substantial redistribution

of coronary flow occurring in the presence of massively

elevated coronary sinus pressure [30], but such reports are

anecdotal, and the physiologic mechanisms for regional

ventricular coronary flow distribution remains to be

described.

27.8 Sympathetic, Endocrine and Paracrine
Effects of Right Ventricular Failure

The right heart is intrinsic to the regulation of intravascular

volume during normal homeostasis. Baroreceptors are pre-

sent in both right and left atrial chambers, and function in

the autoregulation of intravascular volume: first, they

respond immediately to increasing filling pressure by a reflex

inhibition of sympathetic tone, resulting in vasodilation.

Second, they suppress the nonosmotic production of argini-

ne–vasopressin from the hypothalamus and pituitary gland

(The Henry–Gauer reflex), and as a result, renal tubular

collecting duct V2 receptors are inactivated, allowing aquar-

esis to proceed. Third, they regulate the local production of

atrial natriuretic peptide, which has the effect of increasing

glomerular filtration rate, and sodium excretion from the

proximal tubule. In addition, the local production of renin is

inhibited, further potentiating vasodilation.

An additional mechanism of recruiting renal water and

sodium excretion is via the secretion of the natriuretic

peptides atrial natriuretic peptide (ANP) (produced by

atrial tissue), and brain natriuretic peptide (BNP) (by

ventricular tissue). BNP production has similar effects
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to atrial natriuretic peptide production, resulting in

increased urinary water and sodium loss, as well as vaso-

dilation. One might assume therefore that increased pre-

load on the right atrium or ventricle, under conditions of

diminished ventricular ejection will result in vasodilation,

increased glomerular blood flow, filtration, natriuresis,

and aquaresis. These three effects, however, are subject

to the more powerful feedback loop of arterial barorecep-

tors, which respond to lower mean arterial pressure by

stimulating adrenergic drive, vasopressin production, and

also renin and angiotensin production. The presence of

nondilute urine in most patients with heart failure sug-

gests that the arterial arm predominates in this feedback

loop [31]. In the presence of compensated LV systolic

failure, without volume overload, Brain natriuretic pep-

tide levels remain mildly elevated. Then if sudden volume

overload occurs, Brain natriuretic peptide levels climb

dramatically, although there may be no remarkable

change in either LV systolic function or in mean arterial

pressure, but rather a change in central venous filling

pressure. The latter suggests that right ventricular and

atrial level receptors, which reflect diastolic function,

also have a pivotal role in regulating intravascular volume

once LV failure has occurred; however, this is unproven.

Some data [32] have been generated which supports the

concept of differential Brain natriuretic peptide levels in

association with either predominantly right or left ventri-

cular dysfunction (Fig. 27.4). There are also data that

support a differential expression of local Angiotensin II

receptors, matrix metalloproteinases, and indeed Brain

natriuretic peptide production in the RV versus the LV

depending on the loading conditions of each ventricle [33].

27.9 Electromechanical Coupling
of the Right Heart

It has been evident for some time that the presence of

unabated pulmonary insufficiency of whatever cause will

ultimately result in right ventricular failure [34] Redington

et al. have coined the phrase mechano-electrical interaction

[35] in describing the interaction that exists within the right

ventricle betweenmechanical dysfunction and electrical per-

turbation. In patients with postoperative right ventricular

dysfunction, there is a direct qualitative association between

regional right ventricular tissue Doppler velocity inhomo-

geneity and the extent of QRS duration lengthening, as well

as QRS, QT, and JT interval dispersion [36]. Numerous

questions arise from this important observation, including:

‘‘Does mechanical and electrical heterogeneity within a ven-

tricle progress with worsening dysfunction? ’’ (to which the

answer is likely yes), and ‘‘Does right ventricular

heterogeneity result in diminished left ventricular function?’’

(to which the answer remains to be defined)

27.10 Hemodynamic Implications of Right
Ventricular Dysfunction for the Left
Ventricle

For intravascular volume to remain stable, each ventricle

must eject all the blood that it receives from the other

ventricle. Thus, a progressive decline in RV stroke volume

after the onset of LV failure is in some respects, a neces-

sary adaptation: a hypertrophied RV with a relatively

preserved stroke volume may contribute to the occur-

rence of acute pulmonary edema with sudden changes in

LV systolic function, leading to a rise in pulmonary capil-

lary hydrostatic pressure in the face of sustained RV

stroke volume. The limits of tolerance of the alveolar

capillary endothelium to wide swings in hydrostatic pres-

sure may be overwhelmed if the RV does not decrease its

ejection fraction.

The alternate side of this double-edged sword, is seen

with progressive dilation of the right ventricle: as it adapts

to the scenario of left ventricular systolic, and eventual

diastolic failure, a reduction in right ventricular stroke

volume coexists with increased venous pressure, and may

result in a combination of adverse sequelae: (Fig 27.5)

systemic venous congestion, elevated systemic vascular

Fig. 27.4 Among patients with RVEF >40%, no significant Brain
natriuretic peptide difference was found between patients with or
without additional left ventricular systolic dysfunction (P = 0.51).
Among patients with LVEF <40%, plasma Brain natriuretic pep-
tide levels were significantly higher in patients with RVEF <40%
than in patients with RVEF > 40% (P = 0.004) whereas age, renal
function, clinical findings, ventricular volumes, LVEF, or medica-
tion were not significantly different. Adapted from [32]
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resistance, and increased right ventricular diastolic

volume. Will further impairment of LV filling via direct

right-to-left ventricular interaction then result in a further

progression of left ventricular failure? [37].

27.11 Closing the RV–LV Loop: Ventricular
Interaction and Biventricular Failure

The latter question is intriguing, andmay help to explain the

observation noted since the 1970s [38] that numerous

patients with right ventricular dysfunction following surgical

repair of right ventricular outflow tract obstruction go on to

develop late left ventricular failure. Early work in the clinical

and experimental setting of acute pulmonary embolism, and

right ventricular pressure and volume overload showed as a

proof of concept that there is an adverse left ventricular

diastolic interaction conferred by a shift in septal position

[39, 40]. Subsequent echocardiographic and MRI studies of

patients with primary right ventricular dysfunction (follow-

ing the repair of congenital heart lesions) have demonstrated

subtle abnormalities in left ventricular filling as well as left

ventricular systolic function [41, 42]. The precise mechanism

that results in this secondary left ventricular dysfunction is

not yet clear. Possible candidate pathways include: abnormal

septal position and left ventricular diastolic filling [43, 44],

abnormal electrical synchrony of the septum resulting from

left bundle branch block [19], and abnormal myofibril func-

tion, involving fibers shared by both ventricles.

In patients with established combined ventricular dys-

function as a result of primary right ventricular disease, the

relationship between right and left ventricular ejection frac-

tion as determined by MRI is relatively strong, with an r

value of 0.67 [45]. Not surprisingly, the incidence of sudden

arrhythmic death in patients with left ventricular dysfunc-

tion secondary to right ventricular disease is approximately

fivefold higher than in those with normal left ventricular

function [46]. One plausible explanation for this phenom-

enon is that the electrical dispersion that occurs in the right

ventricular dysfunction has a direct influence on left ventri-

cular function: this interventricular conduction block has

previously been shown to impact exercise performance in

patients with postoperative disease of the right ventricle [47].

There is also good evidence fromdetailedMRI-derived flow

data that abnormal septal motion is the primarymechanism

for impaired diastolic filling of the left ventricle following

right ventricular failure [48]. Recent data from our institu-

tion [24] and from others [19] suggests that multisite pacing

which reverses interventricular septal activation delay in

patients with RV dysfunction may improve left ventricular

contractile performance and resting cardiac output.

27.12 Summary

Traditional views that heart failuremanifests itself clinically

as either forward failure or backward failure (series ventri-

cular interaction) may have decreased the appreciation that

Fig. 27.5 Echocardiographic images of a 15-year-old patient with
end-stage dilated cardiomyopathy (post-anthracycline exposure).
There has been significant right ventricular remodeling, with a loss
of tricuspid valve coaptation, severe tricuspid regurgitation, and right
ventricular failure. Notice the septal position in long-axis (A) and
short-axis (C) views, and massive atrial enlargement in the four-
chamber view (B). These suggest that right ventricular failure is likely
to compromise left ventricular diastolic filling and cardiac output
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both normal and failing ventricles are directly codependent

(parallel ventricular interaction). The distinct roles of the

right and the left ventricle in the pathogenesis of heart

failure can now be more accurately dissected by means of

invasive hemodynamic studies, real-time noninvasive ima-

ging, intracardiac electrophysiologic studies, and tissue

genomic profiling. The overall picture that emerges is one

of ventricular interaction during heart failure in which the

function of the right ventricle can decline after left ventri-

cular failure has occurred, and vice versa. This implies an

interdependence of right and left ventricular hemody-

namics, and that disease of the one ultimately leads to

dysfunction of the other as well.

Regardless of these concepts, patients with right ven-

tricular and left ventricular diseases are at considerably

higher risk for death than those with left ventricular dis-

ease alone. The progression of right ventricular failure

following left ventricular dysfunction is likely to be her-

alded by several specific events, such as:

� chronic elevation of LV diastolic pressure resulting in

elevated pulmonary arterial pressure;
� chronic volume loading of the right ventricle as a result

of pulmonary and tricuspid valvular insufficiency, and

right ventricular remodeling;
� electrical dyssynchrony of septal motion due to the

effects of adverse mechano-electrical coupling;
� loss of shared contractile fibers between the two ventricles;
� the override of the right ventriclular neurohormonal

response by that of increased arterial baroreceptor-

mediated signaling; and
� specific disease involvement of the right ventricular

matrix and contractile elements.

To date, there has been little investigation into the

possible role of coronary flow redistribution in the patho-

physiology of secondary right ventricular dysfunction.

Important recent data support the concept that reversal

of right ventricular and septal electrical and mechanical

dyssynchrony can benefit LV function, and contribute to

the reversal of disease progression in these patients
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Section 7
Tetralogy of Fallot



Tetralogy of Fallot: Managing the Right
Ventricular Outflow 28

Glen S. Van Arsdell, Tae Jin Yun, and Michael Cheung

The first complete repair of tetralogy of Fallot (TOF) was

reported by Lillehei in 1955 [1]. The diagram from that

initial publication (Fig. 28.1) illustrates primary closure

of the ventricular defect (VSD) and resection of parietal

and septal muscle bundles via a generous ventriculotomy

approach. Survival was a remarkable six of ten patients.

While the initial cross-circulation technique of circulatory

support was soon abandoned for the developing heart–

lung machine, the fundamental approach for repair

of TOF remained the same for the ensuing 25–30 years

or more: the VSD was closed through a generous

ventriculotomy and complete or near-complete relief of

right ventricular outflow obstruction was achieved. It was

not until Edmunds [2], in 1976, reported transatrial clo-

sure of the VSD in TOF that an evolving change in

strategy for repairing TOF began. It had been generally

thought, through the 1980s and even early 1990s, that

repair of TOF was curative and that the consequences of

a transannular patch (TAP) and ventriculotomy for VSD

closure were minimal. In the ensuing decades we

have learned that repaired TOF is really just a palliated

disease—albeit a good palliation. Near-certain death

from cyanosis has been traded for a definable incidence

of right heart failure, atrial arrhythmias, ventricular

arrhythmias, and sudden death.

Following is a brief synopsis of late-outcomes data, a

delineation of current options for repair of TOF and a

presentation of a strategy that may yield better long-term

palliation for TOF. The identified strategy is based on a

transatrial closure of the VSD, three component manage-

ment of the right ventricular outflow (RVOT), a presump-

tion that the annulus may be preserved, and a functional

assessment of the RVOT performance before proceeding

to a transannular patch. The hypothesis is that for equiva-

lent anatomy, a mixed lesion of moderate stenosis and

associated pulmonary insufficiency is superior to near-

complete relief of obstruction and free pulmonary insuffi-

ciency. That is to say that an associated hypertrophy signal

caused by some stenosis may be protective of the dilation

signal caused by pulmonary insufficiency, thereby enhan-

cing long-term ventricular performance.

28.1 Known Outcomes for Repaired
Tetralogy of Fallot

In 1993, the Mayo Clinic reported 30-year outcomes for

163 survivors of TOF repairs performed between 1955

and 1960 [3]. Survival was 87% with survival in the

Fig. 28.1 An illustration from Lillehei’s original publication of
repairing tetralogy of Fallot. Note the generous ventriculotomy
and parietal and septal muscle bundle resection. A ventriculotomy
for VSD closure was the standard for 40 or more years and con-
tinues to be used by some today
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normal control group being 96%. Late sudden death

occurred in 6%. There was a subgroup of patients in

whom a statistically significant higher survival

occurred—those with a high RV/LV pressure ratio.

The group fromMunich reported up to 35-year follow-

up on 490 patients operated between 1958 and 1977 [4].

Included patients in the late follow-up analysis were those

that survived more than 1 year. A 3.1% incidence of late

sudden death was identified. They also identified a subset

of patients, with an RV/LV pressure ratio greater than

0.7, that appeared to have a superior survival of 94.4% as

compared to the others of 83.7%.

The early and late potential problems with a transan-

nular patch were clearly defined by Kirklin [5] who

reported on a series of 814 repaired TOF patients oper-

ated between 1967 and 1986 and followed for up to 20

years. Operative mortality was 4.1% for those repaired

with a transannular patch versus 1.4% for those having

annulus preservation. At 20 years following repair, their

data predicted a 7% incidence of reoperation, for right-

ventricular problems in those patients having a transan-

nular patch. Overall 20-year survival was 88% (including

operative outcome). The early and late problems of a

transannular patch have been documented by us and

others.

In an effort to understand the importance of pulmon-

ary insufficiency, Kirklin’s group also summarized an

interesting group of patients who had native pulmonary

valve regurgitation and otherwise normal hearts [6]. Their

findings were that those free of symptoms of right heart

failure dropped from about 90% at 25 years of age to less

than 50% at 50 years of age. Essentially, right heart

dilation from free pulmonary insufficiency, even in the

non-TOF setting, was not benign like had been originally

thought.

28.2 Late Mechanical and Electrical Findings
in Repaired Tetralogy of Fallot

In a 1995 publication analyzing echocardiographic and

ECG findings, Redington’s group [7] identified that

restrictive physiology (defined by antegrade flow in the

pulmonary artery during atrial contraction) was protec-

tive of the cardiothoracic ratio and duration of the QRS

complex. Those having restriction had a QRS duration of

129 ms and a cardiothoracic ratio (CTR) of 0.51. Those

lacking restrictive physiology had a QRS duration of

157 ms and a CTR of 0.54. Patients found to have ven-

tricular tachycardia had an even longer QRS duration,

often of greater than 199 ms. A QRS duration of greater

than 180 ms was found to be 100% sensitive for sudden

death or ventricular tachycardardia in their relatively

small cohort.

28.3 Implications of Late Follow-Up Data

Late follow-up data correlating surgical outcomes to

anatomy has shown that free pulmonary insufficiency

(transannular patch) is a marker of need for reinterven-

tion related to a dilating ventricle. The echocardiographic

and electrical findings demonstrate that a ventricle that is

large (too compliant) and that does not have restrictive

physiology is prone to abnormal electrical conductance.

A prolonged QRS duration has been shown to be a mar-

ker for risk of ventricular tachycardia and sudden death.

Early treatment strategy for TOF included a generous

ventriculotomy and liberal use of a transannular patch.

These had the consequence of broad free pulmonary insuf-

ficiency and a large noncontractile RV outlet. Based on

what we presently know, is it any surprise that what was

once thought to be a good repair, actually predicts ventri-

cular dilation and the later potential for arrhythmia’s and

sudden death? That is to say, free pulmonary insufficiency

causes RV dilation with ensuing tricuspid valve regur-

gitation which leads to right atrial dilation and eventual

atrial arrhythmias. A dilating RV begins to function

poorly and develops a prolonged QRS which is associated

with ventricular arrhythmias and sudden death.

The question then becomes, can a surgeon alter strat-

egy such that the late complications of repaired TOF can

be mitigated? Clues to that possibility are provided in the

late outcome data from the Mayo Clinic and Munich

where a higher RV/LV pressure ratio was associated

with improved long-term survival.

28.4 Evolving Surgical Strategy

28.4.1 Transatrial VSD Closure with Small
Transannular Patch

As noted, the cardiac repair technique remained much the

same as originally described, until Edmunds [2] published

a report of transatrial repair of TOF in 1976. In 1981,

Kawashima reported a series of transatrial closure of

ventricular septal defects with appropriate associated

resection of right ventricular muscle bundles [8]. Karl

and Mee followed that report with a large series of trans-

atrial/transpulmonary repair of TOF [9]. In their series,
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the VSDwas closed via an atriotomy, themuscle resection

was performed through atrial and pulmonary windows,

and most had a limited transannular patch as a means of

dealing with the right ventricular outflow obstruction.

The transannular incision was not large enough to

use as a means of closing the VSD. Early survival was

outstanding with an operative mortality of 0.5% for

366 patients. Freedom from reoperation at 5 years was

95%. This type of surgical strategy illustrates that not all

transannular patches are the same—some are large

enough to use for VSD closure and some are insufficient

for that purpose but large enough to adequately relieve

obstruction.

The characteristics of the above studies were that sur-

gical strategy was being altered to provide a solution for

tetralogy of Fallot without being as radical with the right

ventricular incisions and muscle resection. Acceptance of

this less-radical approach is not uniform, that is, some still

perform transventricular closure and utilize a high inci-

dence of transannular patch.

28.4.2 Transventricular VSD Closure
with Annulus Preservation

Yasui took a somewhat different strategy and focused on

preserving the pulmonary annulus while achieving VSD

closure via a ventriculotomy [10]. In his series of patients

operated between 1981 and 1990, he was able to achieve a

79% annulus preservation rate. In follow-up of these

patients it was reported that RV pressures fell with time

and that there appeared to be disproportionate growth of

the pulmonary annulus once the infundibular obstruction

was relieved. Absolute outcome for this strategy was also

excellent with mortality, in that series of children repaired

at an average age of 3.1 years, being 0.7%—well below

what was achieved for conventional approaches at the

time.

What is clear from the above is that there are differing

surgical strategies. How these strategies impact late ven-

tricular function has not fully been resolved but sugges-

tions of impact on late outcomes are present.

28.5 Spectrum of Disease and Its Relation
to Postrepair RVOT Gradient

The presentation of simple TOF (nonpulmonary atresia

variety) varies in severity from that of pink tetralogy

(minimal outflow obstruction) to near-complete obstruc-

tion of the RVOT. In addition to the intrinsic anatomy,

surgical repair strategy partially determines whether there

will be free pulmonary insufficiency (PI) and no outflow

gradient or varying degrees of PI and outflow obstruc-

tion. The ventricles of late follow-up repaired TOF with

severe PI can appear quite different than those of pul-

monary atresia-type TOF where a conduit has been

implanted (see Fig. 28.2). The failure mode of the conduit

is that of obstruction, which progresses over years,

thereby resulting in ventricular hypertrophy. Systolic

function is usually preserved but the hypertrophy can

impact diastolic compliance—something that may be

favorable in late repaired TOF. By contrast, late follow-

up of TOF with free PI and a dilating ventricle, we see

Fig. 28.2 Illustration of the
ventricle in a failing conduit
with stenosis being the
pathology. Note the ventricle is
not dilated and the RV has
hypertrophy. There is retention
of systolic function. These
characteristics are in
contradistinction to late RV
failure in TOF where there is
systolic dysfunction andmarked
ventricular dilation
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systolic failure and too much diastolic compliance. We

know from the Redington late follow-up data [7], that of

the two scenarios, poor diastolic compliance with restric-

tive physiology is the better choice.

Reports in the literature show a varying use of TAP

from 20% to 80%. Clearly, the best surgical option for

TOF is to create an unobstructed or nearly unob-

structed RV outflow with pulmonary competence—

essentially a normal ventricle. Unfortunately, the spec-

trum of RVOT anatomy allows for that scenario per-

haps only 20% of the time. We also know from those

who have pushed the limits of annulus preservation,

and reported it, that at least 20% of the time a trans-

annular patch is required.

We and others have hypothesized that leaving a gradi-

ent in the RVOT, rather than performing a transannular

patch, will allow for some ventricular hypertrophy that

will lessen diastolic compliance, and thereby protect the

ventricle from significant dilation. Long-term ventricular

performance will be enhanced. Epidemiologic evidence

to support this hypothesis lies with those long-term fol-

low-up reports of improved survival in those having a

higher RV/LV pressure ratio [3, 4].

28.6 Managing the RV Outflow:
Three Components

The right ventricular outflow tract can be divided into

three components: the infundibular outlet chamber, the

pulmonary annulus, and the pulmonary artery. While

there is no true pulmonary annulus, we use the term to

refer to the area bounded by the confluence of the RV

outlet muscle and the pulmonary valve leaflets.

In an analysis of a series of 185 consecutive TOF

patients operated by three surgeons, we calculated

indexed sizes for each of the three outlet components on

a graph (z values). All three components had nonuniform

z values. The infundibular chamber size was consistently

smaller than the pulmonary valve indexed size. The main

pulmonary artery was also smaller but to a lesser extent.

The fact that each of the components is different suggests

that they should be treated individually. Figure 28.3

demonstrates differing infundibular chamber sizes.

Surgeons have, by observation and creation of nomo-

grams, evaluated the adequacy of the pulmonary annulus

at the time of repair. This approach has been somewhat

nebulous and has led to the widely variable reported

incidence of use of a transannular patch. Surgeons with

Fig. 28.3 The infundibular
chamber of three different
patients. The volume in the
chamber is variable between
patients and does not absolutely
correlate with the pulmonary
annulus size, thus warranting
treatment as a separate entity
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a bias for little or no obstruction had a high incidence of

TAP, and conversely, those willing to work with a mar-

ginal outlet accepting a higher gradient had a lower inci-

dence of TAP.

The data on our own patients demonstrated that the

predictability of need for TAPwasmost closely correlated

to the pulmonary annulus size. The main pulmonary

artery size can be enlarged and has generally been of

only secondary consideration with regard to decision

making. On the other hand, when we broke out the com-

ponent of the infundibular chamber and treated it as a

separate entity to the pulmonary annulus, the infundibu-

lar chamber size and or augmentation of the chamber size

were predictors of a higher incidence of successful pre-

servation of the pulmonary annulus. Treating the outlet

as components can therefore favorably impact the inci-

dence of pulmonary annulus preservation.

28.7 Testing an Annulus Preservation
Hypothesis

We reviewed a series of 185 patients evaluated over a 6-year

time frame where in one surgeon performed an annulus

preservation strategy described below, and two surgeons

performed mostly conventional transventricular repair.

The two strategies were then compared. For the annulus

preservation strategy, a transatrial/transpulmonary muscle

release and resection was performed in the region of the

parietal band. The infundibular septum was thinned, where

it appeared to be obstructive, and themajor septal bandwas

preserved (Fig. 28.4). A decision was made to place an

infundibular patch if the infundibular chamber appeared

to be smaller than the pulmonary annulus or if by impres-

sion it was excessively small (Fig. 28.5). In 10% of patients

the annulus was so small that an attempt at preservation of

the pulmonary annulus was abandoned, that is, there was a

direct proceeding to a mini-transannular patch. For the

most part we have chosen to use a polytetroflouroethylene

patch for the infundibular and transannular patches in

order to preclude late dilation of the patch as can be seen

with autologous pericardium.

A functional physiologic test of the adequacy of the

repaired RVOT was achieved after weaning from cardio-

pulmonary bypass. Revisions to the RVOT were then

made as necessary based on pressure measurements and

echocardiographic findings. Those having RV to systemic

pressure ratios of greater than 0.75 were generally revised

to either an addition of an infundibular patch, if not

already placed, or a limited transannular patch, as in the

Karl, Mee technique. It should be noted that, in general,

the infundibular incisions made were not large enough for

a VSD closure to occur through that route, that is, it is a

limited incision.

Of the 118 patients treated with an annulus preserva-

tion strategy, 80% were successfully preserved. One half

had a transatrial transpulmonary repair alone and an

Fig. 28.4 Transatrial/
transpulmonary resection of
muscle bundles. In this case the
major septal band is preserved,
the parietal band is released and
thinned, the infundibular
septum is thinned where
appropriate
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additional 25–30% received an infundibular patch with

annulus preservation. In the conventional group, the TAP

rate was 50%. Interestingly, intraoperative revision of the

procedure was required in 16% of the annulus preserva-

tion group. One might think this to be relatively high

except that in the conventional repair the revision rate

was 10%. There was no mortality with the annulus pre-

servation strategy.

28.8 Is It Surgical Strategy
or Is It the Anatomy?

In an effort to ensure that the different incidence of TAP

was not simply because of differing anatomy, an echocar-

diographic-based anatomic-propensity matching was

performed to find matching patients between the two

surgical strategies. Thirty-five anatomically equivalent

patients in each arm were identified. Even with the pro-

pensity matching, the discrepancy in the incidence of TAP

was still present between the two surgical strategies indi-

cating that it was not the anatomy that yielded the lower

use of a TAP.

The intraoperative and midterm follow-up data on

these propensity-matched patients revealed similar gradi-

ents, ICU stays, and ventricular size demonstrating that

no harm was caused by the increased annulus preserva-

tion strategy.

28.9 Marginal Patients

The question of benefit to the patient, for the additional

effort required, in an annulus preservation strategy needs

to be answered. Based on reports in the literature it

appears that regardless of surgical strategy, 20% of all

patients require a TAP and 20% do not. It is the middle

60% of patients where surgical strategy may impact out-

comes. We identify that middle 60% as the marginal

anatomy. In order to increase the numbers for statistical

power, we performed a second analysis on the entire

cohort of 185 patients.

A regression equation that predicted the probability of

a TAP in the 118 annulus-preservation-strategy patients

was created. The equation was then applied to the entire

cohort of 185 patients and used to identify, in each

patient, the probability of having a TAP irregardless if

one was performed. The marginal patients were identified

and defined as those with either a greater than 20% or less

than 20% probability of a TAP, that is, the middle 60%.

A total of 107 patients fell into the marginal anatomy

category. In those patients, the annulus was preserved in

55 and a TAP was performed in 52. An analysis of the

preoperative anatomy showed that there was a slight

difference in the z value of the pulmonary annulus for

those receiving a TAP (z of –6 vs. –5.2).

Outcomes analysis showed that those having annulus

preservation had significantly lower inotropic scores and

better SVC saturations in the early recovery phase. Those

that did not have a TAP had a measured intraoperative

RVOT gradient that was higher: 19 mmHg versus

12 mmHg. These findings of a poorer postoperative clin-

ical course for those having a TAP are consistent with

other presentations in the literature.

28.10 Midterm Outcomes
for the Marginal Patients

Interestingly, follow-up echocardiography on the above

marginal patients at 17 months revealed that the RVOT

gradient difference between those having annulus preser-

vation and those receiving a TAP had resolved. Perhaps

importantly, however, a difference in the jet width of

Fig. 28.5 The top panel illustrates the finished external view of the
heart in a transatrial/transpulmonary repair of TOF. This was
achieved in our experience in about 50% of TOF repaired in the
first year of life. The lower panel illustrates the addition of an infun-
dibular patch that increases the infundibular chamber volume. A
number of these were performed after a functional failure of a trans-
atrial/transpulmonary repair alone. Note that the ventricular incision
is generally not of adequate size for a transventricular VSD closure
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pulmonary insufficiency was present with those having

annulus preservation showing a narrower jet –8mm versus

13 mm. In an attempt to measure physiologic adaptation,

midcavityRVandLV size wasmeasured. The absoluteRV

size was smaller in those patients receiving annulus preser-

vation as was the RV/LV ratio –0.5 versus 0.65.

Other supporting evidence that modifications in repair

of TOF improve outcomes can be seen in a comparison of

a change of practice by a single surgeon. Bove and collea-

gues [11] reported on a transatrial/transpulmonary-repair

strategy using a minimal transannular patch versus a

more conventional transventricular repair. Ten-year

follow-up revealed that the transatrial repair yielded a

smaller RV size, a better CTR, a shorter QRS duration,

as well as less ventricular ectopy.

Evidence in our series and the Bove series suggests that

long-term outcome of TOF can be impacted by surgical

strategy.

28.11 Reoperations in Tetralogy of Fallot

28.11.1 Operations for Obstruction

One of the concerns of preserving more pulmonary annuli

and leaving a higher RVOT gradient is the potential need

for reoperation due to obstruction. Not surprisingly, there

were some patients from the above noted 118 patients

having the annulus-preservation strategy that subse-

quently developed RV pressures that were too high. Four

patients (3%) required reintervention from 3 months to

3 years following the initial repair. Of those, one required a

transannular patch, one was successfully treated with bal-

loon intervention, and two had repeat RVOT muscle

resection.

28.11.2 Operations for Pulmonary
Insufficiency

Late right ventricular failure in TOF has been managed

by implantation of a pulmonary valve—in the Toronto

practice, a bioprosthesis. However, not all patients have

an improvement in ventricular function or RV volume.

One of the interesting findings in those undergoing a late

pulmonary valve replacement has been the finding of

disproportionate enlargement or even aneurysmal dila-

tion of the RVOT. This may be related to a pericardial

patch that has dilated with time or native RVOT that is

now dilating scar caused by infundibular coronary

branch ischemia from the initial operation. This noncon-

tractile area contributes to poor ventricular ejection. One

of the present strategies proposed by Del Nido [12] is to

remodel the RVOT to minimize this noncontractile area

much as one would treat a left ventricular aneurysm with

surgical remodeling. In essence, this is ventricular

volume-reduction surgery that minimizes the noncontrac-

tile area and likely lessens RV wall stress. Quantitative

data on this strategy has yet to be presented; however,

anecdotal evidence is that of a disproportionate improve-

ment in right ventricular performance as compared to

pulmonary valve implant alone for similar anatomy.

28.12 Summary and Conclusions

Late follow-up of TOF has revealed a concerning inci-

dence of right ventricular failure and sudden death. The

failing right ventricle appears to be associated with pul-

monary insufficiency and the resultant dilated poorly

contractile right ventricle. Late follow-up studies have

also shown that those patients having right ventricular

restrictive physiology and a higher RV/LV pressure ratio

have a higher survival. Retention of some stenosis in the

right ventricular outflow tract may limit the jet width of

pulmonary insufficiency and provide a protective hyper-

trophy signal that diminishes the deleterious effects of

pulmonary insufficiency.

Reports in the medical literature show a varying inci-

dence of the use of a transannular patch from 20% to

80%. In numerous studies, a TAP has been associated

with less favorable outcomes. We hypothesized that for

equivalent anatomy surgical strategy determines the inci-

dence of use of TAP. We showed this to be true in an

analysis of a contemporary cohort operated by three

surgeons employing a conventional versus an annulus-

preservation strategy. Management of the RVOT is key

to an annulus-preservation approach. It consists of three

separate components that we have shown to be of varying

z values within a single individual. Managing the RVOT

as three separate components such as infundibular cham-

ber, pulmonary annulus, and pulmonary artery allow a

higher rate of annulus preservation. Medium-term follow-

up has shown that the resulting pulmonary insufficiency

jet width in annular preservation patients is smaller than

in those having a TAP and that right ventricular perfor-

mance is improved as measured by the RV/LV ratio.

The findings that surgical strategy impacts the prob-

ability of employing a TAP are encouraging, in that more

patients may be repaired in a manner that predicts favor-

able long-term right ventricular function.
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Restrictive Right Ventricular Physiology: Early
and Late Effects 29

Andrew N. Redington

The effects of restrictive diastolic physiology have long

been recognized as an important part of left heart disease.

Poor left ventricular compliance, or its reciprocal

increased myocardial stiffness, may be a primary disease

of the myocardium (restrictive cardiomyopathy) or occur

as a secondary phenomenon in the setting of other cardi-

omyopathies, or cardiovascular diseases. The under-

standing of right ventricular restrictive disease has been

hampered by an inability to demonstrate its presence, in

the intact heart. This is because of the unique pressure–

volume characteristics of the subpulmonary right ventri-

cle (see Chapter 3). However, during the past decade,

several techniques have been shown to provide a qualita-

tive assessment of right ventricular diastolic physiology,

and the importance of abnormal right ventricular com-

pliance is increasingly understood. In this chapter, our

understanding of right ventricular restrictive physiology

in tetralogy of Fallot will be discussed.

29.1 Recognition of Abnormal Right
Ventricular Compliance

The trapezoidal nature of the normal right ventricular

pressure–volume relationship reflects its low hydraulic

impedance. As discussed in Chapter 3, this leads to poorly

defined isovolumic periods and ejection occurring almost

continuously throughout right ventricular pressure rise

and fall. Clearly, ejection from any ventricle will occur

when its pressure exceeds that of the diastolic pressure in

the vascular bed to which it is connected, and in the

normal pulmonary circulation, this approximates to

10 mmHg. Thus, ejection from the right ventricle occurs

early during right ventricular pressure rise, and continues

during right ventricular pressure decline. Because of this,

the concepts developed for understanding left ventricular

diastolic compliance are not valid for the right ventricle.

In the left ventricle, the slope of the end-diastolic pressure

volume relationship (derived from a family of pressure–

volume loops) is a robust measure of the passive charac-

teristics of the left ventricle at end diastole [1]. Further-

more, several Doppler characteristics have been described

as surrogates for this abnormal pressure and volume

relationship, in the beating heart [2, 3]. Under these cir-

cumstances, the description of ventricular compliance

requires knowledge of both the change in pressure, and

change in volume, of the ventricle, instantaneously. In

clinical practice, inflow Doppler is used as a surrogate

for the change in volume, and this is best combined with a

surrogate of ventricular pressure rise, such as the apex

cardiogram, or the demonstration of flow patterns in the

pulmonary veins [3]. Thus, reduced blood flow through

the mitral valve at end diastole, in combination with a

prominent A-wave on the apex cardiogram, or retrograde

flow in the pulmonary veins during atrial systole, implies

a poorly compliant left ventricle. A prerequisite of pres-

sure–volume analysis, or Doppler flow analysis, is a

closed system, that is, that the aortic valve is closed, and

changes occurring within the ventricle therefore reflect

muscle mechanics. This cannot be considered always the

case in the normotensive right ventricle. If right atrial

pressure rises above the level of the pulmonary artery

diastolic pressure, then transtricuspid flow will be trans-

mitted to the pulmonary artery (Fig. 29.1), rather than

translating to right ventricular filling. This clearly will

undermine the interpretation of transtricuspid flow char-

acteristics as an index of ventricular compliance, and

negates the validity of pressure–volume analysis, because

the RV is not closed at end diastole. Nonetheless, this

ability of the right atrial pressure to exceed right arterial

diastolic pressure does provide for a surrogate measure-

ment of ventricular compliance. Using Doppler echocar-

diography, these pressure transients equate to abnormal
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blood-flow patterns in the main pulmonary artery at end

diastole. Essentially, when the resistance to right ventri-

cular filling (increased stiffness) is greater that the resis-

tance to pulmonary artery filling, there will be antegrade

diastolic flow in the pulmonary artery, coincident with

atrial systole.

We first described this Doppler phenomenon in conge-

nital heart disease in patients with pulmonary atresia with

intact ventricular septum, after complete repair [4]. The

presence of gross right ventricular hypertrophy, small RV

cavity volumes, and fibrosis are well described in these

patients, and the majority of them display restrictive right

ventricular physiology on the basis of the persistence of

antegrade diastolic flow in the pulmonary artery coinci-

dent with a true systole. Subsequently, this physiology has

been described in many forms of right heart disease, parti-

cularly, however, in tetralogy of Fallot [5, 6]. Its physiolo-

gic implications and secondary effects will be detailed later.

While the presence of antegrade diastolic flow repre-

sents a useful marker of poor right ventricular compli-

ance, there are many caveats to its interpretation. The

generation of this flow depends on pressure transients of

just 1–2 mmHg (Fig. 29.1). Thus, small changes in pul-

monary vascular resistance, right contractile properties,

or preload, can all markedly influence the presence and

extent of antegrade pulmonary arterial diastolic flow.

Loss of atrial systole or changes in PR interval and

other abnormalities of ventricular preload are also likely

to modify its appearance. In tetralogy of Fallot, there is

usually free pulmonary incompetence. There must, there-

fore, be a complicated relationship between right ventri-

cular filling as a result of pulmonary incompetence and

right ventricular filling across the tricuspid valve. It would

be a surprise therefore if restrictive physiology were not

more common in those patients with markedly increased

preload. Finally, the transient nature of antegrade diasto-

lic flow, particularly in regard to heart–lung interactions,

is vitally important. In our original descriptions, the defi-

nition of restrictive physiology was made on the basis of

antegrade diastolic flow occurring throughout the

inspiratory and expiratory phases of respiration. In the

normal circulation, a small amount of antegrade diastolic

flow, with reopening of the pulmonary valve in late dia-

stole, has been described during vigorous inspiration

(generating a low intrathoracic pressure, lower than the

right atrial pressure during that phase) [7]. Techniques

that average blood flow across the respiratory cycle may

therefore overdiagnose the presence of restrictive physiol-

ogy. This is particularly the case in magnetic resonance

evaluations, where pulmonary blood-flow characteristics

are averaged from many cardiac and respiratory cycles

[8]. Furthermore, in regard to magnetic resonance assess-

ment, the site of blood flow measurement may be crucial.

Clearly, it is normal for the ventricle to receive flow in

atrial systole. After repair of tetralogy of Fallot, the defi-

nition of the ventriculoarterial junction is poorly defined.

If a magnetic resonance flow measurement is made prox-

imal to themain pulmonary artery, then flowwithin it will

be physiologic and normal, during atrial systole. Indeed,

during our early clinical studies of restrictive physiology,

it became apparent that antegrade diastolic flow could

sometimes be seen in the right ventricular outflow tract,

but not in the branch pulmonary arteries, whereas in

those with clear-cut restrictive physiology, antegrade dia-

stolic flow was measurable throughout the pulmonary

vascular tree.

These latter observations are important, given some of

the disparate data using Doppler and magnetic resonance

imaging (MRI) techniques [6, 8]. This will be discussed in

more detail later.

Fig. 29.1 Monitoring screen
illustrating the postoperative
physiology of restrictive
physiology in an infant after
repair of tetralogy on the
cardiac intensive care unit. Note
the pulmonary artery pressure
(PAP—blue) and the right atrial
pressure (RAP—yellow). There
is a transient rise in RAP above
diastolic PAP which generates
antegrade PA flow recorded by
Doppler (Inset box). The phasic
elevation of PAP above RAP
abolishes the antegrade flow,
and is due to the effects of
positive pressure ventilation
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29.2 The Effects of Restrictive Physiology
in Tetralogy of Fallot

Early implications: The surgical repair of tetralogy of

Fallot represents one of the success stories of contempor-

ary congenital cardiac surgery. Nonetheless, albeit with

decreasing frequency, there is a significant incidence of

postoperative low cardiac output syndrome and cardio-

vascular collapse after repair. Indeed, postoperative tet-

ralogy represented the second most common reason for

postoperative extracorporeal membrane oxygenation in

the late 1990s [9]. Even today, many patients suffer a slow

postoperative recovery, with evidence of a raised central

venous pressure, a low cardiac output, fluid retention,

pleural effusion, and ascites. In the absence of significant

residual ventricular septal defect, obstructive lesions, etc.,

it is very likely that such a patient will have restrictive

right ventricular physiology. Indeed, we demonstrated

that tetralogy patients with antegrade diastolic flow in

their pulmonary arteries in the immediate postoperative

period were characterized by signs of low cardiac output

and fluid retention [9]. This is usually a transient phenom-

enon, lasting 2–5 five days, and correctly treated need not

represent a major hemodynamic burden. Correct treat-

ment relies upon the understanding of the determinants

and features of restrictive physiology. As discussed above,

antegrade diastolic flow reflects a series of interdependent

boundary conditions. While it is a manifestation of

adverse hemodynamics, its presence reflects a beneficial

pattern of blood flow. Antegrade diastolic flow not only

contributes to the total antegrade flow within the pul-

monary artery (and therefore cardiac output), but also

limits diastolic regurgitation, further augmenting total

forward cardiac output. Its presence therefore should be

encouraged and sustained. Maintenance of sinus rhythm,

adequate right atrial filling, and lowering the pulmonary

vascular resistance are all crucial to the management of

such patients. As discussed in Chapter 23, one of the most

important determinants of total pulmonary resistance in

such patients is the mean airway pressure. Vigilant atten-

tion to this can make major differences to cardiac output

in patients with restrictive right ventricular physiology.

Essentially, the lower the mean airway pressure the higher

the cardiac output. This is most manifest when negative

intrathoracic pressure ventilation is maintained, either by

early encouragement of normal respiration, or with the

negative pressure ventilator that we described as a phy-

siological tool over a decade ago. Cardiac output under

these circumstances may be 10–30% higher than with

intermittent positive-pressure ventilation [10, 11].

The cause of restrictive physiology is not fully under-

stood. Initially thought to be a direct consequence of

hypertrophy itself, the detailed demographic and anthro-

pomorphic analyses failed to demonstrate any relation-

ship to outcomes. Chaturvedi et al. used sequential mea-

surements of cardiac troponin and other biomarkers

during and after surgical repair. Those patients destined

to display restrictive physiology in the intensive care unit

had greater troponin released from their myocardium at

the time of aortic cross-clamp removal. All other mea-

surements of an adverse hemodynamicmilieu appeared to

be secondary phenomena, and occurred later in the post-

operative course. The implication, therefore, is that poor

myocardial protection leads to increased myocardial

damage (manifest by this early increased troponin

release), and the generation of restrictive physiology.

While, as discussed above, this has important adverse

consequences in the immediate postoperative period,

paradoxically, restrictive physiology may be beneficial in

the later postoperative follow-up of these patients.

Fig. 29.2 Chest radiographs
and magnetic resonance images
from two patients late after
transannular patch repair of
tetralogy of Fallot. The patient
on the left has a nonrestrictive
RV, and has gross dilation of
the RV and is symptomatic. The
patient illustrated in the right
panel has restrictive RV
physiology. Despite decades of
free pulmonary regurgitation,
the cardiothoracic ratio and RV
size are normal. This patient
had a normal exercise tolerance
on cardiopulmonary testing
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Late implications: In the mid-1990s, Gatzoulis et al.

showed that the presence of restrictive physiology (again

manifest at antegrade diastolic flow in the pulmonary

arteries) in the late follow-up of tetralogy patients con-

ferred a benefit overall [6]. Those with a stiff, poorly

compliant right ventricle failed to have the normal

(adverse) remodeling, and therefore had a smaller heart

on their chest radiograph (Fig. 29.2), smaller right ven-

tricular dimensions by echocardiography, and interest-

ingly, improved exercise tolerance, presumably because

of the limiting effects of restrictive physiology on pulmon-

ary incompetence, a key determinant of exercise function

[12]. Subsequently, our understanding of the relationship

between the QRS duration and right ventricular size

evolved. Nonetheless, it was noted early-on that those

patients with restrictive physiology had a shorter QRS

duration and ultimately we found a reduced risk of ven-

tricular arrhythmia [13]. The relationship between QRS

duration, right ventricular size (no matter what its deter-

minants), and arrhythmia risk is now well established

[14–16].

It should be remembered that not all patients with

restrictive physiology have a normal sized or only mild

right ventricular dilatation. Clearly, restrictive physiology

as a manifestation of poor ventricular compliance can

occur at any stage of remodeling of a right ventricle.

Our early data, obtained in patients operated on late in

life, often with extreme right ventricular hypertrophy,

represents one end of this physiologic spectrum. It is

entirely possible for a ventricle to demonstrate restrictive

physiology, even though (and perhaps because) it is

dilated. This has led to some confusion in the literature.

As mentioned above, the definition of restrictive physiol-

ogy (while almost certainly reflecting a spectrum of dis-

ease) must be borne in mind when applying alternative

techniques for its diagnosis. Magnetic resonance assess-

ment of pulmonary blood flow, if used for the diagnosis of

restrictive physiology, must take account of the anatomic

and physiologic determinants of antegrade diastolic flow.

Thus, ideally, it should be measured in the distal main

pulmonary artery or proximal branch pulmonary

arteries, and take account of respiratory variations rather

than average-flow patterns over many respiratory cycles

(something that is rarely done in magnetic resonance

studies).

What is clear, however, is that the lack of restrictive

physiology allows for continuing right ventricular remodel-

ing (and therefore dilatation) in response to a chronic ven-

tricular preload. Progressive right ventricular dilatation

can be expected under those circumstances. If the ventricle

becomes restrictive early in its natural history, then right

ventricular dilatation will be limited, and functional out-

come is likely to be improved (at least in the median term).

It is interesting to speculate, therefore, that some of the so-

called advantages of improved myocardial-preservation

techniques, earlier operation to avoid hypertrophy and

fibrosis, and a relatively high transannular patch rate

when corrective surgery for tetralogy of Fallot is performed

in early infancy [17, 18], may have adverse outcomes in a

counter-intuitive way. Preservation of the integrity of the

right ventricular myocardium may delay the onset of

restrictive physiology, and allow for a greater degree of

right ventricular dilatation in response to free pulmonary

incompetence. It is already apparent that later cohorts of

surgically repaired patients do not have the 30–40%

incidence of restrictive physiology described by Gatzoulis

et al. in his study of adult patients [6], operated upon in

a much earlier era. It will be interesting to see how the

results of contemporary surgery will be impacted by an

understanding of this physiology. Given the nature of the

effects of pulmonary incompetence, the results of such

studies will not be known for three or four decades,

however.
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Pulmonary Regurgitation in Relation to
Pulmonary Artery Compliance and Other
Variables

30

Philip J. Kilner

30.1 Introduction

This chapter offers thoughts on pulmonary regurgitation,

especially on the altered, pathophysiological role of pul-

monary arterial compliance when there is free or almost

free regurgitation. Although arterial compliance helps to

limit the ventricular afterload when the outflow valve is

competent, it may play a detrimental role, exacerbating

regurgitation, when there is no effective pulmonary valve.

Table 30.1 offers some suggested measurements and defi-

nitions relevant to pulmonary regurgitation.

Andrew Redington has, with collaborators, contribu-

ted important insights relating to the factors, besides in-

competence of the valve itself, relevant to the assessment

of pulmonary regurgitation [1–3]. This chapter assumes

knowledge of this work, addressing aspects which, on the

basis of cardiovascular magnetic resonance imaging experi-

ence, I believe should also be recognized and investigated

further.

30.2 Pulmonary Arterial Compliance
in the Absence of an Effective
Pulmonary Valve

In the absence of an effective pulmonary valve, the

compliance or capacitance (see definitions, Table 30.1)

of the pulmonary arteries and their branches not only

contributes to regurgitation, but also is arguably the

sole available source of regurgitation. The only other

theoretical contributor of regurgitant volume would be

reversal of flow at pulmonary microvascular level,

which would require a period of reversed pressure gra-

dient across the microvessels. It remains unproven, but

it seems unlikely that pulmonary venous pressure would

exceed pulmonary arterial pressure to any significant

degree in the cardiac cycle. In a sense, therefore, the

pulmonary microvascular resistance takes on a valve-

like role, serving as a threshold of no return, in this

context [4].

In a patient with free pulmonary regurgitation, the

volume equivalent to that ejected by the right ventri-

cle will be propelled forward, effectively escaping across

the threshold of the microvessels except for the volume

that is accommodated by pulmonary arterial compliance

or capacitance. The word capacitance helps to convey

the relevance of capacity or size as well as elasticity. In

early diastole, it is the elastic recoil of the pulmonary

arteries that delivers blood back through an incompetent

pulmonary valve. If there is no reversal of flow at pul-

monary microvascular level, the regurgitant volume

comes from the compliance of the pulmonary arterial

tree and nowhere else, and the more voluminous and

elastic the arteries then the greater their capacity to deliver

regurgitant volume. Theoretically, and on the basis of

comparisons of flow and pulmonary arterial expansion

seen in different patients, pulmonary arterial compliance

is at least as important as right ventricular compliance in

exacerbating regurgitation in the absence of an effective

valve.

It is relevant that some patients born with tetralogy of

Fallot, with smaller than normal pulmonary arteries, are

likely to have lower than normal pulmonary artery com-

pliance, while other patients may have unusually large

and compliant arteries, for example, those born with

absent pulmonary valve syndrome, or those who have

developed poststenotic dilatation or otherwise dilated,

but low-pressure pulmonary arteries. Kang et al. found

a weak correlation between the cross-sectional area of the

proximal right or left branch pulmonary artery and the

regurgitant volume in the same vessel (R2 = 0.221, P =

0.027) in 22 patients studied 3–16 years after repair of

tetralogy of Fallot [5]. This could be explained by the
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regurgitant volume being related to the capacitant volume

of the vessel and its branches.

The contribution of pulmonary arterial compliance to

pulmonary regurgitation remains hard to confirm clini-

cally, however, as there are always several interacting vari-

ables. While regurgitant fraction or regurgitant volume,

and local arterial expansion, can be measured by magnetic

resonance, other variables are harder to quantify, notably

the compliance versus stiffness of the right ventricle, the

failure of coaptation of the pulmonary valve itself, the

compliance of the smaller arterial branches, and the pul-

monary vascular resistance and its changes through a car-

diac cycle [6].

Branch pulmonary artery stenosis and/or elevated pul-

monary microvascular resistance are probably among

the most potent exacerbators of pulmonary regur-

gitation, but pulmonary arterial compliance may be

equally important as a compounding factor. Further-

more, the locations of compliances relative to resis-

tances matter. A fixed resistance, for example, a

suture line or conduit, proximal to most of the arter-

ial compliance can be expected to limit otherwise

free regurgitation, while elevated resistance distal to

the compliant pulmonary trunk has been shown to

exacerbate regurgitation [2].

30.3 Factors Upstream of a Regurgitant
Pulmonary Valve

Pathophysiological considerations on the upstream side

of a regurgitant pulmonary valve should begin well

upstream, with function of the left ventricle. The work

of the left ventricle dominates the circulation as a whole,

more so than usual when the pulmonary valve is incom-

petent and right ventriclular function is impaired. Dop-

pler echocardiographic evidence of late diastolic forward

flow in the distal pulmonary trunk through the whole

respiratory cycle has been taken to represent restrictive

right ventricular physiology [3]. Magnetic resonance flow

studies, acquired over a period of free breathing or during

an expiratory breath hold, do not register the variation

with breathing. As I understand it, however, the late

diastolic forward flow that is usually found by magnetic

resonance in the pulmonary trunk when there is no effec-

tive pulmonary valve results indirectly from work of the

left ventricle, maintaining systemic venous return until

atrial systole adds a peak of pressure and forward flow

through a full, conduit-like right ventricle. An in-breath

would presumably boost venous return to the right

atrium, partly by compression of the abdominal venous

reservoir. A right ventricle becomes full and conduit-like

Table 30.1 Pulmonary regurgitation: some suggested measurements, definitions and notes

Regurgitant orifice size: This crucial variable is hard to measure, but one approach is to visualize forward and reversed flow using
in-planemagnetic resonance velocity mapping, then tomeasure the cross sectional area of the regurgitant jet in a through-plane
velocity map located to transect the jet immediately beneath the level of the valve, if present. Problems include the difficulty of
defining valve level in the absence of a valve, and the effects of flow separation past angulations or distortions of the pulmonary
trunk

Free pulmonary regurgitation: Pulmonary regurgitation can be regarded as free when there is neither effective valve action nor any
fixed stenosis of the outflow tract. Fixed outflow tract stenosis resists forward flow and diastolic reversed flow, so limiting
otherwise free regurgitation

Pulmonary regurgitant volume: The volume of diastolic reversed flow measured at the level of the RV–PA junction, for example, by
through-plane magnetic resonance velocity mapping

Pulmonary regurgitant fraction: Pulmonary regurgitant volume expressed as a percentage of the forward flow volume. If the forward
flow, at the RV-PA junction, includes late diastolic forward flow, then the total forward flow may be slightly more than the RV
stroke volume

Compliance or capacitance: Volume change of an elastic-walled compartment per unit of pressure change. This may refer to elastic
vessels, or to a relaxed ventricle, where it is harder to quantify. Using cross-sectional area and pressure measurements, in vivo
estimates of vascular compliance assume no change of vascular length

Vascular resistance: (mean) pressure loss divided by (mean) flow rate across a vascular bed. Attempted measurements of phasic
variations of vascular resistance during pulsatile flow would be complicated by the inertia of blood and the compliance of
vascular walls. Normal pulmonary vascular resistance is reported to be widely distributed along the arterial and venous
branches as well as the microvessels. The microvessels nevertheless account for a significant part of the total pulmonary
vascular resistance and compliance

Vascular impedance: The total opposition to vascular flow. When flow is continuous, impedance is the same as resistance, but when
pulsatile, there is an additional component of ‘inertance’, caused by the inertia of the parts of the blood mass that are being
accelerated. Resistance resists flow, while inertance opposes changes of flow rate. These changes will be steeper than normal in the
presence of regurgitation.Momentum is directional, however, and forwardmomentum in systole will help to carry blood forward
into branches in early diastole. But inertance is lower in shorter, wider, more compliant tubes, and so it is a smaller consideration
in the pulmonary than the systemic arteries
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more readily if it is small and thick-walled or otherwise

incompliant, whereas more blood is needed to refill a

large, compliant RV cavity with a high stroke volume.

But either type of right ventricle can be associated with

late diastolic forward pulmonary flow. According to my

mind full would be a more appropriate description of the

RV than restrictive in these circumstances, when, in late

diastole, the dynamics of the circulation as a whole tem-

porarily simulate those of a Fontan circulation. This

state—forward pulmonary flow maintained indirectly by

left ventricular work—tends to limit the amount of regur-

gitation relative to forward pulmonary flow. This mod-

erator of pulmonary regurgitation will be more effective

when the LV is functioning vigorously and the RV is

impaired, but less effective, allowing more regurgitation,

if the RV has preserved contractile function but contrac-

tility of the LV is impaired. The latter may further exacer-

bate PR through elevation of left atrial and pulmonary

venous pressure.

On the subject of the echocardiographic regurgitant

index described by Wei Li [7] the index (expressing the

length of the diastolic regurgitant period relative to the

whole length of diastole) was found to have a useful but

by no means perfect relation to pulmonary regurgitant

fractionsmeasured bymagnetic resonance. The index com-

plements other echocardiographic approaches to assess-

ment of pulmonary incompetence, all of which have lim-

itations. Unsurprisingly, cases can be found which do not

accord with the usual trend, and there are several possible

reasons for this, on the downstream aswell as the upstream

side of an incompetent pulmonary valve.

30.4 Regurgitant Fraction or Volume?

Andrew Redington has argued that indexed regurgitant

volume is a more telling comparative clinical measurement

than regurgitant fraction [3]. Each needs to be considered

in context, however, relative to upstream and downstream

variables. Although I can see the value of indexed regur-

gitant volume andwill add it to themeasurements I record,

I would not want to discard the familiar and immedia-

tely comprehensible regurgitant fraction. Both can bemea-

sured by magnetic resonance velocity mapping through

a plane transecting the proximal pulmonary trunk. Free

pulmonary regurgitation is typically associated with a

regurgitant fraction of about 40%, although it can vary

between about 25% and 65%, depending on combinations

of upstream and downstream factors, as discussed. The

regurgitant volume is a measure of the amount of blood

delivered back to the RV by the elasticity of the pulmonary

arteries, representing the volume load on the right ventricle

that is potentially correctable by valve replacement. The

regurgitant fraction is expressed relative to the total for-

ward flow. Both measurements may, theoretically at least,

decrease slightly in later stages if there is progressive dys-

function of the RV.

30.5 Concluding Thoughts

Hopefully the above descriptions make theoretical sense,

even if supporting clinical data is lacking. This may in

part be due to the difficulty of distinguishing cause and

effect among several interdependent variables.

Themain conclusion is that in patients with pulmonary

regurgitation, it is not sufficient to grade the regurgitation

as mild, moderate, or severe. The incompetence of the

valve itself should be described, on the basis of careful

imaging and flow measurement, as mild, moderate, almost

free, or free, reserving severe for the occasional case where

the regurgitant fraction exceeds 50% due to exacerbating

factors downstream.The regurgitant fraction and (normal-

ized) regurgitant volume should be measured. Any exacer-

bating or alleviating factors, beyond incompetence of the

valve itself, should also be characterized. Of particular

relevance, in the absence of an effective valve, are the

size and compliance of the pulmonary arteries, and the

presence and location, relative to the compliance, of any

arterial stenoses.

Unfortunately, these considerations extend rather than

alleviate the challenge of deciding if and when to replace a

regurgitant pulmonary valve, but that is no reason to

ignore or discount them!
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Late Arrhythmia in Tetralogy of Fallot: Current
Approaches to Risk Stratification 31

Nicholas Collins and Louise Harris

Surgical repair of tetralogy of Fallot can be reliably per-

formed with the expectation of low operative mortality,

excellent long-term survival [1–4] and quality of life [5].

Late complications following repair relate to right ventri-

cular dysfunction, arrhythmia, and the risk of sudden

cardiac death. As the risk of sudden death appears to

increase with late follow-up, it is apparent that appropri-

ate identification of those at risk for adverse outcomes

will remain an integral component of the management of

patients with repaired tetralogy of Fallot [6, 7].

Despite advances in our understanding of the late com-

plications to be anticipated in patients with previous tet-

ralogy of Fallot repair, as well as an appreciation of the

risk factors associated with sudden cardiac death, predic-

tion in any given individual remains problematic. Optimal

management for this patient population would be to iden-

tify those at risk and intervene before the development of

malignant arrhythmia as sudden cardiac death may be the

first manifestation of ventricular arrhythmia for many

patients [8]. This goal, however, remains elusive [9].

The incidence of sudden death following operative

repair has been estimated as up to 6% in long-term fol-

low-up [1], with the risk in patients having previous-

ly undergone tetralogy repair believed to be the result of

the interaction between right ventricular dysfunction and

the concomitant electrical perturbations predisposing to

arrhythmia [10]. Prevention of these sequelae remains the

objective in the ongoing surveillance and management of

these patients [11, 12].

The mechanism of sudden death in tetralogy of Fallot

is believed to be multifactorial. In a population-based

evaluation of patients who died suddenly late after con-

genital heart surgery, Silka et al. identified arrhythmic

death to be the most common cause in tetralogy of Fallot

but sudden death secondary to both circulatory and heart

failure events was also observed in this patient cohort [6].

The mechanism of arrhythmic death is believed to be

largely the consequence of ventricular tachycardia (VT)

(Fig. 31.1) and ventricular fibrillation [8, 13–16], sup-

ported by electrophysiologic studies demonstrating indu-

cible monomorphic ventricular tachycardia in patients

with repaired tetralogy of Fallot [17]. However, brady-

cardia secondary to complete heart block may account

for some of the mortality in these patients [18–21]. In the

study by Silka, agonal rhythm due to complete heart

block was the first rhythm observed in 2 of 11 patients

dying suddenly and both patients had preexisting conduc-

tion deficits [6].

The mechanism of sustained ventricular tachycardia in

the patient with tetralogy of Fallot is believed to be pri-

marily reentrant. Intraoperative electrophysiologic map-

ping has demonstrated reentrant circuits originating from

the right ventricular outflow tract [22], with typical asso-

ciated structural abnormalities seen in these patients

including the presence of right ventricular outflow tract

aneurysms [23] and pulmonary regurgitation [17]. Elec-

trophysiologic studies have also shown arrhythmia origi-

nating from the right ventricular inflow adjacent to the

interventricular septum [24] and site of prior ventriculot-

omy [25]. Supportive evidence for reentry as the mechan-

ism of ventricular tachycardia includes intraoperative

demonstration of fractionated potentials and continuous

activity [25] as well as induction of the arrhythmia by

premature stimuli and entrainment of ventricular tachy-

cardia during electrophysiologic study [26].

While the ventriculotomy scar [27] and ventricular

septal defect patch are purported to provide anatomic

barriers around which the circuit can reenter, other stu-

dies have demonstrated functional block with critical

delays in activation in areas without visible scar as the

mechanism for reentry [22]. Consistent with this, fibrosis

surrounding isolated bundles of myocardial cells has been

observed histologically in tetralogy of Fallot [28, 29] in

a manner analogous to the border zone of myocardial
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infarction and may provide the necessary substrate for

reentry (Fig. 31.2).

In addition to the substrate described above, suscept-

ibility to ventricular tachycardia and fibrillation is also

determined by right ventricular function and long-term

volume overload [30]. The effect of chronic pulmonary

regurgitation, subsequent right ventricular dilatation, and

fibrosis [31] must also be taken into account as potential

triggers for tachyarrhythmia and will be discussed further

in this chapter.

31.1 Risk Stratification

Large, randomized, prospective trials have demonstrated

the survival benefit of prophylactic implantable defi-

brillator insertion in patients with ischemic and nonis-

chemic left ventricular dysfunction for the prevention

of sudden cardiac death [32, 33]. Risk stratification in

these populations has largely been based upon reduction

in left ventricular ejection fraction and more recently,

T-wave alternans has emerged as a potentially important

Fig. 31.1 Sustainedmonomorphic ventricular tachycardia of Left bundle branch blockmorphology in a patient late after repair of teralogy
of Fallot

(a) (b)

Fig. 31.2 The substrate for ventricular tachycardia in tetral-
ogy of Fallot. Histologic examination from the margin of the
right ventricular outflow tract aneurysm removed at surgery,

reveals myocardial fibers interspersed with fibrosis in a man-
ner analogous to that observed in the scar of myocardial
infarction
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predictor of risk [34]. There are, at present, no compar-

able trials upon which to base decisions regarding man-

agement of patients with congenital heart disease and

specifically those with previous tetralogy of Fallot repair.

Much of our knowledge and current clinical practice is

based on retrospective studies of relatively small sample

size. From these, a number of risk factors for arrhythmia

and sudden death have been identified in the patient

with previous tetralogy of Fallot repair. This chapter will

explore these factors with respect to the timing and nature

of the initial surgery, electrophysiological parameters, and

the hemodynamic and structural sequelae following repair

[23, 35, 36].

31.2 Timing and Nature of Initial Surgery

The timing and nature of corrective surgery for patients

with tetralogy of Fallot has an important influence on

future arrhythmogenic potential. While previous pallia-

tive surgery, particularly with a prior Potts or Waterston

shunt [1, 4, 37], may be associated with an increased risk

of ventricular tachycardia and sudden death, older age at

the time of initial repair has proved to be a robust pre-

dictor of risk for late ventricular arrhythmia [35, 38–40].

More than a decade ago, Deanfield [18] and colleagues

demonstrated increasing frequency and complexity of

ventricular arrhythmias detected by ambulatory moni-

toring, with increasing age at repair and duration of

follow-up. Similarly, at electrophysiologic study, Chan-

dar et al. [41] in a multicenter study, observed that indu-

cibility of ventricular arrhythmias—both nonsustained

and sustained, monomorphic and polymorphic ventricular

tachycardia—increased with increasing age at repair and

follow-up, an observation that has more recently been

confirmed by Khairy and co-authors [42]. This suggests

there may be progressive changes in the myocardial sub-

strate as a function of the underlying congenital condition

and long-standing cyanosis that cannot be fully reversed by

subsequent repair.

In addition, the surgical technique employed at the

time of repair also influences the risk of future arrhyth-

mia. Previous ventriculotomy has been demonstrated to be

associated with an increased risk of ventricular tachycar-

dia and sudden cardiac death, as well as right ventricular

dysfunction and severity of pulmonary regurgitation [43].

Inducible ventricular tachycardia originating from the

region of the previous ventriculotomy has been demon-

strated at electrophysiologic study. More recent utilization

of a transatrial surgical approach has been shown to

decrease the risk of subsequent ventricular arrhythmia

and right ventricular dilatation [44] without concomitant

increase in atrial arrhythmia [43]. The fact that avoidance

of a ventriculotomy reduces the risk of late arrhythmia

reinforces the concept that multiple factors contribute

to the development of tachyarrhythmia in these patients.

Additional surgical factors which have been identified as

increasing the risk of future arrhythmia include the use of a

transannular [37] or right ventricular patch [39] for relief of

right ventricular outflow obstruction. Postoperative pul-

monary regurgitation is inevitable, and the subsequent

propensity to tachyarrhythmia may reflect the interaction

between the consequent chronic pulmonary regurgitation

and right ventricular dilatation.

The presence of transient heart block persisting greater

than 3 days after surgical repair also confers an increased

risk of sudden death [19, 21]. This presumably relates to

damage to the conducting system incurred at the time of

surgery, with complete heart block implicated in sudden

death. Conduction abnormalities noted on the surface

ECG, most commonly, right bundle branch block with

left anterior hemiblock and prolongation of the PR inter-

val, support injury to the conducting system with subse-

quent complete heart block as a potential mechanism for

sudden death [45, 46]. Of note, injury to the conduction

system has been demonstrated using both atrial and ven-

tricular approaches to repair [47]. With advances in sur-

gical techniques, damage to the conduction system should

be minimized in the current surgical era.

31.3 Electrophysiologic Predictors of Sudden
Death

Abnormalities of right ventricular conduction noted on

the surface ECG have a demonstrated association with

sudden death, and as such the surface ECG is a simple,

noninvasive test that can provide important insight into

arrhythmic risk. These ECG changes have been ascri-

bed to the so-called mechano-electrical interaction

between right ventricular dilatation and hypertrophy

secondary to chronic pulmonary regurgitation, and dis-

ordered conduction.

The duration of the QRS complex is well recognized as

a marker for arrhythmia propensity [10, 35], with evi-

dence that prolongation of the QRS reflects not only

increased right ventricular volume but also decreasing

right ventricular ejection fraction and increased left ven-

tricular mass [48]. In their initial study, Gatzoulis et al.

[10] found a QRS duration � 180 ms to be a sensitive

predictor of sustained ventricular tachycardia and sudden

death in an adult cohort of previously repaired tetralogy

of Fallot patients with a mean duration of follow-up of

>2 decades. QRS duration � 180 ms had a sensitivity of
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100% and a specificity of 95%. A more recent larger

multicenter study by the same author [35] not only

affirmed the value of QRS duration as a sensitive predic-

tor of VT and sudden death but also identified rate of

change of QRS duration as a marker for increased risk of

ventricular arrhythmia. Those patients with a rapid pro-

gression in QRS duration were at increased risk of devel-

oping ventricular tachycardia or sudden death [35].

Finally, the utility of monitoring of the QRS interval

may also be reflected in the stabilization [49] and possible

reduction [50] in QRS duration that has been observed

after pulmonary valve replacement in concert with reduc-

tion in right ventricular volume. That pulmonary valve

replacement may be associated with decreased arrhyth-

mic risk [50] and may be accompanied by electrical and

mechanical reverse remodeling, reinforces the ability of the

QRS duration to provide a noninvasive marker of risk.

While abnormalities of depolarization within the right

ventricle in tetralogy of Fallot are reflected in QRS pro-

longation, abnormalities of repolarization as measured

byQT dispersion, have also been observed. QT dispersion

>60ms is an additional risk factor for sudden death and

in a study, when combined with QRS duration> 180ms,

had a sensitivity of 98% and specificity of 100% in iden-

tifying patients with sustained VT [51]. QT dispersion was

unrelated to the presence of RBBB and remains predictive

independent of right ventricular volume [51, 52].

In addition to the standard 12-lead ECG, a number of

other noninvasive electrophysiologic parameters used to

predict risk in other patient populations, have been exam-

ined for their ability to predict increased risk of ventricu-

lar arrhythmia and sudden death in tetralogy of Fallot. In

contrast to the studies in ischemic and dilated cardio-

myopathy, the number of subjects studied is often small,

and the ability of these various measures to prospectively

determine risk, inconclusive. The signal-averaged ECG

(SAECG) as a predictor of risk is of uncertain benefit in

this patient population. While the filtered QRS duration

as measured by SAECG is associated with increased risk,

no significant association with malignant arrhythmias was

observed for other standard SAECG parameters. Speci-

fically, high-frequency, low-amplitude signal duration

(HFLA) and root mean square (rms) of the mean voltage

of the terminal portion of the QRS (rms), both measure-

ments of delayed conduction, were not significantly differ-

ent in those with and without malignant arrhythmias [53].

Perturbations of autonomic nervous regulation, as mea-

sured by heart rate variability and baroreflex sensitivity,

are of value in predicting risk in ischemic heart disease and

have been examined in tetralogy of Fallot. Both of these

measures are significantly reduced in tetralogy of Fallot

[54, 55] and diminished heart-rate variability correlates

with increased right ventricular size and QRS duration

[54]. Data on the utility of these indices to predict risk are

lacking. Microvolt T-wave alternans testing, a recent addi-

tion to risk stratification in ischemic cardiomyopathy, has

been studied in limited fashion in tetralogy of Fallot [56]

and its role in risk prediction in this population has yet to

be defined.

While ventricular ectopy on ambulatory ECG mon-

itoring may be associated with inducible ventricular

tachycardia [41, 57] in tetralogy of Fallot, the ability of

ambulatory monitoring to predict risk appears limited.

Ventricular ectopy and nonsustained ventricular tachy-

cardia are commonly encountered with ambulatory mon-

itoring and long-term follow-up of patients with ectopy

on Holter monitoring reveals that this does not necessarily

imply adverse clinical outcome [58, 59]. Atrial arrhythmia

is common following tetralogy of Fallot repair with an

incidence of up to 30–40% [60]. In addition to the signi-

ficant associated morbidity [61], development of atrial

arrhythmias in this population may also portend a poor

prognosis. Follow-up of patients with atrial arrhythmia

has been demonstrated to be associated with an increased

risk of heart failure, ventricular arrhythmia, and death [61].

There have been a number of studies [41, 42, 57, 62]

over the years addressing the utility of the electrophysio-

logic study (EPS) for risk stratification of patients with

repaired tetralogy of Fallot, but the data have yielded

mixed results and the role of EPS in asymptomatic

patients remains controversial. The discordance in out-

comes between studies may be attributable, in part, to the

differences in the patient populations studied, the defini-

tion of a positive study, the relatively small sample sizes,

and relatively low frequency of ventricular tachycardia

and sudden death events. While prolongation of QRS

duration has been shown to correlate with both risk of

ventricular arrhythmia and inducibility of monomorphic

ventricular tachycardia, the predictive value of a positive

electrophysiologic study has been variable [62, 63]. The

yield of EPS in asymptomatic patients remains low, with

positive studies noted in approximately 10% of patients

[41, 57]. Several studies have suggested a negative EPS

confers a favorable prognosis, with a low risk of ventri-

cular arrhythmia and sudden death during follow-up [42,

63]. Of note, however, in one multicenter retrospective

study, all five patients who experienced sudden death

had negative electrophysiologic studies for inducible

ventricular tachycardia [41]. A more recent retrospective

multicenter study [42] found not only inducible, sustained,

monomorphic ventricular tachycardia, but also induci-

ble, sustained, polymorphic ventricular tachycardia to be

important predictors of subsequent events. These auth-

ors concluded that sustained polymorphic VT enhanced

the predictive accuracy of the EP study with an overall

sensitivity of 77% and minimal impact on specificity, and
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should therefore not be disregarded as a nonspecific find-

ing. The complexity of the role of electrophysiological

testing is reinforced by data suggesting that ventricular

ectopy on Holter monitoring may be associated with indu-

cible ventricular tachycardia [41, 57].

31.4 Hemodynamic and Structural Sequelae
Following Repair as Predictors of Risk

An important advance in the long-term management of

patients with repaired tetralogy of Fallot has been the

appreciation of the contribution of chronic pulmonary

regurgitation and subsequent right ventricular dilatation

to ventricular arrhythmia [23, 35]. Chronic right ventri-

cular volume overload and associated right ventricular

dilatation contribute to impairment of right ventricular

function. This is in turn associated with abnormal con-

duction within the right ventricle, reflected in prolonga-

tion of the QRS duration late after surgical repair, and

subsequent propensity to arrhythmia [64]. Of note, it app-

ears that it is the maladaptive response of the right ven-

tricle to chronic pulmonary regurgitation, rather than

the severity of pulmonary regurgitation per se, that dic-

tates outcome. In an early study of mechano-electrical

interaction, those patients with so-called restrictive right

ventricular physiology, had a narrower QRS, smaller car-

diothoracic ratio and lower likelihood of ventricular

arrhythmias [10]. This is supported by data showing that

the pulmonary regurgitant fraction alone does not corre-

late with clinical outcome [48]. An important benefit of

pulmonary valve replacement, with associated cryoabla-

tion, has been a decrease in the risk of subsequent arrhyth-

mia [50]. More recently, a reduction in right ventricular

parameters [65] has been demonstrated with percutaneous

pulmonary valve replacement, with reduction in ventricu-

lar arrhythmia hopefully a future benefit. Additional struc-

tural abnormalities of the right ventricle documented to

predispose to ventricular tachycardia include right ventri-

cular outflow tract aneurysmal dilatation [22] and the pre-

sence of right ventricular outflow tract akinesis [11].

Further evolution in the understanding of mechanisms

of tachyarrhythmia and outcome has recently focused on

the important interaction between the left and right ven-

tricles in tetralogy of Fallot. Left ventricular dysfunction,

which correlates with right ventricular impairment, has

been demonstrated to be an independent risk factor for

impaired functional status [48] and is associated with an

increased risk of sudden cardiac death when assessed in

combination with QRS prolongation [48, 66]. Impair-

ment of left ventricular function in tetralogy of Fallot is

multifactorial but has recently been attributed, in part, to

left ventricular dyssynchrony in the setting of RBBB [67].

The ability of these hemodynamic and structural

abnormalities to predict risk of sudden cardiac death in

tetralogy of Fallot has been assessed noninvasively using

echocardiographic and magnetic resonance imaging

(MRI) techniques.

Right ventricular dimension, function, and volume can

be readily assessed by standard echocardiographic tech-

niques. As described above, increasing right ventricular

dimension and decreasing right ventricular function are

associated with increased risk of sudden cardiac death

and the probability of ventricular tachycardia or sudden

cardiac death increases progressively with increases in

right ventricular end-diastolic volume [68]. However, no

specific value for right ventricular volume or function has

been identified as predictive of risk. A left ventricular

ejection fraction of <40% by visual assessment on echo-

cardiography has been identified as an additional predic-

tor of sudden cardiac death risk in tetralogy of Fallot [66].

In this retrospective single-center study, left ventricular

dysfunction when combined with QRS duration �180 ms,

had a positive and negative predictive value for sudden

cardiac death of 66% and 93%, respectively.

The more recent innovation of tissue Doppler-derived

strain has identified left ventricular dyssynchrony in asso-

ciation with a reduction of global and regional left ven-

tricular function in this patient population [67] but its

value in risk stratification has yet to be studied.

MRI has contributed to our ability to identify those at

risk of ventricular tachycardia by facilitating improved

anatomic assessment of the right ventricle, including iden-

tification of right ventricular outflow tract aneurysms and

right ventricular akinesis. MRI also permits accurate

assessment of both left and right ventricular size, volume,

and function, as well as severity of pulmonary regurgita-

tion. Studies utilizing MRI have identified a threshold

right ventricular volume, beyond which regression of

right ventricular dilatation is less likely following pul-

monary valve replacement [69]. There are no comparable

MR data of right ventricular volume and its relation to

ventricular arrhythmia and sudden cardiac death. How-

ever, the application ofMRI techniques to the assessment

of risk in tetralogy of Fallot continues to evolve. Recently,

the MRI technique of late gadolinium enhancement, a

marker of myocardial fibrosis, has been found to correlate

with ventricular dysfunction and functional class in tetral-

ogy of Fallot, with the extent of fibrosis within the

right ventricle significantly associated with clinical

arrhythmia [31].

There is little doubt that our understanding of the

mechanisms that contribute to the risk of sudden cardiac

death in patients with tetralogy of Fallot repair has
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improved and continues to evolve. There are, however,

outstanding issues yet to be addressed. Despite the opti-

mism engendered by recent progress, our ability to accu-

rately predict those individuals of the increasingly large

cohort of survivors most at risk remains limited. Even

though there are extensive studies of hemodynamic and

electrophysiologic parameters addressing this problem

using a wide variety of techniques, it is clear that no single

risk factor is likely to emerge as sufficiently predictive. A

scoring system, derived from a composite of different risk

factors, may hold the greatest promise for the identifica-

tion of those at highest risk. Then, having identified those

at risk, there must be effective management strategies for

risk reduction in these patients. For the tetralogy of Fallot

patient, this will include measures directed at both hemo-

dynamic and electrophysiologic perturbations. That the

risk of ventricular tachycardia and sudden death may be

moderated by appropriately timed pulmonary valve repla-

cement is a promising advance in the management of these

patients. The implantable cardioverter-defibrillator (ICD)

is of proven benefit in the secondary prevention of aborted

sudden cardiac death [70]. Whether the results of trials

demonstrating similar benefit in primary prevention for

patients with dilated and ischemic cardiomyopathies [32,

33], can be extrapolated to this patient cohort is unknown

but possible. Other evolving therapeutic strategies offer

promise for the future. These include catheter ablation

for ventricular tachycardia and percutaneous valve repla-

cement, while cardiac resynchronization therapy may

potentially be of benefit in the patient with substantial

biventricular dysfunction [71].
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32.1 Effect of Chronic PR on the RV

The physiological role of the pulmonary valve (PV) is

to allow one-way flow of blood from the right ventricle

(RV) to the pulmonary vasculature. An incompetent PV

results in varying degrees of pulmonary regurgitation

(PR). Isolated trace or mild PR is considered physiolo-

gically normal, and has no long-term consequences. Iso-

lated moderate or severe PR is considered pathological

and over time results in volume overloading of the RV.

Chronic volume overloading leads to RV dilatation and

systolic dysfunction, and right-sided congestive heart

failure.

Tetralogy of Fallot (TOF) is the most common form

of cyanotic congenital heart disease with a prevalence of

0.18–0.26 per 1000 live births [1, 2]. If left untreated, it

carries 33% mortality in the first year of life; and a 50%

mortality in the first 3 years of life [3]. Primary repair of

TOF in the neonate and young infant began in the early

1970s and consisted of ventricular septal defect patch

repair and relief of the right ventricular outflow tract

(RVOT) obstruction via a transannular patch, valvect-

omy, and/or valvotomy [4]. Surgical repair is currently

considered the standard of care for patients born with

TOF. It has an operative mortality below 2% [5, 6], and

a 5-year and 36-year survival of 93%and 85%, respectively

[7, 8]. Although, the long-term outcome of patients with

repaired TOF is favorable, the initial repair to relieve the

RV outflow tract obstruction often results in significant

PR. PR in the repaired TOF patient is usually well toler-

ated for long periods of time. The low-resistance, high-

capacitance reservoir of the pulmonary circulation mini-

mizes the actual regurgitant volume in the face of free PR.

However, over time, chronic PR results in volume over-

loading of the RV. Volume overloading of the RV even-

tually leads to an increase in right ventricular end-diastolic

volume (RV-EDV), right ventricular end-systolic volume

(RV-ESV), and RV systolic dysfunction. The ensuing

RV dilatation and dysfunction predisposes the patient

to exercise intolerance, congestive heart failure, atrial

and ventricular arrhythmias, and may contribute to sud-

den cardiac death (SCD) [9, 10].

There is a direct relationship between poor exercise

capacity and the severity of pulmonary insufficiency and

its effects on RV. Carvalho et al. [11], demonstrated that

residual PR after complete repair of TOF correlated with

impaired exercise capacity. They prospectively evaluated

10 asymptomatic patients more than 5 years after TOF

repair. There was a significant negative correlation between

the severity of PR and exercise duration. Patients with an

abnormal maximal oxygen uptake were statistically more

likely to have more severe residual PR. Wessel et al. [12],

also demonstrated that in repaired TOF a statistically sig-

nificant relationship exists between reduced work perfor-

mance and residual disease.

Rhythm disturbances in patients with repaired TOF

are relatively common and it is related to surgical scar and

RV enlargement. Chronic PR leads to RV enlargement,

which in turn leads to tricuspid annular dilatation and

subsequent tricuspid regurgitation. Right atrial enlarge-

ment ensues, which predisposes the patient to atrial flut-

ter/fibrillation. Atrial tachyarrhythmias, including atrial

fibrillation and atrial flutter occurs in up to one-third of

all patients postrepair and contributes significantly to

patient morbidity. Right ventricular dilatation results in

delayed right ventricular depolarization (wide QRS com-

plex on ECG) and inhomogeneous repolarization pat-

terns, which may serve as a trigger for ventricular reentry

tachycardias. There is a mechanico-electrical relationship

described in these patients where the degree of RV dilata-

tion corresponds to the width of QRS duration on sur-

face ECG and patients with QRS width > 180 ms are at

greater risk of syncope and SCD. The incidence of SCD

(presumably from VT) is reported to be between 0.5%

and 6%. [9, 13, 14, 15]
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32.2 Methods of Assessing RV Volume
and Function

Until recently echocardiography and radionuclide angiogra-

phy (RNA) were considered the standard of care when it

came to quantifying both PR, and RV size and function.

Echocardiography and RNA have largely been replaced by

the newgold standard, cardiovascularMRI (CMRI).CMRI

has clear advantages over both echocardiography and radio

nuclide angiography. CMRI can assess ventricular size and

function without making assumptions about ventricular

geometry. Moreover, CMRI is able to view the cardiovas-

cular system frommany different angles thereby providing

the clinician with unprecedented accuracy and three-

dimensional detail about surrounding cardiac structures.

In addition to providing unParaleled detail about complex

cardiac anatomy, CMRI can also address questions about

cardiac physiology, such as, the location and severity of a

stenosis, the severity of regurgitation, the size and function

of the ventricle, and shunt calculations. CMRI has proven

to be an invaluable tool for repeat noninvasive assessment

of the TOF patient postsurgical repair. In particular, CMRI

is unrivalled in its assessment of RV size and function,

outflow tract aneurysm formation, severity of pulmonary

stenosis and regurgitation, and conduit visualization [16].

32.3 Effect of Surgical Pulmonary Valve
Replacement

Surgical pulmonary valve replacement in patients with signifi-

cant PR can be done safely with lowmortality [17, 18]. Symp-

tomatic improvement occurs with objective improvement in

exercise capacity [19]. RV volume, for most part, regresses by

approximately 30% when pulmonary valve replacement is

performed in a timely manner. Bove et al. [20] in 1985 were

the first to report an improvement in RV ejection fraction and

reduction in RV volumes after pulmonary valve replacement

in 11patients. Thepatients’meanage at the original repairwas

6.6 years, and the mean age at pulmonary valve replacement

was 14.6 years. RV volume and RV ejection fraction were

assessed before and after pulmonary valve replacement with

M-mode echocardiography and RNA. The indications for

pulmonary valve replacement were conduit stenosis in three

patients, symptoms in two patients, progressive cardiomegally

in three patients, and newonset tricuspid regurgitation in three

patients. An improvement, defined as a greater than 5%

increase in RV ejection fraction, was seen in seven patients,

whereas four patients demonstrated no change. The seven

patients who demonstrated an improvement in RV ejection

fraction also had a subjective improvement in exercise tol-

erance, and there was a statistically significant reduction in

the RV end-diastolic dimension indexed to the LV end-

diastolic dimension. Warner et al. [21], also demonstrated

a decrease in RV-ED dimension usingM-mode echocardio-

graphy. They evaluated 16 patients with severe PR and RV

dilatation before and after pulmonary valve replacement.

The mean age at initial TOF repair was 2 years, and the

mean age at pulmonary valve replacement was 12 years. All

16 patients complained of diminished exercise tolerance,

and 10 of the 16 had abnormal exercise tolerance tests.

After surgery, all 16 patients reported symptomatic im-

provement. Twelve of the 16 patients had trace or mild PR

after pulmonary valve replacement, and four of the 16

patients had moderate PR after pulmonary valve replace-

ment. The patients with moderate PR after pulmonary

valve replacement were more likely to have pulmonary

artery diameters and cross-sectional areas that were smaller

than those patients who had only trace or mild PR after

pulmonary valve replacement. The RV end-diastolic dia-

meter as assessed by M-mode echocardiography decreased

in all but one patient. The reduction in RV-end diastolic

dimension was greater in those patients who had trace or

mild PR after pulmonary valve replacement; as compared

to those patients with moderate PR after pulmonary valve

replacement. In contrast, both d’Udekem et al. [22] and

Discigil et al. [23] could not demonstrate a significant reduc-

tion in RV size after surgical pulmonary valve replacement.

Also, a study reported by Therrien et al. [24] failed to

demonstrate a reduction in RV volumes after pulmonary

valve replacement using RNA as the imaging modality in a

group of adults with a mean age of 33.9 years. The authors

acknowledged the potential limitation of transthoracic

echocardiography and/or RNA in assessing RV size.

Vliegen et al. [25], reported the first adult study to show

improved RV systolic function using CMRI while signifi-

cantly reducing RV-EDV and RV-ESV after pulmonary

valve replacement. Pulmonary valve replacement was per-

formed late after total repair for TOF in patients with

moderate–severe PR and RV dilatation. They evaluated 26

consecutive adult patients who underwent pulmonary valve

replacement with a cryo-perserved pulmonary homograft

for PR late after correction of TOF. The patients were all

evaluated byCMRI approximately 5months pre-pulmonary

valve replacement and 6–12 months post-pulmonary valve

replacement. Themean age at the initial TOF repairwas 5.0–
4.2 years; and the mean age at pulmonary valve replacement

was 29.2 – 9.0 years. All the patients had either moderate or

severe PR and 13 of the 26 patients had severe RV dilatation,

defined as RV-EDV greater than twice LV-EDV. Ten of the

26 patients were in New York Heart Association (NYHA)

functional Class II or greater. After surgery there was a

reduction in mean NYHA functional class from 2.0 – 0.6 to

1.3 – 0.5; 25 of the 26 patients had no PR or mild PR, and

there was a 30% reduction in both RV systolic and diastolic

volumes. Before pulmonary valve replacement the mean
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indexed RV-EDV andRV-ESVwere 167 – 40ml/m2 and 99

– 36ml/m2, respectively. After pulmonary valve replace-

ment the indexed RV-EDV and the indexed RV-ESV

decreased to 114 – 35ml/m2 and 66 – 35ml/m2, respec-

tively. The RV ejection fraction corrected for regurgitation

and shunting increased from 25% – 8% to 43% – 14%.

32.4 Timing of Pulmonary Valve
Replacement

The perioperative surgical mortality for pulmonary valve

replacement is low; however, homograft and/or valved con-

duits have a finite life expectancy related to calcification,

stenosis, intimal hyperproliferation, and graft degeneration.

Wells et al. [26], retrospectively analyzed 40 patients who had

undergone homograft conduit replacement of the RVOT

and reported that the mean interval to conduit failure was

5.3 years. This would result in multiple surgeries over the

lifetime of a patient. Repeat surgeries are characterized by

specific technical challenges that can result in increased mor-

bidity and mortality. Proper timing of pulmonary valve

replacement in these young adult patients becomes critical.

Therrien et al. [27], and Valsangiacoma et al. [28] inde-

pendently reported on a threshold of RV enlargement

above which irreversible dilatation occurs. Both studies

used CMRI to assess RV size. Therrien et al. [27] evalu-

ated 17 adult patients with repaired TOF who underwent

pulmonary valve replacement with a xenograft pulmon-

ary valve for RV dilatation and hypokinesis. Each patient

was evaluated with CMRI before and after surgery. Seven

patients were in NYHA class III or IV. Post-pulmonary

valve replacement, there was a statistical significant

reduction in both systolic and diastolic RV volumes.

The mean indexed pre-pulmonary valve replacement

RV-EDV and RV-ESV were 163 – 34 ml/m2, and 109 –
27 ml/m2, respectively. After pulmonary valve replace-

ment the mean indexed RV-EDV and RV-ESV decreased

to 107 – 26 ml/m2 and 69 – 22 ml/m2, respectively. RV

remodeling after pulmonary valve replacement resulted in

a 34% and 37% reduction in mean RV-EDV and RV-

ESV, respectively. More interestingly, despite having a

substantial reduction in RV size, no patients with an

indexed RV-EDV greater than 170 ml/m2 or an indexed

RV-ESV greater than 85ml/m2 achieved normalization of

RV volumes. Valsangiacoma et al. [28] evaluated 20 chil-

dren with repaired TOF who underwent pulmonary value

replacement with a valved conduit (18 xenografts and two

homografts– RVreduction plasty performed in five patients)

for severe PR. Each patient was evaluated with CMRI 5.6 –
1.8months before surgery and 5.9 – 0.6months after surgery.

Thirteen patients were in NYHA functional class I and seven

patients were in NYHA functional class II. Pulmonary valve

replacement was indicated for severe PR with RV dilatation

as defined by CMRI as an indexed RV-EDV greater than

150 ml/m2 and/or RV-EDV that is twice the LV-EDV, inde-

pendent of clinical status. Six months post-pulmonary valve

replacement, there was a significant reduction in both systolic

and diastolic RV volumes in all 20 patients and a statistically

significant reduction in RV mass in 19 of 20 patients. In 12

patients with presurgical-indexed RV-EDV, less than

200 ml/m2 normalization of the indexed RV-EDV to less

than 105ml/m2 occurred in eight patients (two patients had

RV reduction plasty). In the eight patients with index-

ed RV-EDV greater than 200 ml/m2 normalization of the

indexed RV-EDV occurred in only one patient and this

patient had a RV reduction plasty. These data suggest that

when the indexed RV-EDV exceeds 170–200 ml/m2 the

likelihood of normalization ofRVvolumes ismore limited.

Although both Therrien et al. [27] and Valsangiacoma

et al. [28] have identified an upper limit of RV size beyond

which complete normalization does not occur, neither

study has determinedwhether partial recovery versus com-

plete normalization is necessary to reverse the detrimental

effects of RV enlargement.

32.5 Current Indications for Pulmonary Valve
Replacement

The timing of pulmonary valve replacement in patients with

repaired TOF still remains controversial. Pulmonary valve

replacement has traditionally been performed when symp-

toms of RV systolic dysfunction are present. However, wait-

ing for symptoms to be present before intervening may result

in irreversible RV enlargement and limit the benefits of pul-

monary valve replacement.Given the correlation betweenRV

enlargement and poor outcome; and the current data demon-

strating the reversible effects of pulmonary valve replacement

onRVenlargement, the indication for pulmonary valve repla-

cement should strongly consider the asymptomatic patient

with severe PR and significant RV dilatation. The present

indications for pulmonary valve replacement are as follows:

1. the symptomatic patient with severe PR and RV dila-

tation with or without RV dysfunction;

2. the asymptomatic patient with severe PR, RV dilata-

tion (170–200 cc/m2), and RV systolic dysfunction;

3. the asymptomatic patient with severe PR, ventricular

arrhythmias and RV dilatation (170–200 c/m2) with or

without RV dysfunction;

4. the asymptomatic patient with severe PR, worsening

exercise capacity, and RV dilatation (170–200 c/m2)

with or without RV dysfunction; and

5. patients withmoderate to severe PRundergoing cardiac

surgery for other hemodynamically significant lesions.
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32.6 Conclusion

In conclusion, the long-term effects of RV enlargement

resulting from chronic PR are poor. Although, surgery is

effective at eliminating PR and reversing RV enlargement

up to a point, repeat surgical interventions with its asso-

ciated morbidity and mortality is a real limitation. The

indications for surgical pulmonary valve replacement are

based on the current data that demonstrates a poor long-

term prognosis associated with RV enlargement, the rever-

sibility of RV dilatation with pulmonary valve replace-

ment, and more importantly, the evidence that a threshold

of RV enlargement exists beyond which normalization of

RV size does not occur. Whether complete versus partial

normalization of RV size will alter long-term outcome

remains to be determined. The availability of a low mor-

bidity/mortality percutaneous intervention may make the

application of pulmonary valve replacement more palata-

ble to the clinician who takes care of the patient with

significant PR and RV enlargement, but in no way should

change the indication to intervene at this point in time.
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33.1 Introduction

Over the last three decades, transcatheter techniques and

devices have evolved to allow effective therapies for cor-

onary artery disease, congenital valve, and great artery

stenosis, atrial and ventricular septal defects and obstruc-

tive hypertrophic cardiomyopathy. Nonsurgical cardiac

valve replacement is the latest and most exciting develop-

ment in the field of interventional cardiology [1–4]. In this

regard, while transcatheter treatment of valvular stenosis

has been well established [2], approaches to address regur-

gitation have remained solely surgical. As such, the pro-

spect of a nonsurgical transcatheter technique to address

valvular regurgitation holds considerable promise, con-

sidering the inherent advantages to patients, enhancing

treatment strategies.

The current techniques for percutaneous transcatheter

semilunar valve replacement all involve use of a tissue

valve prosthesis mounted within a stent (Table 33.1).

Anderson [3] was the first to report in 1992 the implanta-

tion of a stent-mounted heart valve. This implant was

constructed by suturing a porcine aortic valve into a

custom-made stainless steel stent. Measuring 12 mm in

diameter when crimped onto a delivery balloon, it was

expanded to 32 mm in diameter when deployed. Nine

such prostheses were implanted in heterotrophic or ortho-

tropic positions in pigs. However, the requirement of 41

French sheath damped enthusiasm for this technology.

The peak systolic gradient was 16 mmHg or less and there

was trivial regurgitation seen in only two implants.

Despite the technical challenges, this work provided the

proof of concept that justified ongoing investigation in

transcatheter valve implantation therapies.

33.2 Application in Congenital Heart
Disorders

In the management of complex congenital heart disease,

right ventricular outflow track reconstruction is a signifi-

cant component of many surgical repairs. However,

despite successful surgery, many patients are left with

residual lesions. In this regard, pulmonary regurgitation

is increasingly recognized as a factor in risk stratification

for long-term morbidity and mortality [1, 5, 6]. Indeed,

right ventricular outflow track dysfunction forms the

primary indication for reoperation in the adult congenital

heart disease population, and multiple operations are

often frequent [6, 7]. Surgical management of many

forms of pulmonary atresia requires the use of a conduit

to create continuity between the ventricular mass and the

pulmonary circulation. As such, conduit dysfunction

represents a unique anatomic situation for the application

of existing technologies for valve implantation. Manage-

ment of obstructive conduit lesions has been accessible

with application of interventional catheterization and

bare metal stent implantation [8, 9] with good early and

midterm relief of obstruction, prolonging conduit life

span. This approach is particularly applicable in addres-

sing obstructive lesions which do not involve the conduit

valve leaflets.

The implantation of a valve-stent may address both the

obstructive and regurgitant components of such conduit

dysfunction. The first percutaneous implantation of a

cardiac valve-stent in a human was reported by Bonhoef-

fer and colleagues in 2000 [10], having been preceded by a

series of animal studies [11]. The procedure took place in a

12-year-old boy with pulmonary atresia and ventricular

septal defect, placed into a right ventricular to pulmonary

conduit. After the implant, the systolic pressure gradient

across the conduit fell from 50 mmHg to 25 mmHg and

Doppler echocardiography demonstrated no significant

valve insufficiency. Subsequently, over 160 patients have

undergone similar implantations in Europe and Great
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Britain with this valve as have 17 children at the Hospital

for Sick Children in Toronto.

33.3 The Implant

The pulmonary valve implant (MelodyTM,Medtronic Inc.,

Minneapolis, MN), developed by Bonhoeffer and collea-

gues is a biological valve, harvested from the jugular vein

of fresh bovine cadavers and sutured into a preexpand-

ed stent (CP StentTM NuMED, Hopkinton, NY). Bovine

jugular venous valves can have well-formed bicuspid and

tricuspid arrangements (Fig. 33.1). Surgical implantation

of such valve conduits (Contegra, Medtronic) has been

successfully performed in the primary surgical reconstruc-

tion of the right ventricular outflow track in congenital

heart lesions [12]. The stent is made of platinum–iridium

wire welded together with gold (CP StentTM NuMED).

The valve itself is durable and can be expanded and com-

pressed upon itself multiple times, without loss of integrity.

The valve-stent assembly is crimped onto a custom-made

20 French delivery system with a balloon-in-balloon

(BIBTM, NuMED) configuration (Fig. 33.2), available

with 18, 20, and 22 mm diameter outer balloons. The

Table 33.1 Percutaneous stent-valves for semi-lunar valve replacement

Device Tissue valve Stent

Medtronic Melody Transcatheter
Pulmonary Valve

(Medtronic, Minneapolis MN, USA)

Bovine jugular vein Platinum–iridium; balloon
expandable

Cribier-Edwards Percutaneous Aortic
Bioprosthesis

(Edwards Lifesciences, Irving, Calif, USA)

Equine pericardial
valve

Stainless steel; balloon
expandable

Corevalve Percutaneous Revalving System
(Corevalve, Irvine, Calif.)

Porcine pericardial
valve

Nitinol, self-expanding

A B

Fig. 33.1 Photograph of a
bovine jugular vein panel (A)
from the outside, and in panel
(B) a cross-sectional view
showing the trileaflet valve
arrangement

A B

Fig. 33.2 In Panel (A), the
expanded stent with the bovine
vein graft sewn on the inside.
Panel (B), the crimped valve
stent on the 20 French balloon-
in-balloon delivery system
(EnsembleTM Medtronic,
Minneapolis MN. USA)
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stent is magnetic resonance imaging compatible, although

it will induce an imaging artifact.

33.4 Patient Selection

Presently, patients considered candidates for valve implan-

tation are those who had previously undergone surgery on

the right ventricular outflow track for repair of a congeni-

tal lesion. It should be noted, however, that optimal timing

for such intervention is not well defined and no one in-

vestigation gives a reliable guide. Right ventricular dys-

function, tricuspid regurgitation, and worsening symptoms

may mark a situation of diminished reversibility and, there-

fore, are not good indicators for the timing of intervention.

Yet, if timed appropriately, valve replacement can improve

right ventricular function, control arrhythmias, and imp-

rove exercise performance [13, 14]. Symptoms and clinical

findings at present, however, should be of a degree that

warrant surgical valve replacement [6, 7], although the opti-

mal timing of establishing pulmonary competence before

irreversible right ventricular dysfunction has yet to be deter-

mined [15]. Conventional practice guidelines presently

would include right ventricular hypertension (> 2/3 sys-

temic pressure in the clinically symptomatic, or 3/4 systemic

pressure in the asymptomatic individual), and in those with-

out outflow tract obstruction: significant pulmonary insuf-

ficiency, right ventricular dilation and or failure, the onset

of symptoms, effort intolerance, and arrhythmias.

For the valve implant procedure, presently excluded

are individuals < 5 years of age or weighing < 20 kg.

Other exclusion criteria include pregnancy, occluded cen-

tral veins, an active infection, outflow tracts of unfavor-

able morphology (i.e., > 22 mm in diameter) or conduits

< 16 mm in diameter at the time of surgical insertion.

Additional limitations include outflow tracts of native

tissue which may dilate after the prosthetic valve

implantation and result in embolization of the implant

and coronary anatomy, which could be compromised

by an expanded implant in the right ventricular outflow

tract. Conduit calcification is not a counter-indication,

indeed, its presence may encourage stability of the

potential implant.

33.5 Investigations

All candidates require detailed clinical examination, elec-

trocardiogram, chest radiograph, and echocardiogram

including colour and flow Doppler studies. A magnetic

resonance imaging scan can be invaluable in assessing the

morphology of the right ventricular outflow tract, right

ventricular volumes, function, and quantitate pulmonary

regurgitation. Cardiopulmonary exercise testing will

allow analysis of peak oxygen uptake, anaerobic thresh-

old, and other variables allowing an objective measure of

exercise performance and cardiopulmonary reserve.

33.6 The Procedure

The implant procedure is performed under general

anesthesia with strict sterile technique. Vascular access

for the implantation is generally obtained from the

femoral veins (either) but can be achieved as well from

the right internal jugular vein. Access from the liver has

not been reported. A right heart hemodynamic study is

performed and angiography obtained in the right ventri-

cular outflow tract in the 908 lateral and 208- to 358cranial-

108 LAO projections. Technically, a right coronary artery

catheter can be used for the hemodynamic study, with its

placement into the distal left pulmonary artery. While

either branch pulmonary artery can be used, the delivery

catheter tends to follow the arc toward the left pulmonary

artery and is much more reliable, than if the guide wire is

A B

Fig. 33.3 Panel (A), a lateral
angiogram in a right ventricular
outflow tract conduit,
demonstrating the outflow
topology where the valve-stent
implant will be implanted.
Postimplantation, panel
(B) showing the competent
valve in situ
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placed into the right pulmonary artery. An ultra-extra

stiff guide wire (Amplatzer-type Ultra Extra Stiff, Cook

Inc., Bloomington, IN) is then positioned through the

right coronary artery catheter and aMultiTrackTM cathe-

ter (6 Fr., NuMED) used for angiography. If the anatomy

appears suitable (Fig. 33.3), the device can be crimped

onto a delivery system of appropriate balloon diameter

and deployed. Prior to crimping the stent-valve onto the

balloon system it is washed in a series of saline solutions

to remove the gluteraldahyde fixative (generally 5 min in

each of three saline solutions). The groin should be pre-

dilated with a 22 Fr. dilator before insertion of the deliv-

ery system. A bleed-back coaxial sheath which is on the

delivery catheter can be used to control groin bleeding

around the catheter. After deployment of the stent in the

target lesion, high-pressure balloon dilation maybe per-

formed to further seat the stent-valve complex in place

(MullinsTM high-pressure balloon, NuMED). If there is

any concern about potential coronary artery compres-

sion, a coronary angiogram can be performed during

balloon dilation of the conduit. All conduits and prosthe-

tic pulmonary valves so implanted should allow at least

an 18 mm diameter implant. Prior to stent-valve implan-

tation, a bare metal stent implant can be used to reinforce

the conduit if potential sternal compression is a concern

(Fig. 33.4). Hemodynamic and angiographic assessment

is then repeated after placement. Antibiotics and heparin

are administered during the procedure.

33.7 Results

Between January 2000 and September 2004, Khambadkone

et al. reported the accumulated experience with the Melo-

dyTM Medtronic valve in 59 patients [16]. The median age

was 16 years (range 9–43 years) and weight 56 kg

(25–110 kg), and mean follow-up 10 months. The majority

had a variant of Fallot’s tetralogy (n=36), or transposition

of the great arteries, ventricular septal defect with pulmonary

stenosis (n=8). Acutely, the right ventricular pressure fell

(64 – 17 to 50 – 14mmHg, p< 0.001), outflow gradient was

reduced (33 – 24 to 19 – 15 mm Hg, p < 0.001), and

pulmonary regurgitation improved (grade 2 or greater

before, none greater than grade 2 after, p < 0.001) stent-

valve implantation. Follow-up magnetic imaging studies

documented a significant reduction in regurgitant fraction

(21 – 13% versus 3 – 4%, p < 0.001), right ventricular end-

diastolic volume (94 – 28 versus 82 – 24 ml/beat/m2, p <

0.001), a significant increase in left ventricular end-diastolic

volume (64 – 12 versus 71 – 13 ml/beat/m2, p < 0.005) and

effective right ventricular stroke volume (37 – 7 versus 42 –
9 ml/beat/m2, p< 0.006) in 28 patients (age 19 – 8 years). A

further 16 patients had metabolic exercise testing and

showed a significant improvement inVO2max (26 – 7 versus

29 – 6ml/kg/min, p< 0.001). Therewas nomortality, and all

patients were discharged the follow morning after the

procedure.

The same investigators [17] recently reported additional

follow-up studies from 18 individuals (72% male, median

age 20 years, from a population of 93 at the time), who had

undergone the procedure to relieve right ventricular out-

flow obstruction, examining the clinical and physiological

response to the implantation. All patients had a right

ventricular outflow tract gradient of > 50 mm Hg by

echocardiography without important pulmonary regurgi-

tation (less than mild) or a regurgitant fraction < 10% on

magnetic resonance imaging. Cardiopulmonary exercise

testing, tissue Doppler echocardiography, and magnetic

resonance imaging were performed before and within 50

days of the stent-valve implant. The procedure reduced the

outflow gradient (from 51 to 22 mm Hg, p < 0.001) and

right ventricular systolic pressure (from 73 to 47 mmHg, p

< 0.001) at catheterization. Symptoms and aerobic (from

A B

Fig. 33.4 (A) lateral chest
radiograph showing an
implanted valve-stent. In this
child, the conduit was anterior,
and parallels the sternum. Panel
(B) is a magnified view of the
implant, not an additional bare
metal stent previously inserted
to further strengthen the
conduit in an attempt to avoid
compression
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25.7 to 28.9 ml/kg/min, p < 0.002) and anaerobic (from

14.4 to 16.2 ml/kg/m2, p < 0.002) exercise performance

improved. Myocardial systolic velocity improved acutely

(tricuspid from 4.8 to 5.3 cm/s, p< 0.05; mitral from 4.7 to

5.5 cm/s, p< 0.01), whereas isovolumetric accelerationwas

unchanged. Right ventricular end-diastolic volume

(100–90 ml/m2, p < 0.001) fell, whereas effective stroke

volume (44–48 ml/m2, p < 0.06) and ejection fraction

(48–57%, p< 0.01) increased. Left ventricular end-diastolic

volume (72–77 ml/m2, p< 0.145), stroke volume (45–51 ml/

m2, p < 0.02), and ejection fraction (63–66%, p < 0.03)

increased. As such, stent-valve replacement relieves

outflow tract obstruction, and leads to an early improve-

ment in biventricular performance, reduces symptoms, and

improves exercise tolerance.

At the Hospital for Sick Children, Toronto, the Melo-

dyTM valve was implanted in 17 patients, eight females,

15.8 – 2.4 years old (range 13–21 years) and 56.3 – 8.2 kg

(range 42.2–72.3 kg), 5–17 years after surgical right ven-

tricular outflow tract reconstruction between October

2005 andMay 2006. Fallot’s tetralogy, pulmonary atresia

with ventricular septal defect, persistent truncus arter-

iosus, and Taussig–Bing malformation constituted the

underlying cardiac defects. Prior to the procedure, the

patients underwent an echocardiogram, heart mag-

netic resonance scan (n = 13), and exercise test (n

= 11). After the procedure they were seen at 1, 3, and

6 months, with an echocardiogram, electrocardiogram,

and chest X-ray. Exercise testing was performed at 3

months and cardiac magnetic resonance scanning

repeated at 6 months.

All patients were discharged the day following the

procedure. No complications, such as stent dislodgment

or fracture, stroke, valve malfunction, or urgent surgery

occurred in the 6-month follow-up period. The right ven-

tricular systolic pressure fell from 65 – 19 to 46 – 11 mm

Hg (p=0.01) right ventricular to aortic pressure ratio fell

from 0.75 – 0.2 to 0.47 – 0.1 (p< 0.0005) right ventricular

to pulmonary artery peak pressure gradient fell from 35 –
20 to 13 – 8 mm Hg (p < 0.004), and pulmonary regur-

gitation score fell from 3 – 0.3 to 0.75 – 0.5 (n = 12, p <

0.0001) 1 day after implant. Exercise testing VO2 max

(23.95 – 4.1 to 25.1 – 3.96 ml/kg/min (p< 0.35)) increased

significantly, while pre- and postprocedural cardiac out-

put measurements did not change significantly.

33.8 Future Applications and Research.

Clearly, the present implant has a limited application,

confined to those patients with a right ventricle to pul-

monary artery homograft conduit or heterograft implant.

The largest population where pulmonary valve implanta-

tions are frequent and presently entirely surgical consists

of those patients after Fallot’s tetralogy repair [6, 7, 15].

Such patients have patulous outflow tract such that a 22-

mm stent-graft would not be secure. A variety of

approaches have been considered to address this popula-

tion. Boudjemline and colleagues recently investigated in

an animal model [18], the feasibility of an off-pump

hybrid approach in eight ewes were a left thoracotomy

was first performed, and the main pulmonary artery was

banded by using two radiopaque rings with a diameter of

18 mm. Percutaneous implantation of a valve-stent or

through a transventricular approach was performed.

The banding allowed the pulmonary diameter to be

reduced from 30 to 17 mm and subsequent pulmonary

valve replacement through a percutaneous or a transven-

tricular approach was possible without the requirement of

extracorporeal circulatory support. This work is intri-

guing and may lead to strategies where an off-pump

A B

Fig. 33.5 An infundibular
reducer design panel (A),
constructed to secure the
smaller valve-stent a dilated
right ventricular outflow tract.
Panel (B): a lateral angiogram
from an animal study with the
reducer in place and valve-stent
inserted
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main pulmonary artery banding is performed through a

limited thoracotomy and the valve-stent implanted

through a perventricular right ventricular incision, on a

beating heart. Additional work is being done on the

design of an infundibular reducer. This percutaneous

implant would function as a docking station for the exist-

ing valve [19] (Fig. 33.5).

33.9 Summary

While the implant procedure can be technically challenging,

due to themorphology of the right ventricular outflow tract,

successful implantation rate is high. Valve-stent function

appears stable with little pulmonary insufficiency in fol-

low-up. The limitation of this particular implant is the inter-

play between the 22 mm diameter stent and the conduit.

Residual stenosis is frequent, although generally mild to

moderate and well tolerated with reverse remodeling of the

right ventricle. Future advances to address the patientwith a

large outflow tract are now being investigated. The technol-

ogywill have an important impact on a number of treatment

algorithms for the patient with congenital heart disease.
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Section 8
Ebsteins Anomaly



Anatomic Definition and Imaging of Ebstein’s
Malformation 34

Norman H. Silverman

34.1 Introduction

Ebstein’s malformation is a rare disease, with a preva-

lence of 114 per million live birth [1]. The index case was

described by Willem Ebstein, who was born in Jauer,

Austria, in 1836. He was educated in Berlin and Breslau,

and became a professor of medicine at the University of

Göttingen in 1874, dying there in 1912 [2]. He was the

author of over 300 papers before the era of publish or

perish. Among his most noted works was a section on

renal disease in the book Senile Diseases, a standard

medical text, published with Gustav Albert Schwalbe.

Other eponymous diseases or syndromes attributed to

him include the Pell–Ebstein phenomenon, an afternoon

pyrexia associated with lymphomas, described in 1887,

and Ebstein nephropathy, a hyaline degeneration and

necrosis of the epithelial cells of the renal tubules, some-

times seen in diabetes mellitus. In 1892, he published the

article ‘Diagnosis of incipient pericardial effusions’.

During the course of Ebstein’s tenure in Göttingen, an

18-year-old laborer, Joseph Prescher, presenting with

fatigue, cyanosis, and arrhythmia, died during the course

of his admission to hospital [3], Ebstein, himself a pathol-

ogist, studying under Virchow, performed the autopsy.

He commissioned an etcher to make copies of the speci-

men, and described and illustrated the tricuspid valvar

disorder disease that now bears his name. The plates are

exquisite in their detail and accuracy.

The first accounts of Ebstein’s malformation based on

echocardiographic examination describe the large sail-

like antero-superior leaflet, and late systolic prolapse of

the valve. Using cross-sectional echocardiography from

the apical four-chamber plane view, valvar displacement

is clearly displayed [4, 5] (Fig. 34.1). The echocardio-

graphic literature has largely focused on displacement of

the septal leaflet of the tricuspid valve as an index of

morphological severity, stating that the essence of the

disease lies in apical displacement of the septal leaflet at

its junction with the inferior or mural leaflet exceeding 20

or 8 mm/m2 in adults [6–10].

The prerequisites for understanding Ebstein’s malfor-

mation by echocardiography are appreciation of embryo-

logical and fetal development and pathology. Elsewhere in

this book, there is consideration given to the fetal presenta-

tion of patients with Ebstein’s malformation, but several

points are immediately necessary for understanding the

morphological features. First, malformation of the tricus-

pid valve is related to the delamination of the valve from

the underlying myocardium. If this delamination is incom-

plete, the malformation is expressed to a variable degree

along the tricuspid annulus, varying from complete dela-

mination in the normal heart, to a spectrum of lack of

delamination in Ebstein’s malformation (Fig. 34.2).

It is important to note that the same process occurs

throughout the fetal myocardium. Another expression of

this phenomenonmaywell be persistence of the fetal spongy

myocardium represented by noncompaction, now called

hypertrabeculation syndrome. In Ebstein’s malformation,

this disorder occurs in up to one-fifth of patients (Fig. 34.3).

The other important aspect to understanding the devel-

opment of Ebstein’s malformation is the peculiar nature of

the fetal physiology [11, 12]. The particular pathophysiol-

ogy is created by ineffective forward flow across the pul-

monary valve caused by the combination of tricuspid

regurgitation in the presence of systemic pressure, and

systemic arterial pressure applied to the pulmonary valve

through the arterial duct. Because form, or morphology,

follows function, or flow and pressure in the developing

heart, in Ebstein’s malformation pathological specimens

exhibit these progressive changes in the developing

heart [11, 12] (Fig. 34.4). As a consequence of tricuspid
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insufficiency, ventricular contraction is associated with

ineffective forward flow across the pulmonary valve. As

fetal blood pressure rises, the degree of tricuspid regurgita-

tion increases, and the annulus of the tricuspid valve

dilates. This prevents coaptation of the valvar leaflets, in

turn worsening valvar leakage. An increasing percentage

of ductal flow supplies the flow of blood to the lungs while

the valvar leaflets are held in the closed position. The

pulmonary valve is held in the closed position allowing

synecia to develop between the pulmonary valvar leaflets,

thus creating stenosis, or even atresia. As a consequence,

the pulmonary annulus does not enlarge, causing an intrin-

sic lack of valvar, infundibular, and annular development.

As fetal blood pressure increases over gestation, wear and

tear on the tricuspid valve increases, causing more signifi-

cant leakage. The right atrium dilates in response to regur-

gitation and elevated pressure, and may even become thin

when overcome by the regurgitant load. Right-to-left

shunting at atrial level increases through the oval foramen.

The fetus does not accommodate well to the presence of

elevated venous pressure. Lymphatic flow is high and the

intravascular onchotic pressure from low fetal albumin

conspires to produce fetal hydrops, which is a common

presentation of this malformation during fetal life.

34.2 Pathology and Findings in Ebstein’s
Malformation

As an aid to memory, Ebstein’s malformation can be

encapsulated as consisting of a Dozen D’s (Table 34.1).

Although some views are intrinsically more valuable in

the delineation of Ebstein’s malformation, a complete

echocardiographic evaluation needs to be performed to

(a) (b)

Fig. 34.1 This figure shows a pathology specimen sliced in a simu-
lated apical four-chamber view (courtesy ofRobertAnderson), and the
corresponding echocardiographic apical four-chamber view, showing
the four chambers of the heart in a patient withEbstein’smalformation

The abbreviations are: right atrium (RA), atrialized right
ventricle (Atr RV), and functional right ventricle (FRV). The
left-sided chambers, left atrium (LA) and left ventricle (LV) are
also labeled

Fig. 34.2 This figure is a diagrammatic representation of the septal
leaflet of the tricuspid valve in the normal individual 0, and various
degrees of nondelamination in Ebstein’s malformation – mild, mod-
erate, and complete, in examples 1, 2, and 3, respectively
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(a) (b)

Fig. 34.3 (A) is a view of an explant of the left ventricle in a 50-year-
old woman with Ebstein’s malformation who also had noncompac-
tion of the right ventricle, a condition perpetuated in her offspring.
(B) is an apical four-chamber view from another patient showing
clear evidence of tricuspid displacement from the mitral valve

(downward pointing arrows), consistent with Ebstein’s malforma-
tion. The upward-pointing arrows within the left ventricle (LV)
demonstrate the well-marked crypts that are characteristic of the
condition of noncompaction. Abbreviations: right atrium (RA), left
atrium (LA), right ventricle (RV)

(a) (b)

Fig. 34.4 These are two examples taken from a fetus with Ebstein’s
malformation at 19 weeks gestation. (A) is an apical four-chamber
equivalent view showing the four chambers of the heart. Right
atrium (RA), right ventricle (RV), left atrium (LA), left ventricle
(LV), and the displacement between the septal leaflet of tricuspid

and the mitral attachment to the central fibrous body (arrows). A jet
of tricuspid regurgitation (TR arrow) is also identified in this early
systolic frame. (B) demonstrates the ductus left-to-right shunt (red
flow) from the descending aorta (blue flow). The tricuspid regurgi-
tation (TR) is clearly identified proximal to the tricuspid orifice
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display completely its various features and associated

lesions. In older patients, it may be necessary to perform

transesophageal echocardiography for appropriate

definition.

� Displacement of the Proximal Valvar Attachments

The essence of the malformation is a rotational displa-

cement of the atrioventricular junction so that the inlet of

the right ventricle becomes atrialized. Displacement

occurs in a spiral. The antero-superior leaflet of the mal-

formed valve is normally attached, and maximal displace-

ment occurs at the junction of the mural and septal leaf-

lets [4] (Fig. 34.5).

� Dysplasia of the Valve

The valvar leaflets are usually dysplastic, being parti-

cularly malformed in areas where the tendinous cords are

matted together in sheets of valvar tissue. The leaflets

themselves may be so malformed that they are hardly

recognized as separate from the myocardium, and mus-

cularization of the leaflet is also common. The valvar

leaflets may also be thickened, and show verrucous

excrescences (Fig. 34.6). Because the septal and mural

leaflets do not delaminate from the underlying myocar-

dium, echocardiography becomes a popular means of

making a diagnosis.

34.3 Echocardiographic Features

The malformation was first described in a paper using

apex echocardiography (Fig. 34.7).

Table 34.1 The Dozen ‘D’s’

� Displacement of the proximal attachment

� Dysplasia of the valvar leaflets

� Distal abnormalities of attachment

� Dysplasia of the underlying myocardium

� Doppler evidence of tricuspid regurgitation

� Dysrhythmias

� Dilation of the right heart chambers

� Diastolic dysfunctional abnormalities

� Ductal problems

� Deformity of the right ventricular outflow and pulmonary valve

� Defects, other

� Death

(a) (b)

Fig. 34.5 This figure demonstrates two views displaying the tricus-
pid orifice in an 11-year-old patient with Ebstein’s malformation
who died subsequently. The atrial septal defect (ASD) was closed,
and the tricuspid valve was not repaired. The patient died after the
procedure had been completed
In (A) two lines in green are drawn representing the interrogation
planes, simulating those found in an apical four-chamber view.
The arrows indicate the attachment of the tricuspid valve to the
myocardium. Displacement of the mural and septal leaflets is
apparent. If the plane had passed anteriorly, no displacement of
the septal leaflet would be defined, although displacement is the
most severe in the more posterior plane, at the junction between

the septal and mural leaflet (arrow). The septal leaflet moves in an
inferior plane, and to define the extent of the displacement the
plane must pass through the plane exhibiting the junction of the
posterior leaflet. (B) is a more vertical orientation in the same
pathology specimen, showing the anterior leaflet with its abnormal
caudal and distal attachments, and the septal and the mural leaflet
of the tricuspid valve that is completely plastered against the
underlying ventricular septum. The spiral displacement of the
septal and mural leaflets is well identified. This inlet view defines
the difference between the atrialized right ventricle (RV) seen in
this example and the functional right ventricle (FVR) observed in
later pathological figures
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Fig. 34.6 This is an autopsy specimen from a neonate with
Ebstein’s malformation who succumbed because of his associated
valvar pulmonary atresia. (See later figures)
The heart has been opened from the posterior aspect and shows the

atrial and ventricular septum with the anterior surface of the heart
flapped open in clamshell fashion. The right atrium (RA) is mark-
edly dilated and thinned. The prominent Eustachian and Thebesian
valves can be identified within the right atrium. The anterior leaflet

(a) (b)

Fig. 34.7 (A) is a simulated four-chamber cut showing a heart
reconstituted from standard pathological sectioning. The annulus
area of the tricuspid valve is identified, whereas the tricuspid ante-
rior leaflet is clearly applied to the wall of the right ventricle (RV)
(arrows) by fine tendinous cords (Arrows), and the septal leaflet is
displaced medially on the septum. When viewed from the front this
heart shows no visible mural leaflet because of its displacement. The

area between the annulus and the annular area of the valve and the
inlet portion of this atrioventricular valve defines atrialized right
ventricle (ARV) Abbreviations: left atrium (LA) left ventricle (LV)
right atrium (RA). (B) is a simulated four-chamber echocardiogram
demonstrating the same echocardiographic anatomy as that
defined, and demonstrating the cordal attachment to the right ven-
tricular parietal free wall
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Ports and colleagues [5] expanded the echocardio-

graphic description, defining an index of displacement

as the ratio between the attachment of the mitral valvar

leaflet to the septum, and the septal tricuspid leaflet to the

apex. As the normal heart has offsetting between these

two leaflets, only a ratio of greater than 1.5 to 1 is con-

sidered diagnostic of Ebstein’s malformation. Recently,

measurement of the displacement itself has been per-

formed, and has been shown to be diagnostic if the

index is greater than 8 mm/m2 of body surface area [6, 8,

9]. The potential problem with this measurement is its

variability, as it depends on the four-chamber plane.

Inspection of Fig. 34.5 will show variable displacement

of the septal leaflet of the tricuspid valve as it moves

downward from an anterior–superior attachment to a

posterior–inferior one. Thus, unless it is possible to define

the most postero-inferior attachment, a random four-

chamber plane may not define that point accurately. In

moderate and severe examples of themalformation, this is

not a problem. In patients with milder degrees of malfor-

mation, however, the lesion may be missed if the scan

plane cuts only through the anterior aspect of the valve.

The four-chamber view remains a bastion in the diagnosis

of this disorder, and with appropriate postero-inferior

angulation, the plane can define a spectrum of severity

of displacement from mild to severe (Fig. 34.8).

The apical view is also used to define the severity of the

malformation and prognosis of its repair. Initially, Rober-

son and colleagues [13] described the indexed area of the

right atrium and the atrialized portion of the right ventricle

in relation to the rest of the heart in the four-chamber view

(Fig. 34.9). An index of greater than one to one in fetal life

was associated with an adverse outcome. Current reports

continue to endorse the value of this index [14, 15]. The

four-chamber view is also used to define the attachment of

the tendinous chords to the ventricular free wall, providing

the surgeon information about the possibility ofmobilizing

these structures for repair [16–23].

A more definitive evaluation of Ebstein’s malformation

can be achieved by subcostal imaging in the coronal and

subcostal views, as these views provide superior evaluation

of displacement of the valve. Subcostal coronal and sagittal

imaging also allows appreciation of the mural leaflet, the

orientation of the valve, and the relative sizing of the func-

tional right ventricle, the volume of which can be calcu-

lated by using Simpson’s rule. The view provides an excel-

lent assessment of the morphology of the leaflets, and the

degree of their coaptation, as well as the underlying cordal

attachments to the myocardium. Images from this projec-

tion fit well with the surgical description of the severity of

the valvar deformity (Fig. 34.10). From this view, it is

possible to show that the essence of the malformation is

rotational displacement of the hinge lines of the leaflets so

that part of the right ventricle becomes atrialized. As

already discussed, the displacement occurs in spiral fash-

ion, so that the anterosuperior leaflet retains its annular

attachments, with maximal displacement occurring at the

junction of the mural and septal leaflets on the diaphrag-

matic surface of the right ventricle. This rotation has the

effect of directing tricuspid regurgitation toward the dia-

phragm, and iswell seen from this view [22, 23] (Fig. 34.11).

The displacement between the Eustachian valve and the

attachment of themural leaflet to the right ventricle defines

more clearly the maximal displacement of the leaflets than

does the four-chamber view. In addition, the tricuspid jet is

directed toward the diaphragm and the transducer, permit-

ting accurate assessment of the severity of tricuspid regur-

gitation. Severity of tricuspid regurgitation is one of the

most important indicators of the severity of the condition

(Fig. 34.12).

� Distal Abnormalities of Attachment

The distal attachments of the leaflets, and their plia-

bility, are important factors underlying surgical decisions

about how to mobilize the antero-superior leaflet. This

leaflet may have a normal distal attachment, be comple-

tely adherent to an apical myocardial shelf or be attached

via hyphenated cordal attachments. While it may be dif-

ficult to appreciate the distal attachments in a severely

deformed valve, a multiplanar approach simplifies the

situation. As the anterosuperior leaflets, and their attach-

ments to the right ventricular myocardium, are particu-

larly well seen in the parasternal short-axis view, this view

is particularly helpful [24] (Fig. 34.13).

� Dysplasia of the Underlying Myocardium

Histologists have a specific definition for dysplasia.

Dysplasia of the myocardium refers to abnormal muscu-

larity of the right-sided atrium and ventricle, and has been

well described. Abnormal ventriculo–ventricular interac-

tion occurs. Thinning of the upper segment of the myo-

cardium in the region of the ventricular septum is fre-

quently noted, which may affect this interaction. In the

right ventricle the apical myocardium is often abnormally

trabeculated. With regard to the myocardium, the atrial

muscle is also abnormal, and the atrial and ventricular

response to the regurgitant load is often different from

that observed in acquired tricuspid regurgitation, because

it begins early in fetal life and is at systemic levels of

pressure for the developing fetus (Fig. 34.14).

Dysplasia of themyocardiummay relate to the abnormal

forces exerted on the right heart in fetal life where the apical

trabeculations and papillary muscle architecture are com-

monly observed, or it may be a fundamental problem of the

right ventricle, and be related to the newly discovered asso-

ciation of ventricular noncompaction now found to occur in
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about one-fifth of patients with Ebstein’s malformation [10,

25–27]. Fibrous replacement of the myocardium has also

been described [28].

� Doppler Evidence of Tricuspid Regurgitation

The degree of tricuspid regurgitation is an important

feature that determines the severity of the disorder.

Although a correlation between the morphologic and

functional components often exists, a disparity sometimes

occurs when tricuspid valvar regurgitation is less severe

than its morphological expression. One of the unique

features of tricuspid regurgitation is the direction of the

tricuspid jet, which relates to the spiral displacement of

the tricuspid valve. Because the valvar plane is rotated

(b)(a)

(c)

Fig. 34.8 These are three examples showing progressive displace-
ment of the tension apparatus from mild (A) to moderate (B) and
severe (C)
The labels indicate (A) the position of the tricuspid annulus opposite
the mitral valvar annulus (MV). The tricuspid valve (TV) anterior
leaflet and septal leaflet (arrows) can be identified. The middle panel

shows a moderate degree of this malformation. The atrialized right
ventricle (Atr RV), left atrium (LA), left ventricle (LV), and right
atrium (RA) are defined. In the bottom frame the most severe
expression shows almost no evidence of tricuspid valve except for
a dimple at the apex and the valve surrounding a normally sized left
ventricle
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anteriorly and superiorly, as seen both pathologically and

echocardiographically as noted above, the jet is directed

inferiorly and posteriorly. The inferior direction of the jet

is not appreciated from the apical or four-chamber views,

but is clearly seen in the subcostal coronal and sagittal

views (Fig. 34.15). From this subcostal position of the

transducer, Doppler interrogation of the regurgitant jet

shows its velocity above the baseline, indicating its dia-

phragmatic direction. Schreiber and colleagues [23]

showed a progressive inferior angulation with increasing

degrees of morphological severity, and the direction of the

jet appears to correlate, more or less, to this morphologi-

cal observation, with the more severe degrees of being

more vertically oriented (Fig. 34.16).

� Dysrhythmias

Arrhythmias are beyondthe scope of this presentation.

They are related to bypass tracts or result from atrial

enlargement and affect cardiac performance.

� Dilation of the Right Heart Chambers

Dilation of the right heart chambers, particularly, the

right atrium, is a cardinal finding. Indeed, the work of

Roberson and colleagues [13], and later Celermajer and

associates [14], has done a great deal to define the severity

of dilation of the right heart. These data, as well as that

from more recent series, suggest that, when the area of the

right atrium and atrialized right ventricle exceeds that of

the rest of the heart, the prognosis for survival becomes

limited [15]. As a consequence of valvar displacement, the

Fig. 34.9 This is a tracing of a 20-week fetus with Ebstein’s malfor-
mation from the paper of Roberson et al. [13] showing the technique
used for measuring the area of the right atrium and atrialized right
ventricle, and comparing it to the area seen in the other chambers
In this frame the area right atrium + atrialized right ventricle (RA +
AtrRV) is approximately equal to the combined areas of the left atrium
(LA), left ventricle (LV), and functional right ventricle (FRV). This
index was expanded into four phases by Celermajer and colleagues [14]

(a) (b)

Fig. 34.10 (A) is from reference [16], and the (B) is of the tricuspid
valve displacement as described by Schreiber and colleagues [23],
and published with permission of the Journal of Thoracic and
Cardiovascular Surgery
The panels in (A) are, as described by Chauvaud et al., the varying

degrees of tricuspid pathology displacement and dysplasia of the
valve from type A through Type D as can be seen from a subcostal
coronal view. In addition, the panels in (B) describe the plane of the
valve, the degree of the annulus and the planes of attachment of this
valve in a series of patients with Ebstein’s malformation.
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(a) (b)

Fig. 34.11 These two orthogonal planes frames are subcostal cor-
onal views, (S Cost Cor) and subcostal sagittal (Subcost Sag) views
In (A) the plane of attachment of the valve identifies the area of the
atrialized right ventricle. The atrialized right ventricle (Atr RV) is
identified proximal to the annulus. The atrium is enlarged; the

pulmonary artery (PA) is diminutive, as is the functional right
ventricle (RV) proximally. In a corresponding sagittal plane (B),
the area of the left ventricle (LV) atrialized right ventricle (Atr RV)
and functional right ventricle (RV) can be identified. The arrows
mark the plane of attachment of the valve.

(a) (b)

Fig. 34.12 This figure shows a subcostal coronal view (A) and
subcostal sagittal view (B) in the same patient with Ebstein’s mal-
formation to define the direction of the jet (arrows)
In the left-hand panel the aorta (Ao), the functional right ventricle
(RV), and right atrium (RA) are identified. The arrow indicates the

direction of the tricuspid regurgitant jet toward the liver. In the
right-hand panel the left ventricle (LV), atrialized right ventricle
(ARV), and functional right ventricle (RV) are identified. The
arrow indicates the inferior position and direction of this jet in the
orthogonal plane
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(a) (b)

Fig. 34.13 These are two pathologic specimens of Ebstein’s mal-
formation viewed from the outlet aspect of the right ventricle show-
ing different forms of attachment of the anterior leaflet of the
tricuspid valve to the underlying ventricular septum
(A) shows an example of a hyphenated attachment with few

discreet and abnormal septal chords attached to the under-
lying myocardium. This is the same specimen shown in
Fig. 34.6. (B) shows discreet linear attachment of the entire
valvar apparatus with the so-called keyhole orifice, identified
in that specimen

(a) (b)

Fig. 34.14 Frame (A) is a pathological specimen illuminated
with back lighting to identify the extensive thinning and fibrous
tissue replacement of the free wall of the right ventricle as
observed from the outside of the heart. (B) is an echocardio-
graphic view demonstrating a fibrous replacement within the

upper atrialized right ventricle, causing bulging of the ventricu-
lar septum within the left ventricular outflow tract in the sub-
costal coronal view
Abbreviations: aorta (Ao), right atrium (RA), left ventricle (LV),
right ventricle (RV)
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size of the functional right ventricle is compromised. The

volume of the functional right ventricle may be calculated

from subcostal images using the technique of Simpson’s

biplane rule. Because most surgical procedures obliterate

the atrialized right ventricle, it is this functional part of the

right ventricle that will remain as the effective ventricle

after surgical repair. These data provide a greater degree

of specificity in calculating the size of the ventricle than the

method of the ratio of areas, providing an estimate of the

maximal size of the ventricle. In addition, estimates taken

at end systole allow for calculation of the ejection fraction,

but overestimate right ventricular performance by the

degree of associated tricuspid and pulmonary valvar

leakage.

(c) (d)

Fig. 34.15 A is an apical four-chamber view of a 30-week fetus with
Ebstein’s malformation
A(i) shows the typical, A(ii) shows the superimposed Doppler color
flow information. The yellow jet (arrow) is the only tricuspid regurgita-
tion noted. This mild regurgitation remained after birth, the fetus had
an uneventful neonatal course andwas dischargedwithin days of birth.

B is a demonstration in the subcostal coronal view of severe tricuspid
regurgitation in a neonate with Ebstein’s malformation who failed to
survive surgical repair. The valve fails to coapt in systole as judged
from the electrocardiographic reference. The tricuspid, anterior, and
mural leaflets are thickened and rolled. The pulmonary trunk (PA) is
also smaller than the aorta (Ao). Abbreviation (RA) right atrium

(a) (b)
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� Diastolic Dysfunction Abnormalities

It was not possible to calculate whether the tricuspid

orifice is stenotic due to the invariably associated atrial

communication, although atrial right-to-left shunting is

clearly associated. Tricuspid stenosis is suggested by

Rudolph [12]. Tricuspid closure is invariably delayed by

more than 50 ms, and was noted on M-mode echocardio-

graphy. Celermajer and colleagues [28] also noted an

increased distribution of fibrous tissue within the ventricu-

lar myocardium in Ebstein’s malformation. The upper

portion of the left ventricle, and paradoxical septal motion

of this segment of the ventricular septum, is associatedwith

the atrialized right ventricle. In neonates and fetuses, the

left ventricular Tei index of myocardial performance is

noted to be prolonged when compared to normal children

and fetuses [29–33]. We have noted that the enlarged right

ventricle bulges into the left ventricle, and may reduce left

ventricular size, interfering with left ventricular filling as

well, explaining in part someof the components of diastolic

left ventricular dysfunction (Fig. 34.14).

� Ductal Problems

During fetal life, the arterial duct plays an important

role in the evolution of Ebstein’s malformation, and is

particularly important in the transitional circulation.

Understanding the physiology is essential to appreciating

neonatal presentation. It has been noted that fetal ventri-

cular pressure rises progressively during fetal life. Tricuspid

valvar regurgitation becomes more severe as gestation

progresses. As the systemic pressure rises, the pulmonary

valve is held in the closed position by the systemic pressure

applied to the pulmonary valve via the duct in the face of

tricuspid incompetence (Fig. 34.17). As in other conditions

where there is fetal left-to-right shunting, the duct is ver-

tical in its orientation [34]. As already emphasized, as the

pulmonary valvar leaflets are held in the closed position,

synecia tend to develop along their edges, causing them to

become stenotic, or even atretic (Fig. 34.18). A number of

hemodynamic consequences result from ductal patency. If

the right ventricle is incapable of providing sufficient for-

ward flow, ductal flow becomes vital for survival, leading

to the surgical option of creation of an aortopulmonary

shunt. On the other hand, if the ventricle is capable of

forward flow, ductal patency simply transmits systemic

pressure in retrograde fashion on to the pulmonary valve,

and holds the valve shut, preventing forward flow and

causing persistent cyanosis due to right-to-left atrial shunt-

ing. If the valve is patent, there may well be some pulmon-

ary regurgitation, setting up a reversed circle of flow under

either of the two above-mentioned circumstances.

� Deformity of the Right Ventricular Outflow

and Pulmonary Valve

The presence of pulmonary regurgitation, not only

postnatally but also prenatally, is one of the valuable

signs indicating patency of the pulmonary valve

(Fig. 34.19). In the fetus with Ebstein’s malformation,

the presence of retrograde flow in the arterial duct, and

(a) (b)

Fig. 34.16 This figure shows two subcostal coronal images in the
same patient, demonstrating the valvar plane of the tricuspid valve
(A) and valvar insufficiency direction (B)

The arrows in A indicate the anterosuperior and mural leaflet of the
valve. The arrow in B indicates the map of the tricuspid regurgitant
at right angles to the valve plane
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diminished forward flow from the right ventricle, can be

traced not only by inference, but also directly by echocar-

diography (Fig. 34.4). The pulmonary trunk and the right

ventricular outflow tract tend to be hypoplastic because

of altered dynamics of flow. These features are insepar-

able from the events involving the arterial duct.

� Defects, Other

Numerous defects are commonly associated with

Ebstein’s malformation, including atrial defects, patency

of the arterial duct, and ventricular septal defects [25, 27,

32, 35]. Corrected transposition is often associated with

Ebstein’s malformation, as well as pulmonary stenosis and

ventricular septal defect (Figs. 34.20–23). Tricuspid regur-

gitation in the setting of corrected transposition has to be

differentiated from conditions where valvar dysplasia but

no displacement of the valve is found. It should be noted

that the discordant atrioventricular connections typical for

this disorder are usually associated also with mitral regur-

gitation [25, 32]. Atrial communications, although not

invariable, exist in most patients. Defects of the mitral

valve, coarctation, and the arterial valves have also been

identified.

� Death

This is a common occurrence in the fetal period. In our

own series, patients with hydrops tended to die. Surgical

series with neonatal presentation still exhibit substantial

mortality, except for the series reported by Starnes and

colleagues [21], which emphasized the advantages of a

functionally univentricular repair. The results of repair

in older patients are universally better [36, 37].

34.4 Intraoperative and Postoperative
Assessment

Transesophageal echocardiography has been a valuable

addition to the armamentarium available to the surgeon.

It provides an assessment of the extent of tricuspid regur-

gitation after annuloplasty, and the potential for tricuspid

stenosis after vigorous annuloplasty. Repair of the tricus-

pid valve may be modified by the use of transesophageal

evaluation after surgical repair when the patient is pre-

pared for separation from cardiopulmonary bypass. With

(a) (b)

Fig. 34.17 This figure shows two panels demonstrating a patent
ductus with left-to-right shunting and pulmonary regurgitation
Panel A is a parasternal short-axis view (PSX) and the right-hand
panel is a subcostal coronal view. In panel B the flow from the duct
is identified (DUCT) passing through the pulmonary valve (PV) and
into the right ventricular outflow tract (RVO). The aorta (Ao) is

labeled and demonstrates the disparity in size between aorta and the
pulmonary artery (LA) left atrium. In B, taken in another patient
from a subcostal coronal view, the same physiology, namely, the
retrograde circle of flow from the ductus through the pulmonary
valve with pulmonary regurgitation (PR) into the right ventricular
outflow tract is identified. Abbreviation: LV, left ventricle
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associated lesions, it is equally useful for identifying ade-

quate repair or residual defects (Fig. 34.24).

The intraoperative transesophageal technique provides

the surgeon with an additional way of assessing the ade-

quacy of tricuspid annuloplasty and the opportunity to

reinstitute cardiopulmonary bypass immediately (Fig.

34.25). In corrected transposition, repair of the valve is not

usually possible, but occasionally annuloplasty of the valve

is successful and can be assessed echocardiographically

(Fig. 34.26). Use of bioprosthetic valves may be evaluated

from intraoperative placement and in serial fashion post-

operatively (Fig. 34.27). The success of the annuloplasty can

be continually assessed by postoperative echocardiography

soas todiscover residual regurgitationand stenosis from the

annuloplasty.

34.5 Simulation of Ebstein’s Malformation

Not all cases of congenital tricuspid incompetence are

due to Ebstein’s malformation, and distinctive differ-

ences are present morphologically [38]. In the condition

known as asymmetric short tendinous cords [39], the

lack of tricuspid displacement is obvious (Fig. 34.28).

(a)

(b)

Fig. 34.18 This is a pathological specimen from the same patient as
shown in Fig. 34.6. In the view from the right ventricular outflow
tract area other portions of the tricuspid valve, showing the septal
mural and anterior leaflets: S, M, and A are identified. A probe is
passed retrograde into the pulmonary trunk, demonstrating

acquired pulmonary atresia. This specimen of a 20-week fetus,
obtained during the M-mode era, shows a normal box-like appear-
ance of the pulmonary valve by M-mode, whereas by 38 weeks, (on
the right-hand panel) there is already evidence that the pulmonary
valve has no motion
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Fig. 34.19 This is a magnified subcostal sagittal view with Doppler
color flow imaging in a neonate with pulmonary insuffiency and
ductal patency showing the diminutive size of the right ventricular

outflow tract (RVO) proximal to the pulmonary trunk (PA) The
right ventricular body (RV) and pulmonary trunk (MPA) are also
identified

Fig. 34.20 These are two pathological figures of a patient with
corrected transposition and Ebstein’s malformation
The left-hand panel shows the left atrium (LA) and displaced abnor-
mal tricuspid valve (TV) overriding the morphologically right ven-
tricle (MRV). The second view is open from the right ventricular

aspect and shows the abnormal tricuspid valve (TV) from the out-
flow tract view. The aorta (Ao) is seen with a muscular crest (under
the MRV label) separating the aorta from the tricuspid valve (TV).
The valvar leaflets of the tricuspid valve are thickened, rolled, and
have abnormal tendinous cords associated with them
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(a) (b)

(c)

Fig. 34.21 These are three apical four-chamber views in patients
with corrected transposition and left-sided Ebstein’s malformation
A shows the right atrium (RA), left ventricle (LV), left atrium
(LA), and right ventricle (RV). The displacement of the tricuspid
valve within the morphologically left-sided right ventricle is char-
acteristic of this condition. B demonstrates a systolic frame

showing tricuspid regurgitation arising from an apically displaced
morphologically right ventricle. C is an apical four-chamber view
in a different patient demonstrating a marked degree of tricuspid
regurgitation with corrected transposition. In this panel, the right
atrium and ventricle are enlarged due to the chronic regurgitant
load
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(b)(a)

(c)

Fig. 34.22 (A, B) A patient with corrected transposition, ventri-
cular septal defect in Ebstein’s malformation. A is a subcostal
coronal view showing the ventricular septal defect (arrow) between
the left-sided morphologically right ventricle and the right-sided
morphologically left ventricle. The pulmonary artery is seen aris-
ing from the left ventricle. The superimposed Doppler color flow

information shows the shunt between the right-to-left ventricle and
up into the pulmonary artery. C is a view of the right ventricle from
a specimen with corrected transposition and ventricular septal
defect (arrow), through which the pulmonary valve can be identi-
fied. The anterior (A), septal (S), andmural (M) leaflets can be seen
in this ventricle
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(c)

(b)(a)

Fig. 34.23 This apical four-chamber view in a teenage patient who
had clear displacement of the tricuspid valve consistent with
Ebstein’s malformation and a ventricular septal defect without any
trans-tricuspid flow. Tricuspid atresia of the membranous type is,
therefore, also present (A). When viewed from the apical four-
chamber view (B) with the superimposition of Doppler color flow
information, a ventricular septal defect (VSD) shunt between the

left ventricle and the right ventricular outflow tract is identified.
Abbreviation: aorta (Ao), left ventricle (LV), right ventricular out-
flow (RVO), right ventricular body (RV). The arrow indicates the
area of the ventricular septal defect. (C) The ventricular septal defect
is also identified in the parasternal long-axis view and appears large.
The entire pulmonary blood flow is passing through this defect into
the pulmonary circulation

288 N.H. Silverman



(a) (b)

Fig. 34.24 These two transesophageal echocardiograms were taken
in an infant who was undergoing an Ebstein’s valvoplasty and
bidirectional Glenn anastomosis After the first bypass, the transe-
sophageal four-chamber view, panel A demonstrates a substantial
amount of residual tricuspid regurgitation. The left ventricle (LV)

and right ventricle (RV) are also labeled. The patient was returned
to bypass and amore vigorous annuloplasty performed. B shows the
marked diminution of the tricuspid regurgitation in the same
patient. No tricuspid stenosis could be demonstrated

(b)(a)

Fig. 34.25 This postoperative series of transthoracic echocardio-
grams were taken from a child who had undergone an Ebstein’s
annuloplasty. Frame A is the apical four-chamber view, frame B is
the parasternal long-axis view directed through the right ventricle.
Frame C is a subcostal coronal view
In A, the apical four-chamber view demonstrates the area of

annuloplasty between the right atrium and the right ventricle
(arrows). In B viewed directed through the tricuspid valve, the
area of suture between the septal and mural leaflets of the tricuspid
valve at that commissure is identified (arrow). In C taken in the
subcostal coronal view, a different aspect of the annuloplasty is
identified
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Fig. 34.26 This transthoracic echocardiogram demonstrates an
Ebstein’s patient who had undergone an annuloplasty of the tricus-
pid valve (arrows) with corrected transposition
In this patient, the tricuspid valve could not be repaired and, as a
consequence, a bioprosthetic valve was inserted in the tricuspid
annulus. The two frames are a black and white image on the left-
hand frame and a color image on the right, showing the flow passing
between the right atrium and right ventricle

(c)

Fig. 34.25 (continued)

(a) (b)

Fig. 34.27 This figure demonstrates a bioprosthetic valve in a
patient with Ebstein’s malformation
In this patient tricuspid repair could not be affected and a bioprosthetic

valve (V, arrows) had to be inserted between the right atrium (RA) and
right ventricleRV). B is the superimposedDoppler color flow informa-
tion showing a small degree of prosthetic valve regurgitation
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Although the morphology of such lesions is different, it

is clear that long-standing tricuspid regurgitation of

whatever cause, particularly when developing during

fetal life may present with the same secondary features

of tricuspid regurgitation and right-heart dilation. It

should also be noted that surgical repair of such lesions

is directed at an effective relief of tricuspid regurgitation,

cordal reimplantation, and annuloplasty.
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Ebstein’s Anomaly of the Tricuspid Valve: Fetal
Physiology and Outcomes 35

Edgar T. Jaeggi and Tiscar Cavalle-Garido

35.1 Historical Background

In 1866, Wilhelm Ebstein was the first to describe the

clinical and pathological–anatomical characteristics of a

rare, yet important, developmental anomaly of the right

heart and the tricuspid valve apparatus, now bearing his

name [1]. The subject of his case report, a 19-year-old

laborer named Joseph Preschler, had a long-standing

history of dyspnea, palpitations, and pronounced cyano-

sis. Marked jugular venous pulsations synchronous with

the heart beat, cardiomegaly, and a systolic murmur

extending in diastole was found prior to Mr. Preschler’s

death. At the postmortem cardiac dissection, the proxi-

mal attachments of the thickened septal and mural or

posterior tricuspid valvular leaflets were found displaced

from the true atrio-ventricular junction into the right

ventricle, while the redundant and fenestrated anterior–-

superior leaflet retained its normal annular position. The

atrialized portion of the right ventricle was thinned and

dilated and the foramen ovale was still patent. In early

1950, Ebstein’s anomaly of the tricuspid valve (EA) was

diagnosed for the first time in a living patient [2] but it

took another three decades until major fetal cardiac mal-

formations became detectable by two-dimensional ultra-

sound imaging [3]. As a result of extensive research on the

morphological peculiarities and with advances in nonin-

vasive imaging techniques, the understanding of the

underlying pathophysiology and the natural history of

EA as an abnormality with multiple facets has evolved

considerably since Ebstein’s original description [4–8].

Echocardiography has become the method of choice to

diagnose EA on its own and in association with other

heart defects. In modern countries, the majority of cases

with clinically relevant tricuspid valvular pathology is

nowadays detected in utero. In this chapter we discuss

the more common morphological and functional cardio-

vascular findings associated with EA, and then focus on

the distinctiveness of the prenatal physiology as it relates

to the outcome of the fetus with this entity.

35.2 Morphological Features of Ebstein’s
Malformation of the Tricuspid Valve

Irrespective of whether the diagnosis is made before or

after birth, EA of the tricuspid valve comprises a wide

spectrum of clinical and pathological features, with cer-

tain findings being common and essential to the diagno-

sis. The anatomical hallmark is a rotational displacement

of the atrio-ventricular junction into the inlet portion of

the right ventricle due to incomplete delamination of the

septal and mural tricuspid leaflets from the myocardial

surface [4–7]. This is accompanied by varying degrees of

valvular dysplasia and abnormal attachments of the distal

valvular margins. The result is that part of the ventricular

inlet component becomes incorporated into the right

atrium, which has been described as the atrialized portion

of the right ventricle. In mildly affected cases, it may only

be the septal leaflet that has a lower attachment. In the

four-chamber view, the distal septal displacement should

be at least 8 mm/m2 of body surface area to fulfill the

diagnostic criteria of EA. At the severe end of the spec-

trum, the septal and mural leaflets may be virtually plas-

tered to the right ventricular myocardium or be absent [9].

There is a spectrum between these two extremes. The sail-

like antero-superior leaflet typically retains its normal

proximal attachments at the AV junction, but its leading

edge may be inserted in a linear fashion and partially or

completely occlude the right ventricular outflow tract

[5, 8, 10]. The atrialized inlet portion of the right ventricle

is usually thinned and dilated, and the atrialized ventri-

cular septum bulges toward the left ventricle. The remain-

ing functional right ventricle may be of adequate size,
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diminutive, and hypertrophic, or even thin walled and

dilated [10, 11]. Intrinsic myocardial abnormalities may

also affect the ventricular performance.

EA can be found in association with a wide variety

of more or less common cardiac and extracardiac

abnormalities. This includes atrial and ventricular

septal defects, pulmonary stenosis and atresia, Wolf–-

Parkinson–White syndrome, congenitally corrected

transposition, coarctation of the aorta, and tetralogy

of Fallot, among other defects [10, 12–14]. Moreover,

mitral valve abnormalities, paradoxical ventricular sep-

tal wall motion, myocardial fibrosis, and noncompac-

tion underlie left ventricular dysfunction in some

patients, suggesting that EA is not solely confined to

the right side of the heart [15–18]. In the Baltimore

Washington Infant Study, including 47 cases with EA,

additional cardiac malformations were present in

38.3% and extracardiac lesions in 19.7% [19]. Celer-

majer and colleagues [13], including those patients with

concordant AV connections, found associated cardiac

anomalies other than foramen ovale and atrial septal

defects in 54%. There is no obvious predilection for

extracardiac malformations, but trisomy 13, trisomy

18, trisomy 21, trisomy 9p, duplication at the distal

arm of chromosome 15, Noonan’s syndrome, Apert

syndrome, CHARGE association, and cleft lip and

palate have been described in association with EA

[20–24]. Lastly, EA may affect several family members

and generations, which points to a genetic etiology

with an increased recurrence risk for some of the off-

spring [19, 25–29].

35.3 Fetal Presentation

Reflecting the wide variation of anomalies, it is not sur-

prising that some individuals with mild EA may have no

symptoms during life, while the more severely affected

babies and those with associated lesions present in utero

or at birth with clinical findings such as cardiomegaly,

fetal hydrops, heart failure, postnatal cyanosis, and mur-

murs. The perinatal symptomatology is not necessarily a

reflection of the severity of the valvular displacement but

rather of the morbid function of the tricuspid valve, exa-

cerbated by the physiologically high fetal right ventricular

afterload and pathological right ventricular outflow

obstruction. In fact, the prenatal hemodynamic conse-

quences of tricuspid valve dysplasia (TVD) with normally

or near normally attached leaflets are often strikingly

similar to that of EA, which may explain why most larger

fetal series report combined outcome data of both entities

[21, 22, 30].

Echocardiography is the technique of choice to display

the relevant morphological features and functional con-

sequences of EA and TVD. Evidence of cardiomegaly

with right atrial enlargement and a leftward rotated

heart axis [31] in the cardiac four-chamber view will

raise immediate suspicion during the sonographic exam-

ination. The attachments of the septal and mural valves

are displaced in EA and the leaflets appear thickened,

relatively fixed and non-coapting. Usually, there is color

Doppler evidence of severe regurgitation at the level of the

functional AV junction [21, 22, 30], but in some cases the

tricuspid valve is stenotic or even atretic. Significant tri-

cuspid pathology typically affects the diastolic Doppler

flow pattern of precordial systemic veins: during atrial

contraction, there is increased flow reversal in the vena

cava and absent or reversed flow in the venous duct [32,

33]. Progression from mild to severe tricuspid regurgita-

tion with ensuing secondary atrial enlargement may occur

during the course of gestation [34]. This may explain why

EA is, on average, referred later in gestation to our Fetal

Cardiac Program than other congenital cardiac defects

(mean gestational age: 28 versus 22 weeks). Typically,

there is an atrial communication allowing unrestricted

right–left atrial shunting. Antegrade flow through the

main pulmonary artery depends on many factors,

among which are the severity of tricuspid valve regurgita-

tion, the functional capacity of the remaining right ven-

tricle, the pulmonary arterial pressure, and the presence

of subpulmonary and pulmonary obstruction. Functional

pulmonary atresia occurs when the pulmonary arterial

pressure exceeds the pressure that the right ventricle is

able to generate, and the pulmonary valve leaflets fail to

open. The same mechanism may underlie progression of

anatomical pulmonary stenosis to atresia during fetal life

[11, 35, 36]. Relying exclusively on echocardiographic

techniques, it may be impossible to differentiate between

anatomical and functional fetal pulmonary atresia. In

both situations, the pulmonary blood flow is essentially

maintained by retrograde flow coming from the arterial

duct. In the subset of patients with a patent outflow tract

but functional obstruction to the flow of blood to the

lungs, time and medical manipulation to improve the

compliance of the pulmonary circulation after birth may

eventually set the scene for antegrade flow to the

lungs, obviating in some patients the need of surgical

intervention in the neonatal period [37–40]. These con-

siderations obviously have little relevance when the

obstruction to flow is anatomic rather than functional.

At last, many patients are compromised due to a combi-

nation of biventricular low cardiac output, increased

systemic venous pressure, and compressed lung tissue

leading to secondary pulmonary arterial and parenchy-

mal hypoplasia [21, 22].
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35.4 Outcome After Fetal Diagnosis of
Ebstein’s Anomaly

The primary task of this review is to assess whether and

howmorphological and clinical features influence the fate

of the fetus with EA. Figure 35.1 summarizes the outcome

data of four larger retrospective studies on isolated fetal

EA and TVD that were reported between 1991 and 2006

[21, 22, 30, 41]. Following the fetal diagnosis, the overall

probability of surviving to infancy was less than 25%,

despite minor improvements in the early outcomes in the

two more recent publications. There is little doubt that

the worst end of the cardiovascular disease spectrum is

preferentially detected in the fetus, with most EA cases

notable for striking cardiomegaly, significant tricuspid

incompetence, and absent antegrade pulmonary blood

flow [21, 22, 30, 41, 42]. Fetuses with these ultrasound

findings are also the most likely to develop fetal hydrops

and/or clinically relevant tachyarrhythmias. Hornberger et

al. found concomitant atrial flutter in 20% of fetuses with

severe tricuspid regurgitation, while she and others reported

an even higher incidence of fetal hydrops, affecting up to

30%of pregnancies [21, 30, 43]. On the other side, caseswith

mild anomalies and without cardiac enlargement are pre-

dominantly detected after birth, accounting for the more

favorable life expectancy of the cohort of newborns, chil-

dren, and adults with this diagnosis [30, 38, 32, 44–50].

Various authors have studied those factors affecting

fetal and neonatal outcomes. This includes echocardio-

graphic parameters such as the cardiothoracic ratio and

the right atrial (RA) area index, which is based on the ratio

of the combined area of the right atrium and the atrialized

portion of the right ventricle to that of the combined

area of the functional right ventricle, left atrium, and

left ventricle measured in a cardiac four-chamber view at

end diastole. The RA area index, initially described by

Robertson and Silverman [41] and subsequently modified

by Celermajer and colleagues [13] with the introduction of

a grading system (Grade 1:< 0.5;Grade 2: 0.5–0.99; Grade

3: 1–1.49; Grade 4: � 1.5), reflects the impact of morpho-

logical and hemodynamic variables on cardiac geometry

and dimension, such as the amount of distal AV valve

displacement and tricuspid regurgitation. The echocardio-

graphic grade of severity is a strong, independent predictor

of the neonatal outcome of fetuses and newborns with EA

and concordant AV connections [13, 30, 41]. Celermajer et

al. [13], reporting the outcome of 50 mainly cyanotic neo-

nates diagnosed with this anomaly between 1961 and 1990,

found that a Grade 1 RA area ratio (< 0.5) was associated

with 0%mortality, whereas a Grade 4 index (� 1.5) corre-

lated with no survival [12]. Adjusting for the presence of

associated defects, an estimated relative risk of 5.34 was

found for each increase in grade.

McElhinney and colleagues [30] reviewed 66 patients

with a fetal (n= 33) or neonatal (n= 33) presentation of

EA (n = 61) or TVD (n = 5) at the Boston Children’s

Hospital between the years 1984 and 2004. Among 49

live-born patients, fetal diagnosis was associated with

the worst neonatal outcome (56% mortality), as were an

RA area index > 1 (80% mortality) and the absence of

antegrade flow across the pulmonary valve (62% mortal-

ity). The cohort of fetuses not born alive, including cases

with pregnancy termination as well as spontaneous

intrauterine death, were detected earlier than those who

were eventually live-born (20+ 4weeks vs. 29+ 6weeks;

p < 0.001) and were more likely to present severe (Grade

4) tricuspid regurgitation (59% mortality). By contrast,

32 of 34 (94%) patients with RA area indexes< 1 survived

to infancy and thereafter. Interestingly, a functionally

biventricular physiology or repair was achieved in all 35

patients by the time of discharge from the Boston Chil-

dren’s Hospital.

In the most recent study, reported by Andrews and

colleagues [41] from Guy’s Hospital in 2006 [24], cardi-

othoracic ratio > 70% (p < 0.001), RA area index > 1

(p= 0.001), reduced antegrade pulmonary flow or retro-

grade arterial duct flow (p = 0.001), and a right/left

ventricular length ratio> 1.5 were significantly associated

with increased mortality following the prenatal diagnosis

of tricuspid valve pathology. Atrial tachyarrhythmias

were seen in three of totally 44 fetuses, who all died. Not

associated with an increased risk were the gestational age

at diagnosis, left ventricular output, the ratio of foramen

ovale diameter/atrial septal length, the ratio of the func-

tional tricuspid valve opening to the annulus, and the

degree of tricuspid displacement. Survival was 35% at

birth and 23% at 1 month, or 63% and 42%, respectively,

on an intention-to-treat basis.

Fig. 35.1 Outcome after prenatal diagnosis of Ebstein’s anomaly
or tricuspid valve dysplasia in three tertiary care institutions (San
Diego 1991 = Ref. 21; Boston 2005 = Ref. 30; Guy’s 1991 =
Ref. 22; Guy’s 2006 = Ref. 41). When compared to London’s
Guy’s Hospital, the two US centers have lower pregnancy termi-
nation rates but comparable low 1-month survival
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Pavlova et al. [43] examined those factors affecting the

outcome of eight fetuses with EA. The RA area index and

the cardiothoracic ratio had a significant impact on neo-

natal but not on intrauterine survival. The smallest ratio

of fossa ovalis diameter over atrial septal length was

found in two fetuses with fetal hydrops (0.16 and 0.18,

respectively). All six fetuses who reached term without

difficulties had ratios> 0.3 and higher left cardiac output.

A positive linear correlation was found between the z

score of left ventricular output and the size of the fossa

ovalis. There were no significant differences between the

hydropic and nonhydropic fetuses concerning septal leaf-

let displacement, severity of tricuspid insufficiency, pul-

monary valve obstruction, or cardiothoracic ratio, with

the limitations that these findings were based on small

patient numbers. The authors concluded that the prog-

nosis of EA during fetal life is not influenced by criteria

described for postnatal life but may be related to factors

that control the volume load of the left ventricle. On the

other hand, the high risk of fetal death in the presence of a

small and restrictive foramen ovale could explain why in

postnatal life EA with persistent right–left shunting is

commonly associated with larger and unrestricted atrial

septal defects.

After birth, a large atrial communication may be a less

beneficial finding, based on the results of a retrospective

study byYetman et al. at the Hospital for Sick Children in

Toronto [38]. In this study, risk factors for mortality were

identified in 46 cyanotic newborns with a diagnosis of EA

between 1954 and 1996. Most of the neonates presented

immediately after birth with significant cyanosis (O2

saturation: 62 – 12%). An atrial septal defect larger

than 4 mm was found in 20, functional pulmonary atresia

in 25, and anatomical pulmonary obstruction in 11 cases.

Thirteen neonates underwent surgery for severe cyanosis,

which included Blalock-Taussig shunts (n = 8), pulmon-

ary valvotomies (n=3), and tricuspid valve repair (n=2).

Surgical interventions after the neonatal period included

tricuspid valve replacements (n = 4), bilateral cavopul-

monary shunts (n = 7) and Fontan operations (n = 2).

Overall, 32 patients died, predominantly as newborns

(n = 26), including 19 prior to surgery because of hypox-

emia and low cardiac output. One-month, 1-year and 20-

year survival rates of the entire cohort of cyanotic neonates

with EA were 48%, 38%, and 30%, respectively. Reduced

left ventricular function (OR 4.1; p = 0.002), the presence

of an atrial septal defect of at least 4 mm (OR 2.39; p =

0.04), and functional or anatomic pulmonary atresia (OR

2.44; p = 0.003 and 5.97; p = 0.004, respectively) were

independent predictors of mortality. An RA area index of

more than one was predictive of 100% mortality.

Due to the relative rarity of the disease and overall

poor prognosis, none of the above-mentioned studies

specifically addressed the impact on outcome of asso-

ciated cardiac anomalies other than atrial septal defects

and right outflow obstruction.

35.5 The Role of the Fetal Physiology

Nobody concerned with congenital cardiac disease will

deny that prenatally diagnosed EA has been associated

with a particularly high risk of intrauterine and neonatal

demise, even when compared to other severe forms of

structural congenital heart disease. To better understand

the determinants that decide on prenatal outcome, we

will first review some of the fundamental differences

that exist between the fetal and postnatal circulation.

This includes:

1) The parallel arrangement of the right and left ventri-

cular fetal circulation with a predominant contribu-

tion of the right ventricle to the combined cardiac

output of about 450 ml/kg/min [51]. Both ventricles

share the same systemic ejection pressure, which stea-

dily increases with advancing gestation. The parallel

disposition of the two fetal circuits is the key element in

intrauterine survival of any fetus with severe dysfunc-

tion of one side of the heart, including EA with pul-

monary obstruction.

2) A physiologically low fetal cardiac pump reserve,

allowing an increase in combined cardiac output by

only about 25% above the baseline. Cardiac output is

the product of heart rate and stroke volume, of which

the latter is determined by loading conditions and

myocardial contractility. The fetus has normally

high resting heart rates, which cannot substantially

increase during stress. The myocardium is also less

compliant and contractile than after birth [52–54].

Related to the reduced compliance, an increment in

atrial pressure causes relatively small increases in

ventricular end-diastolic volume and in the ejected

stroke volume.

3) Additional constraining effects exerted by the sur-

rounding fluid-filled lungs and the amniotic fluid

limit ventricular preload, expansion, and stroke

volumes [54–59];

4) An increased sensitivity to afterload. When compared

to the left ventricle, right ventricular systolic wall stress

is physiologically greater and increases to any rise in

afterload by a greater amount. This may explain why

the right ventricle responds preferentially with a

more rapid decline in stroke volume to increased pul-

monary arterial pressure or to obstruction of its out-

flow [60, 61].
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5) A fetal predisposition to interstitial fluid accumulation

and hydrops, which is related to a lower colloid oncotic

plasma pressure, an increased permeability of the

capillary membranes for plasma proteins, a more com-

pliant interstitial space that permits retention of more

water for any given perivascular hydraulic pressure,

and the dependence on increased lymphatic drainage

to return the interstitial fluid and proteins to the vas-

cular space [62, 63]. In fetal lambs, the lymphatic flow

rate in the thoracic duct reduces substantially if the

systemic venous pressure increases above the physio-

logical range of 3–4 mmHg and ceases at only

16mmHg, which is substantially lower than in adult

animals [62, 64, 65].

6) Ventricular geometry and systolo-diastolic ventricular

interaction. Anatomically and functionally, the two

ventricles are interlinked by a common septum,

which constitutes part of the load against which each

ventricle must work. Increase in contralateral ventri-

cular volume and end-diastolic pressure shifts the ipsi-

lateral pressure–volume ratio to the left, which means

that a given filling pressure is less able to fill the ipsi-

lateral ventricle. This effect is similar for both ventri-

cles, but more pronounced in the fetus than after

birth [66].

Figure 35.2 illustrates the hemodynamic consequences

of a typical case of fetal EA, presenting with severe tri-

cuspid insufficiency, right heart enlargement, pulmonary

atresia, and bypass of the pulmonary circulation via the

right–left shunt across the foramen ovale. Related to the

parallel disposition of the fetal circulation, intrauterine

survival is not dependent on adequate pulmonary blood

flow, but on the ability of the left ventricle to compensate

for the right ventricular dysfunction by increasing its own

stroke volume. As mentioned above, fetal cardiac reserve

is physiologically impaired due to intrinsic properties of

the immature myocardium, the high resting heart rate,

and additional constraints on the heart by surrounding

fluid-filled tissues. In EA, size, shape, and function of the

left ventricle are adversely affected by the enlarged por-

tions of the functional and atrialized right ventricle. The

right ventricular dilation may be so marked that the left-

ward-bulging septum reduces the compressed left ventri-

cular cavity to a small crescent-shaped chamber. Para-

doxical wall motion of the thinned and fibrotic

interventricular septum further alters ventricular geome-

try and function. Survival of the fetus with a dysfunc-

tional right ventricle depends on unrestricted blood flow

across a wide atrial communication [43, 67, 68] and on an

amplified filling pressure to sustain a higher left heart

(a) (b)

Fig. 35.2 Hemodynamic consequences of severe Ebstein’s anomaly
of the tricuspid valve. (Panel A) Commonly, the fetus presents with
significant tricuspid insufficiency, functional or anatomic right out-
flow obstruction, and right heart enlargement. (Panel B) Right atrial
pressure and volume load rises as a result of the tricuspid regurgita-
tion, favoring right-to-left shunting across the foramen ovale. The
increment in left atrial preload is expected to increase left ventricular
end-diastolic volume and stroke volume to compensate for the

absent right ventricular output. In Ebstein’s anomaly, however,
systolic and diastolic ventricular function may be adversely influ-
enced by restricted flow across the fossa ovalis, abnormal ventricu-
lar–ventricular interaction, intrinsic myocardial disease (fibrosis,
con-compaction, and wall thinning), and increased cardiac con-
straint, for example, due to interstitial fluid accumulation and car-
diomegaly EDP = end-diastolic pressure; LV = left ventricular;
RA = right atrial; RV = right ventricular; SV = stroke volume
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volume flow. In the presence of severe tricuspid regurgi-

tation, right atrial pressure is high, favoring right-left

atrial shunting. The amount of blood flow across the

foramen ovale is therefore significantly increased, at

least in those cases surviving to birth. Restriction of

intra-atrial blood flow due to a small communication

may not only critically impair left cardiac output, but

result in fetal hydrops secondary to high atrial pressure

and congestion of the systemic veins. Marked atrial dis-

tention and the increased incidence of ventricular pre-

excitation are the electrophysiological conditions that

underlie the increased prevalence of supraventricular

tachyarrhythmias in EA, and may be an additional

cause of cardiac failure and fetal hydrops.

35.6 Prenatal Treatment Options

The prenatal management options are very limited if a

fetus with EA presents with hydrops in early gestation.

Because of the poor prognosis, termination of the preg-

nancy or expectant acceptance of the intrauterine fetal

death is the preferred management. If associated with

sustained tachyarrhythmia, transplacental pharmacolo-

gical treatment with anti-arrhythmic drugs may be suc-

cessful in controlling the heart rate and improving the

hemodynamic consequences. At least theoretically,

increasing the size of a restrictive fetal atrial communica-

tion by means of an ultrasound-guided atrial balloon

septoplasty may be considered to decompress the right

atrium and to increase left cardiac output. Indeed, a

similar approach has been elected in a small number of

fetuses with hypoplastic left heart syndrome and highly

restrictive atrial septum [69]. However, while it was pos-

sible to successfully perforate and balloon-dilate the atrial

septum in six of seven fetuses with a hypoplastic left

heart, the iatrogenic defects were in general too small to

alleviate atrial hypertension.

The chance of an individual mid-gestational fetus with

an apparently less severe EA to reach term without pro-

blems is difficult to establish. The risk of progressive right

outflow obstruction and tricuspid regurgitation demands

careful pregnancy surveillance. For some cases with

intrauterine poorly tolerated EA, preterm delivery fol-

lowed by an aggressive neonatal reanimationmay become

life saving. Moreover, successful biventricular repair

has been possible in a number of severely affected neo-

nates [70]. The survival of neonates with EA and TVD

essentially depends on the ability to establish adequate

pulmonary flow. Prostaglandin is unequivocal in main-

taining pulmonary blood flow via the patent arterial duct,

while mechanical ventilation and inhaled nitric oxide are

used to reduce pulmonary vascular resistance. Early dis-

continuation of the prostaglandin administration, ductal

constriction, and subsequent decrease in pulmonary

arterial pressure enables the differentiation between func-

tional and anatomic pulmonary atresia. Moreover, it

allows the assessment of the functional capability of the

small right ventricle, and therefore has important impli-

cations on postnatal surgical management (biventricular

vs. nonbiventricular repair) [40]. Surgery or catheter

intervention is used to relieve anatomic pulmonary atre-

sia. Prolonged patency of the arterial duct in patients

without anatomic outflow tract obstruction may have

undesirable hemodynamic consequences. If the ductus

arteriosus fails to close upon discontinuation of prosta-

glandin infusion in the presence of pulmonary and tricus-

pid insufficiency, a circular shunt physiology may cause

life-threatening hemodynamic instability. In this situa-

tion, that usually follows pulmonary balloon valvulo-

plasty, systemic blood from the aorta streams through

the patent arterial duct into the pulmonary artery, the

right ventricle, and atrium, then across the foramen

ovale to the left side of the heart, resulting in a large

ineffective blood flow and rapid deterioration of the

affected child until the duct closes spontaneously or is

ligated. Tailored neonatal management strategies have

yielded a substantial reduction in neonatal loss to less

than 7% in the high-risk cohort of newborns with EA

and TVD. This improved outcome is also confirmed by

our most recent experience (Fig. 35.3; unpublished data).

Ninety-two percent of the neonates (n = 13) diagnosed

with EA or TVD since 2000 at the Hospital for Sick

Children survived beyond infancy. The outcome (n = 21)

of fetuses with the same tricuspid valve pathology has

Fig. 35.3 Survival estimates after fetal (n=21) or neonatal (n=13)
diagnosis of Ebstein’s anomaly (n= 22) or tricuspid valve dysplasia
(n = 12) at the Hospital for Sick Children, Toronto, between the
years 2000 and 2005. Of those with a prenatal diagnosis, 71% were
live-born (intrauterine demise: 19%; pregnancy termination: 10%)
and 58% remained alive at 1 year of age. In the neonatal group, the
only demise affected a newborn with trisomy 18
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improved when compared to the published fetal series of

other centers, with survival rates to birth and infancy of

71% and 57%, respectively.

In summary, the mortality risk of cases with EA is

highest during the fetal and neonatal periods. Most stu-

dies on infantile EA emphasize the importance of the RA

area index> 1, which is related to the severity of tricuspid

regurgitation and the presence of functional or structural

pulmonary atresia as prognostic markers of poor out-

come. Some of the most severely affected babies may

demonstrate spectacular clinical improvement with the

transition from the fetal to the postnatal circulation coin-

ciding with the fall in pulmonary vascular resistance.
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Percutaneous Interatrial Defect Closure in Adults
with Ebstein’s Anomaly 36

Nicholas Collins and Eric Horlick

Ebstein’s anomaly is an uncommon condition, classically

considered an abnormality of tricuspid valve morphol-

ogy. It is typically characterized by apical and inferior

displacement of the septal and posterior leaflets of the

tricuspid valve. The subsequent atrialization of the ven-

tricle leads to a hypoplastic functional right ventricular

chamber. The marked spectrum of tricuspid valve defor-

mity and heterogeneity seen in right ventricular size and

function is reflected in the remarkable variability in the

prognosis of those with Ebstein’s anomaly. In the past,

deterioration in functional status has required treatment

with medical therapy and surgical intervention. With the

advent of transcatheter treatment for intracardiac defects,

an additional method of therapy can now be utilized to

improve the functional status of a select group of patients

with Ebstein’s anomaly.

Important considerations in identifying appropriate

candidates for transcatheter closure requires an under-

standing of the spectrum of the disease, results and out-

comes after surgical repair, and the physiologic effect of

device closure on the remaining unrepaired structural

abnormalities.

Ebstein’s anomaly may present at any age, with disease

severity at presentation closely linked to prognosis. Pre-

sentation in the neonatal period is typically associated

with unfavorable anatomical characteristics and poor

survival. Anatomical factors associated with poor prog-

nosis include tethering of the superior tricuspid valve

leaflet, right ventricular dysplasia, and left ventricular

compression by the dilated right heart [1]. It has been

suggested that those patients presenting as adults have a

milder form of the disease. Using M-mode echocardio-

graphy to assess right ventricular function through move-

ment of the tricuspid valve annulus and right ventricular

apex, children with Ebstein’s anomaly have decreased

right ventricular systolic excursion and decreased peak

lengthening compared to age-matched controls. Interest-

ingly, patients who presented later did not manifest any

differences in these indices compared to controls [2].

With improved understanding of the anatomical

abnormalities associated with Ebstein’s anomaly, it is

clear that it is not a condition limited to the tricuspid

valve. In addition to the clearly defined tricuspid valve

abnormalities, 80% of patients will have an interatrial

communication [3]. Furthermore, echocardiographic

series have documented a higher-than-expected inci-

dence of bicuspid aortic valve, ventricular septal defect,

and mitral valve dysplasia [4]. Abnormal left ventricular

function has also been described, complicating distor-

tion of left ventricular geometry [5] and left ventricular

noncompaction [4].

36.1 Interatrial Communication in Ebstein’s
Anomaly

The importance of an associated atrial septal defect is

reflected in the natural history of Ebstein’s anomaly.

There is clearly a spectrum of disease severity, which, as

mentioned, has important prognostic implications. Fail-

ure of leaflet coaptation leads to variable degrees of

tricuspid regurgitation due to adherence of the leaflets

to the right ventricular endocardium. The presence of

redundant tricuspid valve leaflets and associated leaflet

prolapse coexists with dilatation of the tricuspid valve

annulus [6, 7]. Patients with an absent or dysplastic septal

leaflet are also more likely to have greater degrees of

tricuspid incompetence [8]. Progressive tricuspid valve

dysfunction and reduced right ventricular compliance

leads to elevated right atrial pressure, which in turn pro-

motes right to left shunting at the atrial level with con-

comitant systemic hypoxemia [9]. In addition to atrial

septal defects, the presence of a patent foramen ovale is
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similarly relevant as a source of intracardiac shunting.

The right atrium, the atrialized right ventricle and the

functional right ventricle may be dilated, with mural

thrombus on the surface of the right atrium described

[7]. This clearly has implications in terms of paradoxical

embolization in those patients with interatrial defects.

Furthermore, not all patients manifest shunting as a

result of a pressure imbalance between the atria. Stream-

ing of tricuspid insufficiency or inferior vena cava flow

across the septum because of counterclockwise cardiac

rotation may also play a role.

36.2 Guidelines for Intervention

The recommended indications for surgical intervention in

Ebstein’s anomaly in the adult are based on recommenda-

tions from the Canadian and European guidelines [10, 11]

and include deteriorating functional class, increasing

heart size as manifested by an increase in the cardiothor-

acic ratio to > 60% on chest X-ray, important cyanosis

(SaO2 < 90%), severe symptomatic tricuspid insuffi-

ciency, sustained atrial flutter or fibrillation, or arrhyth-

mia secondary to an accessory pathway. The present

guidelines do not offer catheter-based interatrial defect

closure a place in the management of these patients. This

omission reflects that present guidelines fail to take into

account recent relevant literature regarding interatrial

defect closure in this patient population.

36.3 Current Surgical Strategies

Previously published surgical results for Ebstein’s anom-

aly have demonstrated excellent short- and medium-term

results [7, 12, 13]. Surgical repair offers the possibility of

valve repair or replacement, as well as closure of any

interatrial defects and anti-arrhythmic surgery as appro-

priate. The nature of surgical repair, however, is markedly

variable in the published series.

The Mayo Clinic experience of over 500 cases has been

notable for a 35% valve repair rate and a 65% rate of

prosthetic valve implantation. There was an extremely

low rate (< 10%) of bidirectional cavopulmonary anasta-

mosis, which may be advantageous in unloading the right

ventricle after valvular surgery. In this series, the pre-

ferred operative technique was transverse plication with

a monocusp repair in conjunction with aggressive antiar-

rhythmic surgery. Their experience which extends from

the early 1970s, and has yielded a 5.4% early mortality

and 7.6% late mortality up to a maximum of 25 years of

follow-up (mean 7 years), with a need for reoperation in

16.7%.

Chauvaud et al. have reported results from over 200

patients and have emphasized a strategy of valve repair,

which has reportedly been successful in over 95% of

patients [14]. They favor a high rate of valve repair,

augmented with a cavopulmonary anastamosis. Their

repair strategy includes the mobilization and detachment

of the anterior leaflet to facilitate repair and a longitudi-

nal plication. This groups’ early mortality rate was 9%

early with a late actuarial mortality of 9%. The reopera-

tion rate during follow-up was somewhat lower than the

Mayo clinic data, at 11%.

While excellent results from these published series have

been achieved, it is clear that even in experienced centers,

there remains a risk ofmorbidity andmortality associated

with surgical repair. Caution is drawn to the possibility of

an amplification of surgical mortality in centers without

such vast experience.

Despite the heterogeneity in surgical strategy, similar

results in terms of mortality mean the optimal strategy for

treatment of this group remains elusive. Additional con-

siderations, therefore, to evaluate the results of surgical

repair include the influence of surgery on ventricular size

and function, as well as exercise capacity.

36.4 Effect of Surgery on Cardiac Chamber
Size and Function

While there is a beneficial effect on tricuspid valve func-

tion following surgery, recent data suggests that the effect

of surgery on right ventricular status is potentially

adverse, as demonstrated in a recent study [15] assessing

right ventricular volumes before and after tricuspid valve

surgery. Right ventricular volumes were evaluated pre-

and postoperatively by multislice computed tomography

(CT) scanning in 26 consecutive adult patients. Patients

had a mean age of 30 years and underwent this group’s

usual type of repair with mobilization of the anterior

leaflet and plication of the atrialized right ventricle with

a reduction of the tricuspid annulus. A bidirectional cavo-

pulmonary shunt was used in 14 patients. The systolic and

diastolic volume index of the right ventricle, left ventricle,

and atrialized right ventricle were determined.

Several interesting findings came to light. First, the

atrialized right ventricle, which was routinely plicated,

had a stroke volume index of 36 ml/m2 preoperatively,

before obliteration at surgery. This led to the authors’

questioning the routine practice of effectively resecting

functional tissue. The effective stroke volume index

and ejection fraction of the right ventricle both fell
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postoperatively from 100 cc/m2 to 52 cc/m2 and from

56% to 41%, respectively. This was in contrast to the

small increase in left ventricle stroke volume index and

ejection fraction 33 cc/m2 to 37 cc/m2, and 56 to 68%,

respectively. The authors concluded that routine plication

of the atrialized right ventricle was not always advanta-

geous and that resection should potentially be limited

only to dyskinetic or akinetic segments. The reduction in

right ventricle function was related to poor myocardial

preservation and possibly myocardial stunning (CT scans

were performed between 7 and 10 days postoperatively).

Although these changes were said to have little clinical

impact, they raise the issue of the rather uncertain benefit

and potentially harmful effects of surgery in this popula-

tion. Acknowledged limitations of this study included the

difficulty in assessing the thin-walled atrialized right ven-

tricle by this method, and the unconventional choice of

CT with its attendant radiation burden versus magnetic

resonance imaging (MRI).

36.5 Cardiopulmonary Exercise Testing

Progressive impairment of exercise capacity is typical in

unoperated patients with Ebstein’s anomaly [16]. Cardi-

opulmonary stress testing has demonstrated a reduction

in exercise performance, reduced peak oxygen uptake,

impaired chronotropic response to exercise, and lower

peak systolic blood pressure in these patients. These func-

tional abnormalities correlate with the echocardiographic

severity of the Ebstein’s malformation of the tricuspid

valve. Reduced exercise capacity has been attributed to

reduced cardiac output complicating both tricuspid

regurgitation and impaired right ventricular systolic func-

tion and diastolic filling. Displacement of the ventricular

septum during systole may also produce a reduction in

left ventricular size and systolic function. Importantly,

however, impaired exercise tolerance in patients with

Ebstein’s anomaly may also reflect interatrial shunting

[17] and exercise-induced hypoxemia [9]. The hypoplastic

right ventricle may not tolerate increased venous return

with exercise, leading to increased right-to-left shunting in

that large proportion of patients with an interatrial

defect.

The contribution of interatrial shunting to exercise

intolerance in Ebstein’s anomaly is supported by pre-

viously published data by MacLellan-Tobert et al. In

this series of 117 patients, results of 124 exercise tests

performed between 1980 and 1994 were reviewed [18].

The exercise tests were performed in 76 preoperative

patients, 23 postoperative patients, with 7 patients under-

going testing both before and after surgical repair. An

additional 18 patients underwent exercise testing, but did

not proceed to operative repair. In the preoperative

group, patients with an interatrial communication (n=67)

had significantly lower saturations at rest than those

without (n = 9) (SaO2 85% vs. 96%), with lower satura-

tions during exercise (SaO2 72% vs. 93%). A strong cor-

relation was noted between exercise tolerance and resting

saturation. No significant difference was noted between

postoperative patients and preoperative patients without

an interatrial communication. This suggests that the

major factor contributing to exercise intolerance in

unrepaired Ebstein’s anomaly was the presence and mag-

nitude of the interatrial shunt, with associated valve

repair or replacement not shown to influence subsequent

exercise capacity. This important study confirms the

importance of the interatrial communication in these

patients, and demonstrates that defect closure may

be beneficial in symptom relief.

With the possibility of deleterious effects on the right

ventricle through surgical intervention and the majority

of benefit seemingly related to atrial defect closure, a

more appropriate course of therapy for many patients,

especially those adults with a milder form of the disease

who present late, is device closure for symptom

management.

36.6 Percutaneous Closure of Interatrial
Defects

The use of percutaneous closure devices to ameliorate

systemic hypoxemia complicating right-to-left shunting

through an interatrial defect has been safely performed

in a number of clinical settings. Such examples include

hypoxia-complicating atrial shunting in right ventricular

infarction, prior to and following pneumonectomy, with

use of high positive-pressure ventilation, following left

ventricular assist device insertion, and in the platyp-

noea–orthodoexia syndrome [19–23].

Percutaneous device closure of both atrial septal

defects, up to 40 mm in diameter [24], and patent foramen

ovale have been demonstrated to be safe, with excellent

procedural outcomes [25]. In addition, they offer

acceptable procedural success compared to surgical inter-

vention, with reduced incidence of major procedural

complications, reduced length of stay, and reduced risk

of postprocedure arrhythmia [26]. It is unlikely that the

benefits in right ventricular function seen in atrial septal

defect closure can be extrapolated to patients with

Ebstein’s anomaly, given the nature of the hypoplastic

right ventricle and the tendency to right-to-left shunting,

compared to the volume-overloaded right ventricle seen
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with left-to-right shunting. However, the benefit of avoid-

ing right ventricular injury at the time of surgical repair

cannot be understated.

Despite the anatomical distortion associated with

Ebstein’s anomaly, no significant additional procedural

difficulty should be anticipated associated with transcath-

eter closure of these defects [9]. In our experience, we have

noted that the interatrial defect in Ebstein’s anomaly

tends to be more superior and posterior in the anteropos-

terior projection than in the usual secundum atrial septal

defect or patent foramen ovale. This is not, however, a

significant impediment to crossing the defect using stan-

dard equipment.

Transesophageal or intracardiac echocardiography

can be successfully utilized to define atrial septal anat-

omy, localize the defect, guide closure, and interrogate the

septum to exclude residual shunts, additional lesions and

adequate device positioning. Intracardiac echocardiogra-

phy can reduce fluoroscopy exposure, obviates the need

for general anesthesia and improves patient tolerability

[27]. When positioned in the right atrium, intracardiac

echocardiography also permits excellent visualization

and assessment of tricuspid valve structure and function.

(Fig. 36.1)

36.7 Importance of Test Occlusion

Temporary test occlusion of an interatrial defect plays an

important role in the invasive assessment of these

patients. We obtain access for two catheters in the right

femoral vein and place an arterial cannula for invasive

hemodynamic monitoring. We have used a Meditech

(Boston Scientific Corporation, Watertown, Massachu-

setts, USA) sizing balloon to occlude the intratrial defect

over a period of 15–20 min while monitoring right atrial

pressure and saturation, left atrial pressure, and systemic

arterial pressure and saturation (Fig. 36.2). Use of suture-

mediated vascular closure devices have been demon-

strated to be effective in obtaining hemostasis in patients

requiring large diameter venous sheaths [28], such as

those required for intracardiac echocardiography and

atrial septal defect closure device delivery. We use this

strategy routinely in our institution. Documentation of

normal pulmonary vascular resistance is performed inva-

sively and compliments a noninvasive assessment.

One of the major concerns regarding percutaneous

device closure of interatrial defects in those patients with

a hypoplastic right ventricle, characteristic of Ebstein’s

anomaly, is the precipitation of right heart failure. This

reflects the possibility that the right ventricle may not be

able to tolerate the additional volume loading that inevi-

tably complicates interatrial defect closure in the setting

of right-to-left shunting. It has been suggested that trans-

catheter closure of an interatrial defect in patients with

Ebstein’s anomaly may also contribute to right atrial

Fig. 36.2 Cineangiogram obtained during test balloon occlusion in
a 49-year-old male with Ebstein’s anomaly and systemic hypoxemia
complicating right-to-left shunting at the atrial level. The interatrial
defect is occluded with aMeditech Sizing Balloon (Boston Scientific
Corporation, Watertown, Massachusetts, USA) with an 8 Fr. Gen-
seni catheter (Cordis/Johnson and Johnson, Warren, New Jersey,
USA) positioned initially in the pulmonary artery and then the right
atrium to assess any change in pressure during test occlusion

Fig. 36.1 Intracardiac echocardiography (ICE) confirming suc-
cessful device placement and interatrial defect closure in a patient
with Ebstein’s anomaly. ICE provides excellent images of the intera-
trial septum to confirm device position and exclude residual shunt-
ing following the procedure
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dilatation [9]; further follow-up is required to determine if

this predisposes to atrial arrhythmia.

In the pediatric population, atrial septal defect closure

for treatment of hypoxia complicating right-to-left shunt-

ing in patients with a hypoplastic right ventricle has been

safely performed by the Toronto group [29]. Patients were

eligible for closure if they had unobstructed flow to con-

fluent pulmonary arteries, a resting oxygen saturation

(SaO2) > 90%, and the absence of right heart failure. In

this published series, patients underwent initial test occlu-

sion to exclude a decrease in systemic blood pressure, an

elevation in mean right atrial pressure (< 20%), or a

decrease in right atrial saturation (< 10%). In these

patients, closure was demonstrated to improve systemic

oxygen saturation (91% at baseline to 98% postclosure),

with no change in right ventricular or right atrial area.

Right ventricular volume and tricuspid insufficiency were

unchanged. Patients with systemic oxygen saturation less

than 91% were excluded as they were considered to be

unlikely to have adequate right ventricular function to

tolerate device closure.

A more aggressive approach to catheter-based treat-

ment of patients with lower saturations has also recently

been reported [8], with four patients with Ebstein’s anom-

aly included as part of this group. Patients were aged 8–29

years with a mean resting saturation of 88% (two patients

had saturations < 86%). Exercise tests were performed

before and after closure in this series adding an important

piece to the previous work from Toronto. A significant

improvement in peak exercise oximetry was noted follow-

ing device closure (baseline SaO2 83% improving to 94%

postclosure). When a single patient with a large residual

leak postclosure was excluded, mean exercise saturation

was 98%. There was a significant increase in the baseline

external work that could be performed following closure

(5.4 to 7 Metabolic equivalents).

36.8 Additional Considerations

An assessment designed to exclude anatomical character-

istics associated with Ebstein’s anomaly is important

before proceeding to percutaneous device closure. In par-

ticular, the presence of confluent pulmonary arteries and

low pulmonary artery pressure is essential. Patients pre-

senting early in life are more likely to have associated

cardiac lesions, typically right ventricular outflow tract

obstruction, which may contraindicate catheter-based

device closure [30]. In addition, those diagnosed in the

perinatal period are more likely to have increased ventri-

cular fibrosis and wall thinning, which in turn is asso-

ciated with poor outcome and hemodynamic compromise

[31]. These observations are important, as the variable

prognosis of this condition has implications for the

applicability of transcatheter treatment. Patients present-

ing before adolescence are more likely to represent the

more severe spectrum of Ebstein’s anomaly, and are less

likely to tolerate device closure. In this setting, surgical

intervention may be more appropriate, as device closure

to limit right-to-left shunting is unlikely to significantly

improve functional capacity or delay the need for surgery.

Young adults and older patients who present with mild

hypoxemia at rest or with desaturation with exercise are

likely to have more favorable anatomy to support closure

of an interatrial defect. Identification of patients at

an earlier stage of disease progression by utilizing stress

testing to identify desaturation during exercise may per-

mit transcatheter closure before the development of sig-

nificant right ventricular dysfunction and subsequent

hypoxemia at rest. Indeed, measurement of pulse oxime-

try during exercise has been recommended as part of

the diagnostic evaluation for patients with Ebstein’s

anomaly [6]. It is clear based upon our current limited

experience that any patient undergoing interatrial defect

closure requires intensive follow-up following device

closure for clinical evidence of right heart failure or atrial

arrhythmia.

Another potential benefit of closure of the interatrial

defect in these patients may also be a reduction in future

stroke risk. This may be achieved by prevention of para-

doxical emboli, but also by reduction in cyanosis. Chronic

hypoxemia results in impaired tissue oxygenation, with a

consequent increase in erythropoietin production. This

leads to secondary erythrocytosis and associated hyper-

viscosity syndrome. Secondary erythrocytosis may pre-

dispose to stroke in the context of iron deficiency or

dehydration [32].

The exclusion of the presence of Wolff–Parkinson–

White syndrome, which is seen in between 14% and

21% of patients with Ebstein’s anomaly is another impor-

tant consideration [13, 33]. Accessory pathways in

Ebstein’s anomaly are almost universally right sided and

typically difficult to treat using catheter-based therapy.

However, left atrial access through an atrial septal defect

or patent foramen ovale obviates the need for a transeptal

puncture, and its attendant risks, in the treatment of

uncommon left-sided pathways.

Surgery represents an important and essential thera-

peutic tool in those cases where right heart failure may

complicate closure of interatrial defect. As such, assess-

ment of surgical candidacy, including coronary angiogra-

phy where appropriate, should be included as part of

the assessment preceding device closure. Tricuspid valve

surgery may not only correct the tricuspid valve abnorm-

ality, but in patients with unfavorable anatomy, the
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creation of a bidirectional Glenn shunt may further

reduce the volume load on the hypoplastic right

ventricle [34].

Given the heterogeneity in right ventricular size and

function in this population, it is difficult to apply such

transcatheter treatment for all patients. Development of

MRI technology has significantly improved the ability to

assess right ventricular size and function, as well as give a

clearer definition of tricuspid valve anatomy [35].

Advances in the management of Ebstein’s anomaly may

include MR imaging to identify those right ventricular

parameters that may predict those patients more likely to

tolerate transcatheter interatrial defect closure.

Future investigation into the role of interatrial defect

closure will focus upon assessment and patient selection,

with an emphasis on the need for careful follow-up to

assess for the development of right heart failure and

the need for tricuspid valve surgery. In particular, those

clinical and imaging characteristics that will determine

which patients will derive most benefit from intervention

require definition. While attractive as a therapeutic mea-

sure in Ebstein’s anomaly, experience in the use of trans-

catheter closure of interatrial defects in these patients

remains limited. It is a potentially valuable treatment

tool with improvements in exercise capacity, reduction

in systemic hypoxemia, and diminution of future stroke

risk. Confirmation that interatrial defect closure leads to

sustained clinical benefit, with delay, or prevention, of

future tricuspid valve surgery is also critical.
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Surgical Options for Ebstein’s Malformation 37

Jennifer C. Hirsch and Edward L. Bove

37.1 Introduction

Ebstein’s malformation was first described by Wilhelm

Ebstein in 1866 as a constellation of clinical findings

resulting from an abnormality of the tricuspid valve [1].

It has become evident over time that themalformation is a

disease of the entire right ventricle and the development of

the tricuspid valve. It involves a spectrum of anatomical

abnormalities of variable severity, including apical dis-

placement of the septal and mural leaflets of the tricuspid

valve, which have failed to delaminate from the under-

lying myocardium; thinning or atrialization of the inlet

component of the right ventricle, with variable dilation;

and malformation of the antero-superior leaflet, with

anomalous attachments, redundancy, and fenestrations.

Several other cardiac anomalies are often associated with

the right ventricular changes, such as atrial and ventricu-

lar septal defects, obstruction of the outlet from the right

ventricle, and Wolff–Parkinson–White syndrome.

Ebstein’s malformation can also afflict the left-sided sys-

temic atrioventricular valve in the setting of congenitally

corrected transposition [2].

37.2 Clinical Presentation

The malformation is rare, accounting for no more than

1% of all congenital cardiac anomalies. Due to the sig-

nificant anatomic variability in the abnormalities of the

tricuspid valve and right ventricle, the age at presentation

and severity of symptoms can also be highly variable.

Patients who present in infancy have the poorest

prognosis. There is a high rate of fetal death, hydrops,

and pulmonary hypoplasia when the diagnosis is made

during fetal life. Cyanosis is the most common presenta-

tion in infancy. These patients have severe tricuspid regur-

gitation with a poorly functioning right ventricle in the

face of elevated pulmonary arterial resistance. The result

is a state of low cardiac output dependent upon right-to-

left shunting across the oval fossa.

With less severe derangements of the tricuspid valve,

and preserved ventricular function, patients tend to pre-

sent later in adolescence or early adulthood. Many

patients are asymptomatic, and present with a murmur,

noted on physical examination. In symptomatic patients,

a common presentation involves the new onset of atrial

arrhythmias or reentrant tachycardia. Exercise tolerance

may be diminished, with cyanosis during extreme exertion

if an atrial septal defect is present. Those patients with an

intact atrial septumwill often progress to congestive heart

failure with increasing cardiomegaly.

37.3 Diagnosis

Echocardiography is usually sufficient for accurate diag-

nosis and anatomic evaluation. The degree of displace-

ment, tethering, and dysplasia of the valvar leaflets can be

determined, as well as the amount of regurgitation. Ven-

tricular function, and the extent of atrialization of the

right ventricle, can also be evaluated. Additional abnorm-

alities, including the presence and direction of a shunt at

the atrial level, can be assessed. Electrocardiographic

findings include incomplete right bundle branch block,

right-axis deviation, ventricular preexcitation, and atrial

arrhythmias. The chest radiograph can vary from normal,

in patients with mild anatomic abnormalities, to the clas-

sic wall-to-wall heart. Cardiac catheterization is rarely

necessary.
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37.4 Management in Neonates

As noted previously, neonates often present with pro-

found cyanosis, and may require prostaglandins to

maintain adequate flow of blood to the lungs during

the early neonatal period when pulmonary resistance is

high. It is important to distinguish functional from

anatomic pulmonary atresia. In those with functional

atresia, it may be possible to wean from the infusion

of prostaglandins while maintaining adequate satura-

tions of oxygen as pulmonary resistance falls. These

patients can then be followed for development of

further symptoms.

In neonates who cannot be weaned from prosta-

glandins due to unacceptable levels of hypoxemia, or

in those with anatomic pulmonary atresia, it is neces-

sary to construct a systemic-to-pulmonary shunt to

maintain adequate pulmonary blood flow. For those

neonates who also develop significant symptoms of

congestive heart failure while on prostaglandin, it is

necessary to address the underlying valvar pathology.

The options include closure of the tricuspid valve, with

or without fenestration, along with construction of a

modified Blalock-Taussig shunt, repair of the tricuspid

valve if ventricular function is reasonable, or cardiac

transplantation.

In the older patient with progressive symptoms, a

variety of surgical options exist to address the mal-

formed tricuspid valve. Most are based on techniques

designed to mobilize the leading edge of the antero-

superior leaflet, aiming to create a competent monocusp

valve with or without plication of the atrialized portion

of the right ventricle. There is ongoing debate as to the

necessity of obliterating the atrialized portion of the

right ventricle. Historically, plication of this portion of

the ventricle has been an integral part of most repairs,

albeit that no clear physiologic benefit with regard to

improved ventricular function has been demonstrated.

In addition, the potential exists for injury to the right

coronary artery as a result of the plication, which may

adversely impact on late outcomes and contribute to

ventricular arrhythmias.

The technique reported by Danielson and colleagues

involves the horizontal plication of the atrialized portion

of the right ventricle, mobilization of the antero-superior

leaflet to create a monocusp valve, and closure of

the atrial septal defect if the oval fossa is patent [3]. The

modified technique developed by Carpentier [4] involves

the mobilization of the antero-superior leaflet, followed

by the detachment of that leaflet from the annulus. The

atrialized ventricle is then plicated longitudinally, the

antero-superior leaflet is reattached at the true annulus,

and the atrial septal defect, if present, is closed. The

technique promoted by Ullmann and associates [5] does

not involve exclusion of the atrialized ventricle. With this

technique, the septal leaflet is mobilized and reattached to

the true annulus. The secondary attachments of the

antero-superior leaflet are also mobilized to allow the

free edge to coapt with the newly liberated septal leaflet.

The valvoplasty technique pioneered by Sebening [6]

also does not involve the exclusion of the atrialized ven-

tricle. The repair creates a monocusp valve using a single-

mattress suture reinforced with a pledget placed from the

midportion of the free edge of the antero-superior leaflet

to the atrialized wall of the right ventricle directly oppo-

site. The antero-inferior commissure is closed, and a

De Vega [7] annuloplasty is performed as necessary to

achieve valvar competence.

Replacement of the tricuspid valve is a final option,

and has been performed with late survival free from reo-

peration equivalent to valvar repair. If replacement is

required, heterografts are preferred over mechanical

valves due to risks of thrombosis. Other options using

tissue valves include the insertion of pulmonary auto-

grafts, mitral valvar homografts, and top-hat mounted

pulmonary or aortic homografts. When replacing the

valve, the sutures should be brought around the coronary

sinus, leaving it to drain into the right ventricle so as to

minimize potential injury to the atrioventricular node [8].

Many issues remain regarding the surgical manage-

ment of this complex and variable anomaly. For sympto-

matic neonates, a trial of prostaglandins can differentiate

those who can simply be shunted versus those that require

valvar intervention and possible closure. The role of

repair of the tricuspid valve in the neonate and infant as

opposed to closure using a patch is controversial. In the

severely symptomatic neonate, symptoms are as much

from ventricular as valvar problems. In older patients,

surgery is usually reserved for those with progressive or

severe symptoms. In general, repair is preferred, if possi-

ble, over replacement. Some argue that early repair may

improve right ventricular function by reconditioning.

This may be of benefit for patients with severe anatomy

and early onset of symptoms.

As stated previously, the question of early elective

repair to preserve and possibly improve ventricular

function, and reduce the risk of late arrhthymias in

relatively asymptomatic children, continues to be

debated. Plication of the atrialized ventricle has largely

fallen out of favor, but remains a mainstay of surgical

therapy in many institutions. Some surgeons construct

a bidirectional Glenn anastomosis to decrease the

volume load placed on the ventricle. Finally, the con-

version to functionally univentricular palliation with a

Fontan connection can be performed for the severely

symptomatic patient.

310 J.C. Hirsch and E.L. Bove



37.5 Summary

Ebstein’s malformation is a rare but challenging congeni-

tal cardiac defect. The high degree of anatomic variability

makes it difficult to have a standardized approach to

these children. The symptomatic neonate carries a very

grave prognosis. The presence of associated cardiac, and

other congenital, anomalies often make survival impossi-

ble. Surgical options are limited at this age, and often still

result in a poor outcome. Medical management, if possi-

ble, is the best, as surgical success improves with age. If

surgery is required, conversion to functional tricuspid

atresia often offers the best survival, as the ventricle in

the severely symptomatic neonate functions poorly.

Transplantation remains an option, but the availability

of organs limits its utility.

Patients who are not symptomatic in the neonatal

period will often remain free from symptoms well into

adolescence. Electrophysiologic symptoms usually pre-

cede symptoms of congestive heart failure. Indications

for repair at these ages include symptoms, cyanosis, and

progressive cardiomegaly.
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The Role of Resynchronization Therapy
in Congenital Heart Disease: Right–Left
Heart Interactions

38

Elizabeth A. Stephenson
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Heart failure can be seen in a variety of clinical scenarios,

and frequently these patients also demonstrate an asso-

ciated delay in intraventricular electrical conduction. A

lack of synchrony in the cardiac contraction can contri-

bute to a lower cardiac output due to shorter filling times,

inefficient contraction, as well as increased atrioventricu-

lar valve regurgitation. Cardiac resynchronization ther-

apy (CRT) is a pacing technique through which multiple

areas of the heart are stimulated to trigger a cardiac

contraction that minimizes dyssynchrony and maximizes

cardiac output. CRT developed initially in the adult

population in patients with a left bundle branch block

due to postmyocardial infarction, [1, 2] and has since been

shown to also be effective with patients with dilated car-

diomyopathy as well [2, 3]. The patients who comprised

the majority of the early work had both electrical dyssyn-

chrony, represented by prolonged QRS, as well as

mechanical dyssynchrony, which can been described

with a variety of imaging techniques. Initial studies of

CRT showed an improvement in quality of life, but not

a mortality reduction. [1] As the patient population

became better defined, and the study groups became lar-

ger, it was possible to demonstrate a benefit in mortality

as well [4, 5].

The congenital heart disease population is also affected

by cardiac dysfunction, but is amore difficult one to study

due to heterogeneity as well as fewer patients overall.

Similar to those in the earlier ischemic cardiomyopathy

studies, these patients frequently have abnormal QRS

duration, but usually with a right bundle branch block

due to surgical repair. This first step in considering

whether CRT would be a useful therapy in this popula-

tion is determining if indeed dyssynchrony does exist,

mechanical as well as electrical. Vogel et al. examined a

large group of patients late following tetralogy of Fallot

repair, and found that right ventricular wall motion

abnormalities were common, and that they correlated

with repolarization–depolarization abnormalities [6].

Another study in tetralogy of Fallot patients similarly

demonstrated that in those patients with right bundle

branch block there were also clear right ventricular

motion abnormalities, that is, electrical and mechanical

dyssynchrony [7]. A study by Abd El Rahman et al.

showed that ventriculo–ventricular dyssynchrony, sec-

ondary to repaired tetralogy of Fallot could be identified

in these patients with right bundle branch block [8]. The

patients who had undergone repair of tetralogy of Fallot

demonstrated increased left ventricular delay when com-

pared with healthy controls. This supports the model that

disadvantageous ventriculo–ventricular interaction due

to right bundle branch block can impair left ventricular

function. It has also been shown that the subset of

patients who have marked ventricular electrical dyssyn-

chrony, again based on primarily right ventricular con-

duction delays, also have increased left ventricular

dysfunction, and higher risk of death [9]. Ghai et al.

showed that sudden cardiac death and ventricular tachy-

cardia were more common in tetralogy of Fallot patients

who had moderate or severe left ventricular dysfunction

[10]. This is similar to the pattern seen in the general adult

population, with increasing dysfunction leading to

increasing risk of death, both sudden arrhythmic deaths

and those from congestive heart failure [4].

CRT has been explored in the congenital heart disease

population in both children and adults. One of the first

studies was done by Janousek et al. in acute postoperative

patients [11]. They looked at 20 children, approximately

half of whom had tetralogy of Fallot, and tested

both atrioventricular optimization as well as ventriculo–

ventricular optimization. They were able to demonstrate

shortened QRS duration in the majority of these patients

as well as increased blood pressure. As expected, this
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group of patients had predominantly right bundle branch

block (and thus likely predominantly right ventricular

dyssynchrony) rather than left bundle branch block. Zim-

merman et al. similarly examined patients immediately

following repair of congenital heart disease, and was

able to show a decrease in QRS duration, increase in

cardiac output, and increase in systolic blood pressure

for almost all of the patients with multisite pacing within

the right ventricle [12]. They also found that acute multi-

site pacing was able to facilitate weaning from cardiopul-

monary bypass following surgical repair. Included in this

group were some patients with single ventricles, and mul-

tisite pacing was performed via two sites within the same

ventricle, in an attempt to synchronize the contraction of

the ventricle. Dubin et al. looked at seven patients in the

catheterization laboratory with right ventricular dysfunc-

tion and right bundle branch block and paced in three

right ventricular sites: the apex, outflow tract, and septum

[13]. They were able to show improved cardiac index and

dP/dt in these patients, as well as decreased QRS duration

in many. Interestingly, the site of right ventricular pacing

which produced the narrowest QRS duration correlated

with the increases in cardiac output, but not with dP/dt.

Another study looked at the feasibility of accomplishing

right ventricular resychronization using traditional trans-

venous pacing sites. A population of approximately

25 patients with tetralogy of Fallot who had ICDs placed

and typical RV apical-pacing sites was examined, to see if

via atrioventricular optimization the QRS could be shor-

tened. All of these patients had intact ventricular conduc-

tion, and resynchronization was attempted via fusion of

the native conduction along with pacing in the right ven-

tricle. In this group, AV optimization could lead to a

narrower, more normal QRS duration, suggestive of pos-

sible correction of some of the electrical dyssynchrony [14].

Clearly, the focus of many of these studies has been resyn-

chronization of the right, rather than the left ventricle, as

that is the origin of the dyssynchrony. As ventricular dys-

function progresses, the left ventricle can become more

dyssynchronous, either due to conduction delay in the left

ventricle itself, or due to ventriculo–ventricular interac-

tions (Fig. 38.1).

CRT has also been evaluated on a chronic basis in this

population, with the first case studies published in 2003

and 2004. In 2003, Roofthooft et al. and Blom et al. both

described case studies of children (one infant, one 6-year-

old) with cardiac dysfunction following congenital heart

disease repair [15, 16]. Both patients demonstrated

improvement following placement of the pacemaker,

both in terms of symptoms and echo measurements of

cardiac function and synchrony. Janousek et al. described

two patients with cardiomyopathy, one with repaired con-

genital heart disease and another with congenital heart

block and a pacemaker [17]. The first improved with CRT,

and the second with cessation of pacing and return to

narrow QRS escape rhythm. In both patients, cardiac

function improved when dyssynchrony was reduced. In a

case series, Strieper et al. describe seven patients with

implantation of a CRT device. These patients were initially

considered for possible transplantation, and following

institution of CRT 5 were clinically improved enough to

be removed from transplantation consideration [18]. CRT

has also been shown to be effective in the systemic mor-

phological right ventricle, when right ventricular conduc-

tion delay and dysfunction are present [19, 20]. One large,

multicenter study was recently published by Dubin et al.

[21]. This was a retrospective study of children with cardiac

dysfunction and congenital heart disease or congenital AV

block who underwent CRT. There were a total of 103

patients, 73 with congenital heart disease, and the group

overall showed an improvement of approximately 12% in

ejection fraction. There were 11 patients who were consid-

ered to be nonresponders, with either no change, or a

decline in ejection fraction. There was no clear difference

in response rate between the etiologic and anatomic sub-

types, but it was a very heterogeneous population. Kirsh

et al. described a patient with complete heart block, tetral-

ogy of Fallot, andmarked abnormal septal movement [22].

Prior to resynchronization, the patient had marked left

ventricular dilation, and after approximately 3 months

there was a dramatic reduction in left ventricular volumes

due to reverse remodeling, and the child went from being

symptomatic during his activities of daily life to being

essentially asymptomatic (Fig. 38.2).

Fig. 38.1 QRS duration of a patient with tetralogy of Fallot, before
(A) and after (B) resynchronization
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It is very clear from the adult cardiomyopathy experi-

ence that not all patients with myocardial dysfunction will

respond to CRT. Response rates in the adult ischemic

population range, but overall approximately 80% of

patients are likely to respond to CRT, and similar rates

were seen in the large series of pediatric CRT described

above [21]. These differences in response are likely due to

individual differences in etiology and location of dysfunc-

tion and dyssynchrony. Patients will vary in terms of loca-

tion of both septal and ventriculotomy scars, as well as

whether they encountered any ischemic damage around

the time of the repair. All of these factors and more will

lead to differences in interventricular and intraventricular

conduction, and a tremendous amount of research is

underway to attempt to identify imaging andmeasurement

techniques to better understand these differences. One

more recent study utilized tissue Doppler imaging in this

congenital heart disease population, and was able to

demonstrate a reduction in mechanical dyssynchrony, in

addition to increased cardiac index with initiation of CRT

[23]. Predictors of this type of response are growing in the

ischemic heart disease population, although they remain to

be tested in the congenital heart disease population.

The technical aspects of CRT in the pediatric and

congenital heart disease population can be particularly

challenging, due to cardiac anatomy, venous capacitance,

overall body size, and possible intracardiac shunts. CRT

devices can be implanted either via epicardial or transve-

nous routes. Children have to be fairly large to tolerate

the transvenous method as the systems require three

leads, one atrial and two ventricular. The pacemaker

generator is also larger than standard bradycardia

devices, and may not be tolerated in a pectoral pocket in

smaller children. Due to these issues, epicardial devices

are used more frequently in the pediatric and congenital

heart disease population than in the ischemic heart dis-

ease population. (Fig. 38.3) Another concern in CRT is

Fig. 38.2 Echo before and after
resynchronization,
demonstrating volume
reduction and reverse
remodeling

Fig. 38.3 Chest X-ray (CXR) of epicardial CRT and ICD system in
child with congenital heart disease
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the possibility of proarrhythmia. The large series by

Dubin et al. noted three patients with new onset of

arrhythmic events, and although this is a population

already at risk for arrhythmias, the onset following

initiation of CRT was concerning [21]. Fish et al. have

also described similar events in the adult (primarily

ischemic) adult CRT population, thought to be second-

ary to prolongation the QT interval. The shift in activa-

tion through the myocardium may prolong repolariza-

tion, and place patients at increased risk of arrhythmias.

This clearly only appears in a small number of patients,

and further study is required to anticipate which patients

might be at risk [24].

As congenital heart disease patients are surviving

longer and longer, issues of chronic heart function protec-

tion and heart failure management become paramount.

Dyssynchrony is clearly present in the congenital heart

disease population, affects both the right and the left

ventricle, and correlates with arrhythmias and cardiac

dysfunction. Acute resynchronization can increase car-

diac output via right or left ventricular resynchronization.

The next challenges of CRT are identification of the ideal

population and alternative techniques of resynchroniza-

tion of the nonresponders.

References

1. AbrahamWT, Fisher WG, Smith AL, Delurgio DB, Leon AR,
Loh E, Kocovic DZ, PackerM, Clavell AL, Hayes DL, Ellestad
M, Trupp RJ, Underwood J, Pickering F, Truex C, McAtee P,
Messenger J, Evaluation MSGMIRC. Cardiac resynchroniza-
tion in chronic heart failure.[see comment]. New England J
Med. 2002;346(24):1845–1853.

2. BristowMR,FeldmanAM, SaxonLA.Heart failuremanagement
using implantable devices for ventricular resynchronization: Com-
parison ofMedical Therapy, Pacing, andDefibrillation inChronic
Heart Failure (COMPANION) trial. COMPANION Steering
Committee and COMPANION Clinical Investigators. J Card
Fail. 2000;6(3):276–285.

3. Carson P, Anand I, O’Connor C, Jaski B, Steinberg J, Lwin A,
Lindenfeld J, Ghali J, Barnet JH, Feldman AM, Bristow MR.
Mode of death in advanced heart failure: the Comparison of
Medical, Pacing, and Defibrillation Therapies in Heart Failure
(COMPANION) trial. J Am Coll Cardiol. 2005;46(12):
2329–2334.

4. Bristow MR, Saxon LA, Boehmer J, Krueger S, Kass DA, De
Marco T, Carson P, DiCarlo L, DeMets D, White BG,
DeVries DW, Feldman AM, Comparison of Medical Therapy
PaDiHFI. Cardiac-resynchronization therapy with or without
an implantable defibrillator in advanced chronic heart failure.
[see comment]. New England J Med. 2004;350(21):2140–2150.

5. Cleland JG, Daubert JC, Erdmann E, Freemantle N, Gras D,
Kappenberger L, Tavazzi L, Cardiac Resynchronization-Heart
Failure Study I. The effect of cardiac resynchronization on
morbidity and mortality in heart failure.[see comment]. New
England J Med. 2005;352(15):1539–1549.

6. Vogel M, Sponring J, Cullen S, Deanfield JE, Redington
AN. Regional wall motion and abnormalities of electrical
depolarization and repolarization in patients after surgical
repair of tetralogy of Fallot. Circulation.
2001;103(12):1669–1673.

7. D’Andrea A, Caso P, Sarubbi B, D’Alto M, Giovanna Russo
M, Scherillo M, CotrufoM, Calabro R. Right ventricular myo-
cardial activation delay in adult patients with right bundle
branch block late after repair of Tetralogy of Fallot. Eur J
Echocardiogr. Mar 2004;5(2):123–131.

8. Abd El Rahman MY, Hui W, Yigitbasi M, Dsebissowa F,
Schubert S, Hetzer R, Lange PE, Abdul-Khaliq H. Detection
of left ventricular asynchrony in patients with right bundle
branch block after repair of tetralogy of Fallot using tissue-
Doppler imaging-derived strain. J Am Coll Cardiol. Mar 15
2005;45(6):915–921.

9. Gatzoulis MA, Till JA, Somerville J, Redington AN. Mechan-
oelectrical interaction in tetralogy of Fallot. QRS prolongation
relates to right ventricular size and predicts malignant ventri-
cular arrhythmias and sudden death.[see comment]. Circula-
tion. 1995;92(2):231–237.

10. Ghai A, Silversides C, Harris L, Webb GD, Siu SC, Therrien J.
Left ventricular dysfunction is a risk factor for sudden cardiac
death in adults late after repair of tetralogy of Fallot. J AmColl
Cardiol. Nov 6 2002;40(9):1675–1680.

11. Janousek J, Vojtovic P, Hucin B, Tlaskal T, Gebauer RA,
Gebauer R, Matejka T, Marek J, Reich O. Resynchronization
pacing is a useful adjunct to the management of acute heart
failure after surgery for congenital heart defects. Am J Cardiol.
2001;88(2):145–152.

12. Zimmerman FJ, Starr JP, Koenig PR, Smith P, Hijazi ZM,
Bacha EA. Acute hemodynamic benefit of multisite ventricular
pacing after congenital heart surgery. Ann of Thorac Surg.
2003;75(6):1775–1780.

13. Dubin AM, Feinstein JA, Reddy VM, Hanley FL, Van Hare
GF, Rosenthal DN. Electrical resynchronization: a novel ther-
apy for the failing right ventricle.[see comment]. Circulation.
2003;107(18):2287–2289.

14. Stephenson EA, Cecchin F, Alexander ME, Triedman JK,
Walsh EP, Berul CI. Relation of right ventricular pacing in
tetralogy of Fallot to electrical resynchronization. Am J Car-
diol. 2004;93(11):1449–1452.

15. Roofthooft MT, Blom NA, Rijlaarsdam ME, Bokenkamp R,
Ottenkamp J, Schalij MJ, Bax JJ, Hazekamp MG. Resynchro-
nization therapy after congenital heart surgery to improve left
ventricular function. Pacing &Clin Electrophysiol. 2003;26(10):
2042–2044.

16. Blom NA, Bax JJ, Ottenkamp J, Schalij MJ. Transvenous
biventricular pacing in a child after congenital heart surgery as
an alternative therapy for congestive heart failure. J Cardiovasc
Electrophysiol. Oct 2003;14(10):1110–1112.

17. Janousek J, Tomek V, Chaloupecky V, Gebauer RA. Dilated
cardiomyopathy associated with dual-chamber pacing in
infants: improvement through either left ventricular cardiac
resynchronization or programming the pacemaker off allowing
intrinsic normal conduction. J Cardiovasc Electrophysiol.
2004;15(4):470–474.

18. StrieperM,Karpawich P, Frias P, GoodenK,KetchumD, Fyfe
D, Campbell R. Initial experience with cardiac resynchroniza-
tion therapy for ventricular dysfunction in young patients with
surgically operated congenital heart disease. Am J Cardiol.
2004;94(10):1352–1354.

19. Janousek J, Tomek V, Chaloupecky VA, Reich O, Gebauer RA,
Kautzner J, Hucin B. Cardiac resynchronization therapy: a novel
adjunct to the treatment and prevention of systemic right ventricu-
lar failure. J AmColl Cardiol. Nov 2 2004;44(9):1927–1931.

318 E.A. Stephenson



20. Khairy P, Fournier A, Thibault B, Dubuc M, Therien J,
Vobecky SJ. Cardiac resynchronization therapy in congenital
heart disease. Int J Cardiol. Aug 8 2005.

21. Dubin AM, Janousek J, Rhee E, Strieper MJ, Cecchin F,
Law IH, Shannon KM, Temple J, Rosenthal E, Zimmer-
man FJ, Davis A, Karpawich PP, Al Ahmad A, Vetter VL,
Kertesz NJ, Shah M, Snyder C, Stephenson E, Emmel M,
Sanatani S, Kanter R, Batra A, Collins KK. Resynchroni-
zation therapy in pediatric and congenital heart disease
patients: an international multicenter study. J Am Coll
Cardiol. 2005;46(12):2277–2283.

22. Kirsh JA, Stephenson EA, Redington AN. Images in
cardiovascular medicine. Recovery of left ventricular

systolic function after biventricular resynchronization
pacing in a child with repaired tetralogy of Fallot and
severe biventricular dysfunction. Circulation. Apr 11
2006;113(14):e691–692.

23. Pham PP, Balaji S, Shen I, Ungerleider R, Li X, Sahn DJ.
Impact of conventional versus biventricular pacing on
hemodynamics and tissue Doppler imaging indexes of
resynchronization postoperatively in children with congeni-
tal heart disease.[see comment]. J Am Coll Cardiol.
2005;46(12):2284–2289.

24. Fish JM, Brugada J, Antzelevitch C. Potential proarrhythmic
effects of biventricular pacing. J Am Coll Cardiol. Dec 20
2005;46(12):2340–2347.

38 The Role of Resynchronization Therapy in Congenital Heart Disease: Right–Left Heart Interactions 319



Causes of Failure of the Fontan Circulation 39

Philip J. Kilner

39.1 Introduction

The palliative surgical reconstruction which has become

known as the Fontan operation is performed mainly in

children who have hearts with only one adequately

formed ventricle, or two that cannot be separated func-

tionally. Fontan operations have undergone several mod-

ifications and refinements in the decades since Fontan

and Baudet published their initial results in humans in

1971[1] (Figs. 39.1, 39.2 and 39.3). The procedure entails a

radical rearrangement of the circulation. Such patients

would have been born with mixing and shunting of

blood at ventricular and possibly other levels. They may

have undergone preliminary palliative surgery to limit or

supplement blood flow to the lungs, in many cases with a

bidirectional superior vena cava (SVC)–pulmonary artery

(Glenn) anastomosis. Completion of the Fontan recon-

struction aims to eliminate shunting and the consequent

volume loading of the dominant ventricle with desatura-

tion of the arterial blood. The procedure involves connec-

tion of the pulmonary arteries downstream of and in

series with the systemic veins so that the single effective

ventricle delivers flow through the systemic then the pul-

monary resistances, in series rather than in parallel, as

would have been the case before operation. In effect,

Fontan surgery creates a pulmonary portal circulation,

and, from the gastrointestinal organs, a hepato–pulmonary

porto–portal circulation. Elevated systemic venous and

hepatic portal pressure is needed to propel the blood for-

ward through the relatively low resistance of the pulmon-

ary vessels. The delivery of flow through the pulmonary as

well as the systemic resistance adds only about 10% to the

ventricle’s workload when maintaining a given output—

less strenuous for the myocardium than the volume load-

ing that would have been present prior to surgery. The

most critical and unavoidable pathophysiological conse-

quence of Fontan surgery, however, is the height of the

systemic venous pressure and its effects on themicrovessels

upstream.

The indications for Fontan surgery, pathophysiology,

complications, and management have been summarized

by Marc Gewillig [2, 3] and the late complications clearly

Fig. 39.1 Complications of an early atriopulmonary Fontan opera-
tion that incorporated atrial inflow valves. The sagittal cinemag-
netic resonance image shows the dilated right atrium (RA) with a
large thrombus attached to its floor (Thr). The solidified, ineffective
leaflets of the homograft valves can be seen, mildly restricting inflow
from the SVC and IVC. There is no capacitant atrial chamber
upstream of these valves so, if they did close, flow would be inter-
rupted in the distended caval veins. This contrasts with the closure
and apical displacement of a normal ventricular inflow valve, which
allows continued atrial filling. Fontan right atrial inflow valves
tended to solidify in a half-open position, as seen here, and were
not included in later variants of the operation
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summarized by Robert Freedom and colleagues.[4]

This chapter owes much to these and other publications.

Fontan reconstruction should achieve nearly normal

arterial saturation and avoids chronic volume overload,

but at the cost of significant elevation of the systemic

venous and hepatic portal pressure, typically to about

12–15 mm Hg at rest. There is usually decreased cardiac

output at rest, and limited capacity to increase output on

exercise. The author is not aware that the feedback

mechanisms which limit exercise capacity are adequately

understood, but they are likely to relate to the critical

elevation of systemic venous pressure with the increased

flow, predominantly from the lower body, during

exercise.

39.2 The Development of Fontan Surgery
and CavoPulmonary Streamlining

Until the end of the 1980s, the right atrium was routinely

included between the caval veins and the pulmonary

arteries. Initially, atrial inflow and outflow valves were

inserted, but they were not found to function satisfacto-

rily. This may have been due to inadequate right atrial

compared with left ventricular stroke volume, and due

to the distended caval veins which lack capacitant atrial

function upstream of the contractile chamber (Fig. 39.1).

In patients with atriopulmonary Fontan connections, the

right atrium, which tends to become dilated and subject to

arrhythmias, superimposes pulsatility on the underlying

cavopulmonary flow that is maintained indirectly by the

work of the systemic ventricle. The peaks of pressure

caused by the contraction of a right atrium included in a

Fontan circulation are propagated, detrimentally,

upstream to the systemic and hepatic veins as well as

beneficially downstream to pulmonary arteries. The

Fig. 39.2 The dilated right atrium (RA) upstream of an atriopul-
monary Fontan connection causing compression of the right lower
pulmonary vein (arrow), which will then slightly exacerbate the
right atrial distension

Fig. 39.3 Three types of Fontan connection illustrated by MRI.
(A): atriopulmonary connection, (B): lateral tunnel, and (C): extra-
cardiac conduit. B and C are variants of total cavopulmonary con-
nection (TCPC) As a transitional stage to Fontan physiology, a
limited residual shunt may be left in the form of a fenestration
between the IVC pathway and the low-pressure atrial cavity to
slightly alleviate systemic venous pressure. The TCPC avoids the

progressive right atrial distension which can predispose to atrial
arrhythmias, stagnation, and thrombosis, and the coronary sinus drains
to the low-pressure part of the right atrium, which is marked *. The
TCPC gives almost nonpulsatile pulmonary arterial flow, which
may in itself be a disadvantage, but at the same time, it avoids
detrimental atrial systolic peaks of back-pressure to the hepatic
and other systemic veins
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work put into this part of the circulation by right atrial

contraction not only fails to contribute usefully, the extra

energy being largely dissipated in turbulent flow, but also

the turbulence itself slightly increases the local resistance

to flow through the cavity and adjacent vessels. This was

part of the rationale put forward by Marc de Leval and

colleagues, this author included, for total cavopulmonary

connection (TCPC) [5], a surgical approach which had

previously been implemented by Kawashima in patients

with anomalous systemic venous returns [6]. This type of

procedure also excludes part or all of the right atrial

cavity from the elevated pressure of the cavopulmonary

flow path, which may help to avoid the atrial distension

which predisposes to arrhythmias, stagnation, and

thrombosis. It also allows the coronary sinus to drain to

the low-pressure part of the right atrium and then to the

left atrium via an atrial septal defect. Fenestration of a

TCPC was a further modification introduced in 1990 as a

transitional stage, slightly alleviating systemic venous

congestion and augmenting filling of the systemic ventri-

cle [7]. A small fenestration may close spontaneously, or

be closed by an occlusion device in the months following

surgery.

Marc de Leval and colleagues as well as other

groups have gone on to apply computational fluid

dynamic modeling to studies of the geometries and

fluid dynamics of TCPC, either by lateral tunnel or

extracardiac conduit [8]. There is little doubt that the

dimensions and shapes of the connections matter.

From the author’s own observations and measure-

ments of flow in models, and from magnetic reso-

nance studies in patients, the factors likely to optimize

cavopulmonary flow and minimize systemic venous

congestion are these:

1) Avoidance of stenosis. Each flow path (IVC and SVC

to RPA and LPA) and the junctions between them

must have adequate cross-sectional area for the flow

carried. On exercise, flow normally increases mainly

from the lower body, so it is questionable whether the

lower part of a transacted SVC, which has sometimes

been used to form the upper part of the IVC flow path

after lateral tunnel TCPC, has adequate diameter for

the exercising state.

2) Avoidance of sharp angulation at the suture lines of

the cavopulmonary anastomoses. Abrupt changes of

direction predispose to flow separation and turbu-

lence.[8] This means that the inevitable changes

of direction between the caval pathways and the pul-

monary arteries should be gradual and rounded off by

means of appropriate tailoring or patching. There

may be a case for prefabricating appropriately sized

and shaped interposition grafts.[9]

3) Avoidance of opposing or competing streams from the

upward-flowing IVC and the downward-flowing SVC.

In other words, they should not collide head on, but be

slightly offset relative to one another. It is important,

however, that hepatic venous blood contributes, via

the IVC pathway, to both lungs (Fig. 39.4) as it carries

a factor which prevents the formation of pulmonary

arteriovenousmalformations, a potential cause of pro-

gressive desaturation.

4) Minimization of flow separation, flow disturbance, and

regions of stagnation that might predispose to throm-

bosis by maintaining uniform diameters and smooth

contours through the cavopulmonary flow paths.

The minimization of energy dissipation is important,

and so is the avoidance of potentially arrhythmogenic

and thrombogenic atrial scarring and distension. When

these are included in the reckoning, it is not surprising

that total cavopulmonary connection, particularly using

an extracardiac conduit, has become the most widely

practiced form of Fontan connection. But the procedure

remains far from ideal. It is a radical palliation leaving the

patient with abnormal circulatory physiology which can

lead, after years or decades, to a series of possible

complications.

Fig. 39.4 The hepato–cavo–pulmonary flow paths after TCPC
Fontan connection illustrated by a magnetic resonance contrast
angiogram. It is important that hepatic venous blood flows via the
IVC pathway to both lungs as it carries a factor which prevents the
formation of pulmonary arteriovenous malformations, a potential
cause of desaturation (see Fig. 39.8B)
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39.3 Causes of Failure in a Fontan Circulation

There are several factors that may contribute to failure of

a Fontan circulation. They include:

(1) elevated resistance of the cavo(atrio)pulmonary

vasculature, including stenosis at surgical connec-

tions, hypoplasia or stenosis of pulmonary arteries,

thrombo-embolic obstruction, and pulmonary vein

compression due to right atrial distension after atrio-

pulmonary connection (Fig. 39.2);

(2) atrial arrhythmias (sinus node dysfunction or atrial

reentry tachycardia) particularly late after atriopul-

monary connection.

(3) thrombo-embolism [10];

(4) dysfunction of the dominant ventricle, its inflow valve

and outflow tract;

(5) systemic venous and hepatic portal congestion and

complications following from these;

(6) protein-losing enteropathy,[11] lymphatic congestion,

plastic bronchitis [3]; and

(7) shunts due to leaks from the Fontan pathway, aorto-

pulmonary or systemic vein–pulmonary vein or other

collaterals [4].

As illustrated in Fig. 39.5, these can be progressively

and mutually detrimental, with several possible feedback

pathways causing exacerbation of one factor by another.

This underlines the importance of avoidance of complica-

tions in the first place by appropriate selection for sur-

gery, and optimal surgical preparation [3], timing, and

technique. And following surgery, careful follow-up is

needed to detect and, if possible, correct potential pro-

blems before the onset of symptoms. As Marc Gewillig

has emphasized, the management of arrhythmia and/or

heart failure after Fontan surgery is challenging [3]. Sev-

eral factors need to be considered, investigated, and trea-

ted appropriately. There are a particular group of

problems associated with progressive right atrial dilata-

tion following atriopulmonary connection, but the pre-

valence of complications in this patient group may be

partly related to an earlier era of surgery, and more

years of follow-up. In such patients, conversion from

atriopulmonary to the potentially slightly more stream-

lined total cavopulmonary connection is an option to

consider, combined with a right atrial maze procedure

[12]. Such surgery is relatively high risk in most hands,

however. It is therefore crucial to establish to what extent

pathophysiology is present, which is likely to be alleviated

by reoperation, as opposed to pathology that would not

be alleviated but might exacerbate the risk.

39.4 Elevation of Cavo(Atrio)Pulmonary
Resistance

Elevation of pulmonary vascular resistance due to hypo-

plasia of the pulmonary arteries or pulmonary vascular

disease is a contraindication to Fontan surgery in the first

place,[13, 14] as it would result in excessive systemic

venous congestion. After a Fontan operation, resistance

to flow through the cavopulmonary connections may be

elevated due to suboptimal surgery, as discussed above,

particularly if there is residual stenosis at a suture line. In

the long term, thrombo-embolic disease particularly

due to thrombus formation in a dilated right atrium

(Fig. 39.1) may cause gradual elevation of pulmonary

resistance. This is one of several possible self-perpetuating

cycles. Elevated resistance may cause right atrial dilata-

tion and arrhythmia, which in turn predisposes to throm-

bosis, possible embolization, and further elevation of

resistance. Another deteriorating cycle is the compression

of one or more pulmonary vein, usually the right lower,

between the dilated right atrium and the spine (Fig. 39.2).

Fig. 39.5 Factors that may
contribute to the failure of a
Fontan circulation, and their
possible interactions. Those
marked with asterisks (*)
mainly affect patients with
atriopulmonary Fontan
connections. These may be
alleviated by conversion to
TCPC, but other factors may
not be, and could increase the
risk of reoperation
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This may elevate pulmonary vascular resistance, increas-

ing the atrial distension, and so on.

39.5 Arrhythmias and Thrombo-embolism

The most common type of arrhythmia is probably atrial

reentry tachycardia or atrial flutter. It may occur through

dilatation and/or previous scarring of the right atrium,

particularly after atriopulmonary Fontan connection. It

can lead to marked deterioration of circulatory function,

not necessarily because the atrium was contributing use-

ful hemodynamic work, but because of the right atrium’s

role in initiating left atrioventricular coordination. Right

atrial flutter results in irregular filling and contraction of

the systemic ventricle, and it usually requires resynchro-

nization therapy as soon as possible before there is further

deterioration due to left heart failure, elevation of pulmon-

ary resistance, atrial thrombus formation, embolization,

and so on. At the same time, it is essential to establish

whether there is any treatable hemodynamic lesion, such

as anastomotic or pulmonary arterial stenosis, which may

exacerbate atrial distension. Anticoagulation may be

needed, [10] arguably in all Fontan circulations known to

have complex, low-velocity cavo(atrio)pulmonary flow,

visible as right atrial smoke on echocardiography.

39.6 Systemic and Hepatic Portal Venous
Congestion and Sequelae

Elevation of systemic venous pressure to near-critical

levels seems to be an inevitable consequence of Fontan

surgery. Further elevation through the factors outlined

above can have damaging consequences for the microves-

sels and tissues of the organs upstream, notably the liver

and, upstream of the liver, the intestines. [11] Even greater

elevation of systemic venous flow and, therefore, pressure

during exercise is a factor to take into account. Ascites

and hepatic edema, and less commonly, cirrhosis and

hepatic carcinoma have been reported as sequelae [15,

16]. Protein-losing enteropathy is a further, fortunately

relatively uncommon, complication related to portal and

lymphatic congestion. Plastic bronchitis, probably due to

pulmonary lymphatic congestion and exudates is an

uncommon but potentially fatal complication. The liver

is vulnerable to increased venous and portal venous pres-

sure. Experiments in rats have shown that local elevation

of hepatic vascular flow and presumably pressure

through partial hepatectomy leads remarkably quickly

to gaping of the fenestrae in the endothelial walls of the

intrahepatic sinusoids, and so potential damage through

leakage blood cells and larger molecules between the

hepaticytes [17]. There is normally respiratory variation

of hepatic portal flow through the emptying and refilling

of the portal venous reservoir as the diaphragm moves

down and up again. In some Fontan patients, abnormal

reversal of hepatic portal flow has been shown during

expiration, implying abnormally wide sinusoidal commu-

nications [18]. It seems likely that the post-Fontan pathol-

ogy of hepatic and intestinal microvessels, lymphatics,

and tissues is an area that needs further research and

understanding.

39.7 Ventricular Dysfunction

The underlying congenital malformation, volume loading

of the systemic ventricle prior to completion of Fontan

reconstruction, the surgical procedure itself, particularly

if performed with prolonged bypass, and possibly the

abnormal pre- and afterloading of the ventricle following

Fontan surgery may all contribute to ongoing ventricular

dysfunction. This may cause and be exacerbated by regur-

gitation of the inflow valve (Fig. 39.6). Outflow to the

aorta via a ventricular septal defect/or an infundibulum

can be subject to progressive obstruction (Fig. 39.7).

Fig. 39.6 Mitral regurgitation (arrow) in a patient with Fontan
operation contributes to back pressure into the pulmonary and
hence the systemic veins. In this particular patient, who also had a
pleural effusion, treatment of fluid retention alleviated the
regurgitation
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39.8 Shunts: Desaturating or Congesting

The Fontan circulation should achieve a transcutaneous

oxygen saturation of at least 94%, assuming there is no

significant residual shunting. A limited desaturating

shunt may have been created deliberately as a fenestra-

tion between the cavopulmonary flow path and the

low-pressure atrial compartment(s). Unwanted shunts

may occur, however, through a patch of baffle leak

(Fig. 39.8A) or through the development of pulmonary

arteriovenous malformations (Fig. 39.8B) or systemic

vein to pulmonary vein collaterals (Figs. 39.8C and

D)[19]. Shunts that exacerbate pulmonary congestion,

rather than causing systemic arterial desaturation,

include ventricular to right atrial leaks, for example, at

a patch intended to close a right atrioventricular valve,

or a residual or acquired systemic-to-pulmonary arterial

shunt.Fig. 39.7 Left ventricular outflow obstruction after Fontan opera-
tion caused by a moderately restrictive VSD and the hypertrophied
infundibulum of the rudimentary, subaortic right ventricle

Fig. 39.8. Desaturating shunts in three different patients. (A) A
diastolic leak through the detachment of a patch placed across the
right atrioventricular valve of a patient with double-inlet left ven-
tricle and an atriopulmonary Fontan connection. (B) Magnetic
resonance contrast angiogram showing evidence of right pulmonary

arteriovenous malformations (arrows) in a patient after Kawashima
operation, in whom hepatic venous return was flowing to the left
lung, but not the right. (C and D) Subcutaneous (black arrow)
and intrathoracic (white arrows) branches of systemic venous to
pulmonary venous collateral veins
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39.9 Conclusion

The range of procedures known as Fontan operations are

radical palliative procedures, not corrections, and there is

no such thing a perfect Fontan operation. Fontan surgery

should, as far as possible, be undertaken only by experi-

enced congenital cardiac surgical teams. Follow-up needs

to be life-long, by cardiologists with specific knowledge of

the peculiarities of Fontan pathophysiology. Expert ima-

ging, including cardiovascular magnetic resonance, is an

important aspect of follow-up. The progressive cascade of

possible complications (Fig. 39.5) underlines the impor-

tance of excellent pre-Fontan management and decision

making, careful selection and planning for surgery, excel-

lent surgical technique, and from then on, appropriate

diagnostic follow-up and management.
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