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Preface to the Series

In Europe, we are currently faced with an estimated ACHD population of 4.2 mil-
lion; adults with congenital heart disease now outnumber children (approximately
2.3 million). The vast majority cannot be considered cured but rather having a
chronic heart condition that requires further surveillance and timely re-interven-
tion for residual or consequent anatomical and/or functional abnormalities. ACHD
patients have very special needs and the physicians taking care of them need
expert training. Special health care organization and training programs for those
involved in ACHD care are therefore required to meet the needs of this special
population.

ACHD problems remain a small part of general cardiology training curricula
around the world, and pediatric cardiologists are trained to manage children with
CHD and may, out of necessity, continue to look after these patients when they
outgrow pediatric age.

There are clearly other health issues concerning the adult with CHD, beyond the
scope of pediatric medicine, that our patients now routinely face. Adult physicians
with a non-CHD background are therefore increasingly involved in the day-to-day
management of patients with CHD.

Experts in congenital heart disease should work to improve the health care sys-
tem, so that teens and young adults have an easier time making the transition from
receiving health care in pediatric cardiology centers to receiving care from special-
ists in adult cardiology.

The aim of this series is to cast light on the most significant aspects of congenital
heart disease in adolescents and adults and its management, such as transition from
pediatric to adulthood, pregnancy and contraception, sport and physical activities,
pulmonary hypertension, burning issues related to surgery, interventional catheter-
ization, electrophysiology, intensive care management, and heart failure.

This series wishes to attract the interest of cardiologists, anesthesiologists,
cardiac surgeons, electrophysiologists, psychologists, GPs, undergraduate and
postgraduate students, and residents, and would like to become relevant for
courses of cardiology, pediatric cardiology, cardiothoracic surgery, and
anesthesiology.

We thank both the wonderful groups of leading cardiovascular experts from
around the world, for donating their precious time, producing excellent textbooks

vii
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and making this book series a reality, and the members of the two Working Groups
(ESC and AEPC ACHD/GUCH Working Group) for the invaluable suggestions and
support without which this work would not be possible.

San Donato, Italy Massimo Chessa
Miinster, Germany Helmut Baumgartner
Munich, Germany Andreas Eicken

San Donato, Italy Alessandro Giamberti



Foreword

Pulmonary arterial hypertension (PAH) is a common complication of adult congeni-
tal heart disease (ACHD), affecting up to 10% of patients. PAH, in turn, impacts on
quality of life and survival of these patients. This area used to be a medical orphan;
there were very limited therapeutic options for these patients. In fact, some of the
medical interventions of the past have been harmful to patients, namely routine
venesections for patients with chronic cyanosis and secondary erythrocytosis, i.e.
patients with Eisenmenger syndrome (ES). It is these very patients (with ES), who
represent the extreme end of the spectrum of PAH-ACHD, that have particularly
benefited from recent advances in our understanding of late pathophysiology, prog-
nostication, and advanced therapy for PAH in the context of ACHD. This follows if
not mirrors recent advances in the management and treatment of PAH of other eti-
ologies. As a result, the lives of patients with ES have been transformed, with
improved quality of life, functional capacity, and survival prospects following the
introduction of advanced PAH therapy. Most ES patients are now cared for in ter-
tiary centers, where other needs such as contraception, iron supplementation, non-
cardiac surgery, and physical conditioning can all be met. More work is, nevertheless,
needed for these patients and for the broader group of patients with PAH-ACHD
who may have not yet developed ES.

I am delighted to write the foreword for this concise book, providing essential
and easily accessible information for the tertiary and nontertiary healthcare profes-
sional who is interested in ACHD and/or PAH. The editors of the book, Drs.
Dimopoulos and Diller, from the Royal Brompton Hospital and the University
Hospital Muenster, respectively, have compiled a comprehensive text, inviting
experts from the UK and Germany, as well as other world authorities in the PAH-
ACHD field. The book outlines the key points with regard to the current classifica-
tion, pathophysiology, diagnostics, and treatment. There are specific chapters
addressing hematological issues, different imaging modalities, cardiac catheteriza-
tion, cardiopulmonary exercise testing and the six-minute walk test, physical condi-
tioning, and the evidence for a “treat and repair approach,” if any. Furthermore, the
book addresses patients with the Fontan operation and complex underlying con-
genital heart disease, who may not have PAH in the strict sense but some have pul-
monary vascular disease. The data for advanced PAH therapy for this patient
subgroup is sparse at present, but there is rationale for it and more research is clearly
needed. Last but not least, the book addresses counseling, contraception, and the
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latest in the management of pregnancy and PAH-ACHD, which is still associated
with a high mortality/morbidity risk.

The key objective of the book is to increase awareness of PAH-ACHD,
describe recent advances in the field, and suggest appropriate diagnostic work
up and timely specialist referral so that effective, state-of-the-art therapy is
made available for every patient with PAH-ACHD. This book will serve as an
invaluable resource for healthcare professionals in the care of ACHD and PAH
patients, but also for cardiologists, obstetricians, and other disciplines outside
of ACHD centers—senior or junior—who may also be called upon to care for
these patients.

London, UK Michael A. Gatzoulis, M.D., Ph.D.



Preface

Pulmonary hypertension (PH) is a hemodynamic condition associated with a wide
variety of diseases. The various types of PH differ significantly in their manage-
ment, and expertise in both PH and the underlying condition is essential for improv-
ing outcomes. In no other area of PH is this more true than in pulmonary arterial
hypertension (PAH) related to congenital heart disease (PAH-CHD).

CHD is the most common inborn defect in humans. Almost 1 in 100 children
born presents with a mild or more complex form of CHD. PH is one of the most
common and devastating complications of CHD, first described by Victor
Eisenmenger in 1897. Subsequent landmark work by authors, including Paul Wood
and Heath and Edwards, have shed light on the pathophysiology of PAH-CHD, with
observations that apply not only to PAH-CHD but also most other types of PAH. The
introduction of cardiac surgery in the 1950s and subsequent advances in the surgical
and interventional management, paired with the evolution of diagnostic modalities,
both invasive and non-invasive, have resulted in early diagnosis and treatment of
CHD, allowing for the majority of children with CHD to reach adult life and beyond
and reducing the risk of developing PH, especially Eisenmenger syndrome. Despite
this, the prevalence of PAH-CHD remains high, as ever more patients with repaired
defects present with residual or newly developed PAH-CHD.

Recent national PH databases have demonstrated that PAH-CHD is one of the
most common types of PAH, with a prevalence similar to that of idiopathic
PAH. Within PAH-CHD, a wide variety in anatomy and pathophysiology exists and,
thus, requires significant expertise in both PAH and CHD. In most developed coun-
tries, the routine care of PH and CHD patients is indeed concentrated in tertiary
centres with specific expertise in either or, ideally, both of these areas. Despite sig-
nificant similarities in lung pathophysiology to other types of PAH, such as idio-
pathic PAH and PAH related to connective tissue disease, the mechanism of onset,
natural history and management of PAH-CHD differ significantly to that of other
types of PAH. Mistakes and pitfalls in the management of such patients are often
related to lack of knowledge or expertise in this condition, and old practices.

Huge leaps have also been made in the treatment of PAH in the last three decades.
Prior to 1995, no therapies were available, while nowadays several drugs are avail-
able, supported by robust evidence on their safety and efficacy. Increased awareness
of PAH has also resulted in earlier diagnosis and timely treatment, improving the
quality of life and outcome of many PAH patients, including those with
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PAH-CHD. Despite the above, PAH still remains an incurable disease, with signifi-
cant morbidity and mortality.

This book, Pulmonary Hypertension in Adult Congenital Heart Disease, is part
of Springer’s new book series The Congenital Heart Disease in Adolescents and
Adults. In this book, international experts in the field of ACHD and PH provide a
detailed description of all aspects of this condition based on available evidence and
expert opinion. The book is divided into three sections, with chapters on the patho-
physiology and classification of PH in ACHD, the diagnosis of PH in ACHD, and its
management. Novel topics, such as segmental PH, post-capillary PH in ACHD,
PAH in patients with persistent systemic-pulmonary shunts and PAH in patients
with small cardiac defects or previous reparative surgery, are covered in dedicated
chapters written by major experts in their respective fields. The section on the diag-
nosis of PH in CHD covers every step, from physical examination and ECG, to
sophisticated modalities such as CMR and advanced CT, to invasive assessment.
The final section on treatment describes all aspects of the pharmacological treat-
ment and non-pharmacological management of PAH-CHD. It also includes chap-
ters on special topics, such as the management of PAH-CHD in pregnancy and in
special populations such as patients with Fontan circulation and those with Down
syndrome. Finally, the novel topic of palliative care in PAH-CHD is reviewed.

This book is aimed at providing the reader with a complete but user-friendly
overview of the topic of PH in ACHD. It is a comprehensive manual and a guide in
the management of adults with PAH-CHD and will be essential for all ACHD and
PH healthcare professionals (senior and junior physicians, nurse specialists) in ter-
tiary practice, as well as physicians and healthcare workers in general cardiology
and emergency services, where patients often present acutely. It provides an over-
view of current state-of-the art practice in this field, and we hope it will prove useful
in improving the day-to-day care of this complex group of patients.

London, UK Konstantinos Dimopoulos
Miinster, Germany Gerhard-Paul Diller
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Congenital Heart Defects
and Pulmonary Hypertension:
The Heath-Edwards Paradigm

Konstantinos Dimopoulos, Elizabeth Orchard,
and Annalisa Angelini

Abbreviations

ANG angiotensin

ASD atrial septal defect

AVSD atrioventricular septal defect

CHD congenital heart disease

CO cardiac output

CTEPH chronic thromboembolic pulmonary hypertension
ECG electrocardiogram

ET endothelin

LA left atrium

LV left ventricle

NO nitric oxide

PA pulmonary artery

PAH-CHD  pulmonary arterial hypertension related to congenital heart disease
PAH pulmonary arterial hypertension

PAP pulmonary arterial pressure

PDA patent ductus arteriosus
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PGI2 prostacyclin

PH pulmonary hypertension

PVD pulmonary vascular disease

PVR pulmonary vascular resistance

PVRIi pulmonary vascular resistance indexed
RA right atrium

Rp/Rs ratio of pulmonary-to-systemic resistance
RV right ventricle

RVEDP  right ventricular end-diastolic pressure
TCPC total cavopulmonary connection

VSD ventricular septal defect

wu Wood units

1.1 Introduction

Pulmonary hypertension (PH) is a haemodynamic and pathophysiological disorder
associated with a variety of cardiovascular and respiratory conditions, including
congenital heart disease (CHD) [1]. PH is defined by international guidelines as an
increase in mean pulmonary arterial pressure (meanPAP) >25 mmHg at rest,
assessed by cardiac catheterization. The normal values of resting mean PAP are
14 + 3 mmHg, with an upper limit of 20 mmHg. The significance of values in the
“grey zone” of 21-24 mmHg is unclear, and currently, due to lack of data, there is
no reliable definition of PH occurring with exercise.

A comprehensive international clinical classification for PH categorizes the multiple
conditions in which PH may be present according to similarities in clinical presentation,
pathology, haemodynamics and treatment (Table 1.1). Haemodynamically, PH can be
distinguished into precapillary and post-capillary based on the absence or presence of a
rise in mean left atrial/mean pulmonary wedge/left ventricular end-diastolic pressure
(<15 mmHg). Patients in group 1, pulmonary arterial hypertension (PAH), have pre-
capillary PH with a pulmonary vascular resistance (PVR) >3 Wood units (WU) in the
absence of other causes of precapillary PH such as lung disease (belonging to group 3),
chronic thromboembolic PH (CTEPH group 4) or other rare diseases (group 5).

CHD can result in both precapillary and post-capillary PH. The latter can be the
result of systemic ventricular dysfunction (e.g. a failing systemic right ventricle (RV)),
congenital left-sided outflow tract obstruction, left-sided valve disease or pulmonary
vein stenosis, i.e. any condition that can cause a rise in left atrial and/or pulmonary
venous pressures. Post-capillary PH is divided by international PH guidelines -
depending on the pulmonary wedge pressure (PWP), left ventricular end-diastolic
pressure (LVEDP) or left atrial pressure - into isolated and combined post- and pre-
capillary PH, based on the presence of a PVR <3 or >3 WU, respectively, and/or a
diastolic pressure gradient (diastolicPAP—meanPWP) < or >7 mmHg, respectively.
This is to distinguish between PH that is purely a reflection of the rise in left-sided
(post-capillary) pressures and PH which appears to be “out of proportion” to the left-
sided pressure. The latter can occur in patients with long-standing post-capillary PH
(e.g. long-standing haemodynamically significant mitral stenosis or long-standing
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Table 1.1 The clinical classification of pulmonary hypertension according to international
pulmonary hypertension guidelines [1]

Clinical classification of pulmonary hypertension
1. Pulmonary arterial hypertension
1.1 Idiopathic
1.2 Heritable
1.2.1 BMPR2 mutation
1.2.2 Other mutations
1.3 Drugs and toxins induced
1.4 Associated with:
1.4.1 Connective tissue disease
1.4.2 Human Immunodeficiency virus (HIV) infection
1.4.3 Portal hypertension
1.4.4 Congenital heart disease
1.4.5 Schistosomiasis
1’. Pulmonary veno-occlusive disease and/or pulmonary capillary haemangiomatosis
1'.1 Idiopathic
1’.2 Heritable
1".2.1 EIF2AK4 mutation
1'.2.2 Other mutations
1'.3 Drugs, toxins and radiation induced
1.4 Associated with:
1".4.1 Connective tissue disease
1'.4.2 HIV infection
1”. Persistent pulmonary hypertension of the newborn
2. Pulmonary hypertension due to left heart disease
2.1 Left ventricular systolic dysfunction
2.2 Left ventricular diastolic dysfunction
2.3 Valvular disease
2.4 Congenital or acquired left heart inflow or outflow tract obstruction and congenital
cardiomyopathies
2.5 Congenital or acquired pulmonary veins stenosis
3. Pulmonary hypertension due to lung diseases and/or hypoxia
3.1 Chronic obstructive pulmonary disease
3.2 Interstitial lung disease
3.3 Other pulmonary diseases with mixed restrictive and obstructive pattern
3.4 Sleep-disordered breathing
3.5 Alveolar hypoventilation disorders
3.6 Chronic exposure to high altitude
3.7 Developmental lung diseases
4. Chronic thromboembolic pulmonary hypertension and other pulmonary artery obstructions
4.1 Chronic thromboembolic pulmonary hypertension
4.2 Other pulmonary artery obstructions
4.2.1 Angiosarcoma
4.2.2 Other intravascular tumours
4.2.3 Arteritis
4.2.4 Congenital pulmonary arteries stenoses
4.2.5 Parasites (hydatidosis)

(continued)
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Table 1.1 (continued)

Clinical classification of pulmonary hypertension
5. Pulmonary hypertension with unclear and/or multifactorial mechanisms

5.1 Haematological disorders
Chronic haemolytic anaemia
Myeloproliferative disorders
Splenectomy

5.2 Systemic disorders
Sarcoidosis
Pulmonary histiocytosis
Lymphangioleiomyomatosis
Neurofibromatosis

5.3 Metabolic disorders
Glycogen storage disease
Gaucher disease
Thyroid disorders

5.4 Others
Pulmonary tumoral thrombothic microangiopathy
Fibrosing mediastinitis
Chronic renal failure (with/without dialysis)
Segmental pulmonary hypertension

In bold, pulmonary hypertension that can be encountered in congenital heart disease
BMPR?2 bone morphogenetic protein receptor, type 2, EIF2AK4 eukaryotic translation initiation
factor 2 alpha kinase 4, H/V human immunodeficiency virus

systemic ventricular dysfunction) and significantly affects management (see Chap. 8).
For example, patients with atrial switch repair for transposition of great arteries
(Mustard or Senning) often present with systemic ventricular dysfunction and tricus-
pid (systemic atrioventricular valve) regurgitation, which typically progresses in
severity over time. The rise in pressure within the pulmonary venous pathways is
often due to the rise in right ventricular end-diastolic pressure (RVEDP) and signifi-
cant tricuspid regurgitation and is transmitted backwards to the lungs, resulting in PH
which is purely (isolated) post-capillary. Over time, a precapillary component to the
PH can develop, transforming the isolated post-capillary PH to combined pre- and
post-capillary PH. This further affects cardiac haemodynamics and may also preclude
heart transplantation if not reversible. PAH therapies should not be used in such cases
as, despite the existence of precapillary component, this is not PAH.

PAH related to congenital heart disease (PAH-CHD) is precapillary PH and is
characterized by a rise in PVR with normal left atrial pressure. It is typically the
result of pulmonary vascular disease (PVD) caused by chronically elevated pulmo-
nary arterial pressures in patients with large post-tricuspid defects: a large ventricu-
lar septal defect (VSD), patent ductus arteriosus (PDA) or aortopulmonary window.
The chronic pressure and volume load cause fibrotic and proliferative lesions in
small muscular arteries (Fig. 1.1).

PAH-CHD is classified by the international PH guidelines into four groups
according to the severity of the disease, direction of shunt, defect size and previous



1 Congenital Heart Defects and Pulmonary Hypertension 7

Eisenmenger
syndrome

Fig. 1.1 The pathogenesis of pulmonary arterial hypertension in congenital heart disease in a
patient born with a large ventricular septal defect. As soon as the baby is born and starts breathing,
pulmonary vascular resistance (PVR) drops and significant left-to-right (L-R) shunting occurs
through the VSD. Pressure and volume overload of the pulmonary circulation over time causes
pulmonary vascular disease of increasing severity, which results in a progressive rise in PVR and
reduction in L-R shunting. Eventually, the PVR reaches systemic levels, and the shunt becomes
bidirectional, with right-to-left (R-L) shunting causing cyanosis (Eisenmenger syndrome). The
timing and severity of the development of PVD vary greatly between individuals

repair (Table 1.2). Group 1 of this classification is the extreme end of the spectrum
and the best known type of PAH-CHD: Eisenmenger syndrome.

There are an additional two types of PH related to CHD the guidelines do not focus
upon: segmental PH and PH in patients with a previous Fontan-type operation [2]. All
types of PH and PAH related to CHD are described in detail in the various chapters of this
book.

1.2  The Morphology of PAH Related to CHD: Pulmonary
Vascular Disease

Heath and Edwards were the first to provide a detailed histological classification of
“hypertensive PVD” [3]. This was based on the study of 67 cases of CHD and 2 cases
of idiopathic PH, of which 64 cases had proven PH (n = 55) or inferred from clinical
or pathologic findings (n = 9), while 5 «cases had a mean
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Table 1.2 The four types of PAH-CHD and two additional types of CHD that may develop
pulmonary vascular disease (precapillary component) [1, 2]

A. Eisenmenger syndrome Includes all systemic-to-pulmonary shunts due to large defects
leading to a severe increase in PVR and a reversed
(pulmonary-to-systemic) or bidirectional shunt. Cyanosis,
erythrocytosis and multiple organ involvement are present

B. Pulmonary arterial Patients with moderate to large defects, in which the increase

hypertension associated with ~ in PVR is mild to moderate, left-right shunt is still largely

systemic-to-pulmonary shunts  present, and no cyanosis is present at rest

C. Pulmonary arterial Patients with a clinical picture very similar to idiopathic PAH,
hypertension with small who have (coincidental?) small defects
defects. —ventricular septal defects <1 cm

—atrial septal defects <2 cm
D. Pulmonary arterial Congenital heart disease has been corrected but PAH:
hypertension after corrective —is still present immediately after surgery or
cardiac surgery —has recurred several months or years after surgery in the

absence of significant postoperative residual congenital lesions
or defect sequela of previous surgery

Additional types of pulmonary vascular disease related to CHD

Segmental pulmonary In these cases, part of the lung vasculature develops

hypertension pulmonary vascular disease, while other areas may be
normally perfused or hypoperfused

Raised PVR in Fontan patients Patients with a previous Fontan-type operation can develop a
rise in PVR, despite low pulmonary arterial pressure

Grade of hypertensive pulmonary vascular disease

1 2 8 4 5 6
Type of None
intimal Cellular
reaction Fibrous & fibroelastic

Hypertrophied
Some generalized dilatation

State of media

of arteries and . "
arterioles Pulm hemosiderosis

Necrotizing
arteritis

Fig. 1.2 The six histological grades of pulmonary vascular disease, according to Heath and
Edwards [3]

PAP <30 mmHg (atrial septal defects, ASDs) and were used as controls. They provide
a classification with six classes based on the type of intimal reaction (none/cellular/
fibrous and fibroelastic/plexiform lesion) and the state of the media or arteries and
arterioles (hypertrophied/some generalized dilatation/local “dilatation lesions™/
pulmonary haemosiderosis/necrotizing arteritis, Fig. 1.2). They went on to apply this
classification in 32 patients who underwent reparative surgery, demonstrating that all
patients with a histologic grade <3 had an immediate postoperative systolic
PAP <55 mmHg [4]. Arterial muscular hypertrophy, arteriolar muscularization and
subintimal fibrosis were, therefore, categorized as potentially reversible (histological
grade 3 or below), while angiomatoid and plexiform (“dilatation”) lesions and
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necrotizing arteritis were deemed irreversible (histological grade 4 or above). Heath
and Edwards highlight, however, the fact that some degree of reversibility may also be
encountered in grade 4 lesions, with some drop in PAP seen after repair, but never
below a systolic PAP of 50 mmHg. They recognized that there is a gradual change
from one grade to another and that structural changes in PH are not uniform in indi-
vidual arteries throughout the lung [5]. They also pointed out the potential differences
between PAH-CHD due to post-tricuspid shunts, which develops from birth, to
instances of PAH developing in later life in patients with ASDs.

The Heath—-Edwards classification, while being groundbreaking and still largely in
use in a modified version (Figs. 1.3 and 1.4), did not provide a definitive solution to the
clinical dilemma of reversibility and operability of congenital defects with associated PH

Fig. 1.3 The modified Heath—-Edwards classification of hypertensive pulmonary vascular disease
used in current practice: grades I-III. Histology of III of the IV grades of the modified Heath—
Edwards classification of hypertensive pulmonary vascular disease used currently. Note the old
grades IV, V and VI are now grouped in the new grade IV of the modified classification. In (a),
histology of a grade I lung biopsy showing small arteries with hypertrophy of the media, in the
absence of intimal hyperplasia, in a newborn baby with a ventricular septal defect. Haematoxylin
eosin staining, original magnification x10. In (b), histology of a grade II lung biopsy, showing an
artery with intimal smooth muscle cell proliferation and medial hypertrophy. Increased adventitia
fibrosis. Haematoxylin eosin staining, original magnification x20. In (¢), histology of a grade III
lung biopsy with sub-occlusive concentric intimal proliferation and thinning of the media and
fibrosis of the adventitia. Haematoxylin eosin staining, original magnification x20. In (d), histol-
ogy of a grade III lung biopsy with obstructive eccentric fibrocellular intimal proliferation of an
artery in a 4-month-old boy with an atrioventricular septal defect. Note the two-stage lesion, with
fibrous thickening (red fibrous staining) at the base closer to the media and a more cellular compo-
nent adjacent to the lumen (smooth muscle cells in yellow). The media is thinned and dilated, and
the adventitia is fibrotic. Elastic fibre Van Gieson staining, original magnification x20
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Fig. 1.4 The modified Heath-Edwards classification of hypertensive pulmonary vascular disease
used in current practice: grade IV. In (a), histology of a grade IV lung biopsy with severe dilatation
and sub-occlusive fibrosis of an artery. Note the onion-like appearance of the small artery on the
left (black arrow). Elastic fibre Van Gieson staining, original magnification x10. In (b), histology
of a grade IV lung biopsy with a typical plexiform lesion. Haematoxylin eosin staining, original
magnification x20. In (¢), histology of a grade IV lung biopsy with a typical aneurysmatic lesion,
with occlusion of the lumen and fibrinoid necrosis (white arrow) of the parietal wall and neo-
angiogenetic proliferative aspect (black arrow) in a patient with an (ASD), who died after repeti-
tive pulmonary hypertensive crises

[6]. Beyond the risks associated with lung biopsy in patients with PH, a close relation
between structural alterations in the pulmonary arteries and the change in PAP after clo-
sure of the cardiac defect was not confirmed. Moreover, even in their cohort, some
patients with a favourable fall in PAP had residual PH, which could regress or progress
over the years (see group 4 of the PAH-CHD classification) [2, 4].

Other more recent classifications for PVD have been proposed [6, 7]. Rabinovitch
et al. used quantitative methods of analysis of histological specimens and focused
on the extension of muscle (size and position of small arteries in which it is present),
thickness of arterial medial muscular coat and concentration of small peripheral
arteries per unit area in relation to the alveolar concentration [5]. When correlated
to haemodynamic data, three new grades of PVD were observed:

e Grade A: Abnormal (for the patient’s age) extension of muscle into peripheral
arteries. In this group, all patents had increased pulmonary blood flow but normal
PAP, and it is likely to be, at least in part, a reversible process.

e Grade B: Increased percentage of arterial wall thickness (medial muscular coat,
assessed quantitatively in the small intra-acinar arteries 50—100 pm), which,
when severe, correlated with an elevation in PA pressure. This was always seen
together with abnormal extension of muscle into small arteries (grade A). Cases
with mild increase in medial hypertrophy were felt to be potentially reversible.
More severe forms of medial hypertrophy are likely to be associated with a rise
in PVR and may not be reversible.
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* Grade C: Reduction in the number of small peripheral arteries. This was always
associated with features of grades A and B and always observed in Heath—-Edwards
3 or higher and could be a loss of arteries through occlusion or lack of adequate
pulmonary blood flow. It was, however, also observed in less severe forms (perhaps
due to insufficient growth of new arteries compared to alveoli in young children).
Most patients in group C had a raised PVR indexed (>3.5 WU x m?). This stage
was felt to precede obliterative PVD and could identify patients in whom PVD will
progress after repair. The authors felt that reversibility depended on the ability of
the pulmonary vascular bed to generate new arteries.

Grades A and B were felt by the authors to be refinements of the Heath—
Edwards grade 1, while grade C reflected the failure of the arteries to proliferate
normally, a novel finding compared to Heath and Edwards. This classification
focuses, therefore, on early structural changes, before the appearance of fibrotic
intimal damage.

No classification is perfect, and biopsy findings should be interpreted in the light
of the clinical picture when assessing reversibility. Wagenvoort et al. reported on 28
patients with CHD and PH in whom lung biopsy was performed at the time of PA
banding and after repair of the defect [8]. While earlier lesions showed regression,
more severe concentric-laminar intimal fibrosis showed no tendency towards regres-
sion and often even progressed. Fibrinoid necrosis and plexiform lesions were
always irreversible, even when only occasional arteries were affected by these
changes. Wagenvoort later talked about a “point of no return” as far as reversibility
was concerned, which lies somewhere between mild and severe concentric-laminar
intimal fibrosis and can be frustrating for the pathologist if the preoperative lung
biopsy shows moderate to fairly severe intimal fibrosis [9]. In all cases, but espe-
cially those in which the histology is in the “grey zone”, require consideration of
clinical and haemodynamic findings to decide whether corrective cardiac surgery is
advisable. In practice, most patients do tend to fall between the two extremes of
mild medial hypertrophy and extensive dilatation lesions [10]. Therefore, routine
lung biopsies have been abandoned in recent years.

1.3  The Evolution of Pulmonary Vascular Disease
in Common Types of CHD

PAH typically develops in CHD in the presence of a large post-tricuspid shunt, which
causes both volume and especially pressure overload to the pulmonary circulation.
The endothelium plays an important role in the interface between haemodynamics and
the vessel wall as well as providing an antithrombogenic semipermeable barrier and
fulfilling metabolic functions [11]. Endothelial cells influence vascular tone, smooth
muscle cell growth and differentiation and the response to vascular injury, be it hypoxia,
altered shear stress, inflammation or toxins. Injury to the endothelium leads to impaired
endothelial-dependent relaxation, defective levels of von Willebrand factor and
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fibrinolysis, in situ thrombosis, programmed cell death and loss of small vessels [10,
12]. Activated endothelial cells also produce more vasoconstrictive and proliferative
factors such as endothelin-1 (ET-1), angiotensin II (ANG II), thromboxane A2 and
lower amounts of vasodilating antiproliferative agents such as NO and prostacyclin
(PGI2). Indeed, plasma ET and thromboxane B2 concentrations are elevated in patients
with PAH-CHD due to congenital heart defects [13, 14]. The thickening of the wall of
more proximal intra-acinar and pre-acinar muscular arteries and neointimal formation
has been related to excessive proliferation and migration of cells that have markers of
smooth muscle cells because they are positive for a-smooth muscle actin. This may be
a specialized subpopulation, may have originated as stem cells or fibrocytes, may be
transformed fibroblasts or endothelial cells or all of the above.

Plexiform lesions are characteristic of advanced PVD. These were first described
in CHD, but are also seen in other types of PAH, including idiopathic PAH. While
the exact pathogenesis of these lesions remains uncertain, it has been postulated that
the increase in pulmonary blood flow in CHD elicits reflex vasoconstriction and
endothelial dysfunction. Intense vasospasm may cause vascular necrosis and arteri-
tis, and plexiform lesions develop in areas of focal fibrinoid necrosis, by active cell
reorganization and recanalization of thrombus [15]. It has been postulated that
plexiform lesions are a failed attempt of the pulmonary vasculature to bypass
obstructive lesions [16, 17]. The only animal model of plexiform lesions is in dogs,
after the creation of a systemic-to-pulmonary shunt, leading to severe PH [18].
Interestingly, monoclonal endothelial cell proliferation was encountered in plexi-
form lesions of patients with idiopathic, but not PAH secondary to CHD or connec-
tive tissue disease [19].

The size and location of the shunt dictate the rate of development and ultimate
severity of the PAH. In patients with pre-tricuspid shunts (ASDs), there can be sig-
nificant volume but no significant pressure overload of the pulmonary circulation.
Recruitment of previously underperfused vessels allows the lungs to accommodate
larger volumes of blood, and PAH may occur later in life, with significant PVD
developing only in rare cases [20]. In fact, it appears that the volume overload
imposed by ASDs can only lead to a significant rise in PVR when accompanied by
a sort of intrinsic predisposition of the pulmonary vasculature towards PVD [2, 21].
The importance of genetics in the development of PAH is supported by the now
numerous genes identified as responsible for the development of hereditary PAH
and the well-established predisposition of patients with Down syndrome to the early
development of severe PVD [22-25]. Children with ASDs who develop severe PVD
usually have inoperable disease with severe intimal fibrosis and vessel obstruction,
resembling that of patients with large VSDs [10]. Some call this idiopathic PAH
with an associated atrial communication, especially when the latter is small (<2 cm
in diameter), underlining the importance of an underlying predisposition of the pul-
monary vasculature.

In post-tricuspid shunts, the combined effect of volume and pressure overload results
in early development of PVD, with a high PVR that becomes largely irreversible early
in life. In patients with large VSDs, there is an increased muscularity of the pulmonary
vessels from early infancy, with intimal proliferation developing by the end of the first
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year of life and fibrosis by the third year. Surgery should thus be offered by year 1 [7]. In
a minority of cases, early obstructive intimal proliferation can develop, associated with
a significant rise in PVR [10]. In patients with transposition of great arteries and a large
VSD, the pulmonary vasculature does not remodel after birth, and intimal proliferation
is seen from 2 months of age, which becomes significant after 5 months. By age 7-9
months, patients can be inoperable due to a high PVR [10, 26]. Similarly, intimal prolif-
eration develops at an earlier stage and is more severe in patients with a complete atrio-
ventricular septal defect (AVSD) compared to an isolated VSD, requiring repair very
early in life [10]. Therefore, even in patients with large post-tricuspid defects, there is a
large spectrum with regard to the timing of development of severe “irreversible” PAH,
with some developing irreversible PVD within the first few months of life, while others
reach teenage or adult life not having reached the stage of shunt reversal (Eisenmenger
syndrome) [2]. Moreover, a small degree of reversibility may be maintained even in
patients with long-standing Eisenmenger syndrome and predicts outcome [27].

1.4  Operability and Survival After Cardiac Repair

The short- and long-term outcome of repair of a left-right shunt depends heavily on
the state of the pulmonary vascular bed at the time of repair. Patients with severe
irreversible PVD should not undergo repair of the defect, as the risk of developing
a pulmonary hypertensive crisis and right ventricular dysfunction perioperatively is
high and can be fatal. Moreover, closure of a defect, which may act as a relief valve
for a hypertensive RV, may lead to RV dilatation and dysfunction (heterometric
adaptation; see below) resembling that of idiopathic PAH and adversely affect
outcome.

In cases with less severe PVD, physicians are often faced with question of “oper-
ability” of the cardiac defect. Invasive haemodynamic assessment is essential for
this purpose even though, to date, there is little evidence to guide clinical manage-
ment [2, 6, 28]. Steele et al. reported the outcome at 4 years of 40 adult patients with
an ASD and PVD (resistance greater than 7 WU x m?) treated either medically or
surgically. All patients who were not treated surgically had progression of their
disease. Those who underwent surgical correction and had a preoperative PVR
between 9 and 14 WU x m? showed no signs of disease progression and those
between 7 and 9 WU x m? improved. No vasoreactivity test was performed prior to
closure. The INOP test I was a multicentre study that gathered data on preoperative
haemodynamics, including reversibility with oxygen and nitric oxide, in CHD
patients with PAH (ratio of pulmonary-to-systemic resistance [Rp/Rs] > 0.33) [29].
Data on a total of 124 patients (median age 28 months, range 1 month to 47 years)
from ten institutions were collected. Of these, 74 patients underwent reparative sur-
gery or transplantation. An Rp/Rs <0.42 with oxygen alone and <0.27 with oxygen
plus nitric oxide were identified as optimal cut-off values for determining operabil-
ity (reduced risk of death or right ventricular failure after surgery), but with a good
but not perfect area under the curve of 0.86 as there were some patients with a “low”
Rp/Rs who had a poor outcome. It is possible that “de-recruitment” of pulmonary
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vessels, which had previously been recruited to accommodate the increased pulmo-
nary blood flow, could explain the lower than expected drop in PVR after defect
closure.

The 2015 PH guidelines introduced PVRIi cut-offs for deciding operability based
on expert consensus (Fig. 1.5), with a wide “grey area” in-between 4 and 8 WU x m?
[1]. No clear recommendations were made on the interpretation of PVR obtained
using vasodilators. It is clear that no single clinical parameter (or combination of
parameters) is able to accurately predict the response of the pulmonary vasculature
after repair, as operability is clearly not synonymous to reversibility observed in the
catheter lab (or to histological changes seen on biopsy) [8, 9].

It is important to maintain a clear distinction between PAH and PVD in
patients with large left—right shunts (systemic-to-pulmonary shunts) [2]. Indeed,
PH (i.e. arise in PAP) may occur as a result of a rise in PVR (reflecting PVD) or
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Fig. 1.5 The formula for pulmonary vascular resistance indexed (PVRi) is as follows:

Mean PA pressure — Mean LA pressure . . .
PVRi = where PA is pulmonary artery and LA is left atrium
Pulmonary blood flow indexed

Assuming a normal mean LA pressure of 5 mmHg, we plot the changes in mean PA pressure with
increasing pulmonary blood flow, for different levels of PVR indexed (PVRi). This graph demon-
strates the importance of accurately calculating PVRi during cardiac catheterization (i.e. pulmo-
nary blood flow), as PA pressure alone is unable to reliably distinguish between patients with or
without PVD in CHD. Patients with increased pulmonary blood flow due to a left-right shunt may
have a raised PA pressure due to increased flow, with a normal PVR (white area to the right, PAH
no PVD). In these cases, closure of a haemodynamically significant defect is advisable. According
to international guidelines, closure of a defect should be considered when PVRi is below 4 but
should be avoided if PVRi is above 8 (black area top left, PAH & PVD). Patients in the “grey” area
(PVRIi between 4 and 8, mesh pattern area labelled Borderline) should be assessed individually in
expert centres. In patients with a Fontan-type circulation, rises in PVRIi typically result in a drop in
pulmonary blood flow. Therefore, there can be a rise in PVR with no rise in mean PA pressure
(dark grey area bottom left). Accurate estimation of PVRi in these patients can be difficult, espe-
cially in the presence of multiple sources of pulmonary blood flow (e.g. from the Glenn anastomo-
sis and total cavopulmonary connection (TCPC) conduit)
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solely due to the increase in pulmonary blood flow in the absence of any PVD
(Fig. 1.5). Accurate estimation of pulmonary blood flow (to be used as a denomi-
nator in the formula for calculating PVR) is important in making the decision
between an operable defect, a defect that should remain open and act as a “RV”
for the RV and a patient who may benefit from PAH therapies (see Chaps. 4
and 14).

1.5 Eisenmenger Syndrome: Viktor Eisenmenger
and Paul Wood

Victor Eisenmenger’s 1897 paper titled “congenital defects of the ventricular
septum” provided a description of a typical example of a patient with Eisenmenger
complex. This was a powerfully built 32-year-old man, with past history of mod-
erate breathlessness since infancy and cyanosis which increased considerably on
efforts. He led an active life until the age of 32 years when dyspnoea increased
and peripheral oedema appeared leading to hospitalization a few months later.
On admission, he was markedly cyanotic, clubbed (fingers and toes) with thick-
ened distal joints and “polycythaemia”. His venous pressure was raised and his
liver was distended with extensive oedema; there was right heart enlargement
and a thrill attributable to tricuspid regurgitation. A diastolic murmur, likely due
to pulmonary regurgitation, later developed. He was treated with rest and digi-
talis, and despite some improvement, he later died following a large haemopty-
sis. On necropsy, there was a large perimembranous VSD, with a dilated RV and
tricuspid annulus and an overriding aorta. “Atherosclerosis” of the pulmonary
artery (PA), but not the aorta, was described, and haemorrhagic infarction of the
left upper and right lower lung lobes was felt to be secondary to multiple
thromboses.

Dr. Eisenmenger interpreted this situation as excessive left-to-right shunting
through the VSD causing increased lung stiffness which hindered ventilation, while
congestion hampered gas exchange. He, therefore, interpreted the cyanosis as a result
of a low cardiac output (CO) and oxygen delivery rather than central, i.e. related to
reversal of the shunt, even though he did state that a rise in pulmonary resistance could
equilibrate pressures in the pulmonary and systemic circulation.

Later, in 1924, it was Abbott and Dawson who attributed the cyanosis to right—
left shunting, and Baumgartner and Abbott described seven similar cases [30, 31].
They still attributed the systolic murmur to the VSD. Taussig in 1947 attributed
the right-left shunting to the overriding aorta, even though she stated that the
cause of the cyanosis remained unclear and pointed to alterations of the pulmo-
nary vascular bed that may prevent oxygenation of the blood passing through the
lungs [32].

Bing et al. in the same year demonstrated that Eisenmenger’s patients have PH at
systemic levels and bidirectional shunting [33]. This and later studies established
the concept that in Eisenmenger syndrome, cyanosis is due to high PVR with bidi-
rectional shunting.
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Paul Wood was the one who systematically described Eisenmenger syndrome in
two seminal papers in the British Medical Journal in 1958 [31, 34]. He pointed out
that the distinct features of Eisenmenger syndrome do not depend on the anatomy
of the underlying cardiac defect but on the behaviour of the pulmonary circulation.
He defined Eisenmenger complex as PH at systemic level, due to a high PVR (above
800 dyn s cm™ or 10 WU) with reversed or bidirectional shunt through a large VSD
(1.5-3 cm across). He went on to point out that it matters very little where the shunt
happens to be, as this physiological situation is similar when any large communica-
tion is complicated by systemic levels of PVR. He described 12 different anatomical
conditions that may present with Eisenmenger complex (Table 1.3) and made a
series of important observations. He pointed out that there were differences in age
of onset and gender distribution between Eisenmenger patients with a pre (ASD)- or
post-capillary (PDA or VSD) defect and suggested that there may be common phys-
iology between Eisenmenger ASD and primary (idiopathic) PAH. He observed that
Eisenmenger patients with a PDA tended to be less symptomatic and attributed this
to the differential cyanosis, providing normal oxygen saturations to the head and
neck. Well ahead of the discovery of peripheral chemoreceptors, he made a ground-
breaking statement: “... breathlessness in Eisenmenger syndrome is due to a low
arterial oxygen saturation in blood passing through the chemoreceptors of the head
and neck”! He described the frequency of symptoms, including angina, syncope,
haemoptysis and congestive heart failure. He highlighted that the frequency of hae-
moptysis was higher than in idiopathic pulmonary arterial hypertension (iPAH),
was more common in adults and was the cause of death in 29% of fatalities. Paul
Wood also provided detailed description of clinical, electrocardiogram (ECG) and
CXR findings of Eisenmenger complex.

While numerous authors have since aided in expanding our knowledge of
Eisenmenger syndrome, the contributions of Victor Eisenmenger, Paul Wood and
Heath and Edwards are the cornerstone of current practice in PAH-CHD.

Table 1.3 Causes and frequency of Eisenmenger syndrome, as described by Paul Wood in
1958 [31]

Frequency (%) of Eisenmenger

Type of communication reaction (as reported by P. Wood)
Patent ductus arteriosus 16

Aortopulmonary septal defect (window) 60

(Persistent) truncus arteriosus 100

Transposition of the great vessels with a VSD 58

(Congenitally) corrected transposition with a VSD 100

Single ventricle physiology 100

Ventricular septal defect 16

Common atrioventricular canal or persistent ostium primum 43
(atrioventricular septal defect, complete or partial)

Atrial septal defect 6
Hemianomalous (partially anomalous) pulmonary venous 0
drainage

Total anomalous pulmonary venous drainage 17
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1.6  The Effect of PAH on the Heart: RV Adaptation
and Maladaptation and the Vicious Cycle
of Heterometric Adaptation

Fundamental in the pathophysiology of PH is ventricular remodelling, an important
component of most cardiovascular disorders. Ventricular remodelling is caused by car-
diac load or injury, resulting in genome expression precipitating molecular, cellular and
interstitial changes, which are clinically manifested as changes in size, shape and func-
tion of the heart [35]. Remodelling is influenced by the type and severity of haemody-
namic load, neurohormonal activation and other factors. It can be adaptive or
maladaptive.

In PH, mild increases in afterload lead to adaptive hypertrophy, with little or no
dilatation of the RV (homeometric adaptation), allowing an increase in contractility
and preservation of CO Fig. 1.6) [36]. As the afterload increases further or becomes
chronic, the RV fails to increase its contractility accordingly and becomes uncoupled
from the pulmonary circulation. Increased RV filling pressure and RV dilatation
occurs (heterometric adaptation), with prolongation of RV contraction. RV dilatation
stretches the tricuspid valve annulus and causes tricuspid regurgitation, causing fur-
ther RV loading and affecting CO and filling pressures. Diastolic interaction between
the RV and left ventricle (LV) affects LV preload, while increased RV wall tension and
RV hypertrophy can promote myocardial ischaemia, especially with hypotension. The
resultant increase in RA pressure and drop in CO negatively impact on the RV, pre-
cipitating a vicious cycle of events that lead to decompensated heart failure.
Supraventricular arrhythmias caused by the severe dilatation of the RA can acutely
reduce CO and lead to decompensated heart failure, hypotension and death quite rap-
idly in patients with severe PH.

Understanding these events is important for comprehending the management
strategies for PH. PAH therapies are aimed at reducing PVR and RV afterload,
hence allowing better coupling between the RV and the pulmonary circulation. RV
contractility can be addressed in acutely unwell patients with the use of dobutamine
or other inotropes. Noradrenaline can be used to combat hypotension and its detri-
mental effects on perfusion of the myocardium and other organs. Diuretics or fluids
can be used to maintain RV filling pressure to an optimum on the Starling curve,
usually around 10-12 mmHg: higher or lower filling pressures can cause further
deterioration in RV output.

The relative stability of Eisenmenger patients who reach adulthood is attributed
to optimal adaptation (largely homeometric) of the RV to the severely raised PVR. In
fact, many adult Eisenmenger patients present with little or no RV dilatation, but
significant RV hypertrophy and overall preserved contractility. This is mostly
observed in patients with post-tricuspid shunts and has been attributed to preserva-
tion of the fetal RV phenotype or the optimal interaction between the RV and LV
through a large ventricular communication [37, 38]. Eisenmenger patients with pre-
tricuspid shunts (large ASDs) and even those with a large patent ductus often
develop RV dilatation and dysfunction, demonstrating less optimal RV adaptation.
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Fig. 1.6 Homeometric and heterometric adaptation of the right ventricle (RV) to pulmonary
hypertension (PH) [36, 45]. Homeometric adaptation in PH consists in adaptive hypertrophy and
an increase in contractility of the RV as a response to the rise in RV afterload, with little or no dila-
tation, hence preserving cardiac output. Prolonged excessive afterload to the RV may lead to fail-
ure of the homeometric adaptation. This results in an increase in RV filling pressures and volume
(heterometric adaptation) and an attempt to maintain stroke volume through the Starling principle.
There is uncoupling of the RV from the pulmonary circulation and prolongation of RV contraction.
RV dilatation causes tricuspid regurgitation, while increased RV wall tension affects myocardial
perfusion. All the above, together with a significant negative interaction between the RV and the
left ventricle (LV), lead to a further increase in RV filling pressure and subsequent drop in cardiac
output, precipitating a vicious cycle of events that lead to heart failure, hypotension and shock.
Supraventricular arrhythmias caused by the severe dilatation of the RA can acutely precipitate
cardiac output and lead to decompensated heart failure, hypotension and death quite rapidly in
patients with severe PH. Reducing RV afterload, increasing RV contractility, avoiding hypotension
and maintaining optimal RA/RV filling pressures (in orange) can be used to counteract this chain
of events and aid homeometric adaptation
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1.7  The Effect of PAH on the Large Pulmonary Arteries

PA dilatation is a common feature of PH and is used as a marker of disease. It is most
commonly seen in patients with Eisenmenger syndrome and is often associated with
in situ thrombosis, observed in up to a fifth of Eisenmenger patients [39, 40]. The
morphology and mechanical characteristics of large PAs dictate not only the risk of
major complications, such as PA dissection or rupture, but are also likely to have an
impact on right ventricular function and the coupling between the RV and the pulmo-
nary circulation: arterial stiffness of the proximal PAs is, indeed, a predictor of mortal-
ity in noncongenital PAH, while reduced proximal PA compliance has also been
observed in patients with PAH-CHD and increased PA stiffness is a predictor of poor
functional capacity [41—44]. An increased PA stiffness of the proximal PAs is thought
to affect the pulsatile load of the RV, while stiff, conduit-like PAs promote further
damage to distal PAs through increased flow pulsatility.

The dilatation of the larger PAs in patients with PAH-CHD appears to be related
both to the high wall tension caused by the high pressure and also to intrinsic
changes of the wall of the PAs. Prapa et al. showed fibrosis and atypical elastic pat-
terns in proximal PAs of PAH-CHD patients, which are thought to affect vessel
mechanical properties. These changes were more advanced in severely dilated PA
vessels, with greater degrees of medial hypertrophy. An aortic phenotype of the
media of PAs was observed, with rare cyst-like formations or medionecrosis, pos-
sibly explaining the low incidence of dissection of aneurysmal PAs in PAH-
CHD. Histological changes were also present in the aorta of these patients,
suggesting an inherent component of abnormalities of the great vessel wall.

While atherosclerosis is rare in the PAs of normal individuals, accelerated ath-
erosclerosis has been noted in all types of PAH and was observed in over two thirds
of PAH-CHD subjects in the study by Prapa et al. Intimal thickening was also very
common at the level of the PA bifurcation, where abnormal blood flow and increased
shear stress are expected. In situ thrombosis was present in 30%, most commonly in
females, and was located in the PA branches where it was associated with aneurys-
mal dilatation and underlying coexisting confluent atheroma. In situ thrombosis is
likely the result of the combination of local vascular injury (supported by the pres-
ence of atherosclerotic lesions), hypercoagulability and sluggish blood flow with
red cell aggregation. All clots had similar characteristics of old organizing thrombus
in multiple layers, supporting the fact that this is in situ thrombosis, even though
distal embolization of fresh clot can occur. Patients with in situ thrombosis have
more advanced disease with lower exercise capacity, ventricular function and higher
natriuretic peptide levels [39].

Conclusions

Major advances have been made in the last 50 years in understanding PAH-CHD
and its management. Great challenges remain in understanding the exact mecha-
nisms behind the development of PVD in CHD and the different modalities of
RV adaptation and coupling with the pulmonary circulation. Recent and future
advances in genetic and proteomics will undoubtedly shed light onto this rare
condition. However, careful clinical observation remains as invaluable.
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Definition and Classification
of Pulmonary Hypertension
in Congenital Heart Disease

Gerhard-Paul Diller

2.1 Definition of Pulmonary Hypertension

Pulmonary hypertension (PH) is a haemodynamic and pathophysiological disorder
that may involve multiple clinical conditions and can complicate various cardiovascu-
lar and respiratory diseases. PH is defined as an increase in mean pulmonary arterial
pressure (mPAP) at rest >25 mmHg as assessed by right heart catheterization. The
normal level of mPAP at rest is around 15 mmHg with the upper normal limit being
reported at approximately 20 mmHg. The clinical significance of a mPAP between 21
and 24 mmHg remains currently unclear, but patients with a mPAP in this range
should be carefully followed if they are at risk for developing PH. Haemodynamically,
PH can be further classified as precapillary PH with pulmonary arterial wedge pres-
sures (PAWP) <15 mmHg or post-capillary PH in case PAWP >15 mmHg [1].

Precapillary PH consists of four clinical groups according to the current guide-
lines: pulmonary arterial hypertension (PAH), PH due to lung disease, chronic throm-
boembolic PH and PH with unclear and/or multifactorial mechanisms. The term PAH
(group 1) describes a group of PH patients characterized by PAWP <15 mmHg and
pulmonary vascular resistance (PVR) >3 Wood units (WU) in the absence of other
causes of precapillary PH such as PH due to lung diseases, chronic thromboembolic
PH or other rare diseases. As mentioned previously, PAH can be associated with mul-
tiple clinical conditions including congenital heart disease (CHD).

On the other hand, post-capillary PH, defined as a mPAP >25 mmHg and PAWP
>15 mmHg, includes two major clinical groups: PH due to left heart disease and PH
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with unclear and/or multifactorial mechanisms. PH due to left heart disease (group
2) represents the most common cause of PH, although severe PH is relatively
uncommon in this group [2].

2.2  (Classification of Pulmonary Hypertension

The classification of PH has evolved over the last few decades and continues to be
updated at the regular World Symposia. As a consequence, the current classification
represents the product of a series of modifications of the initial classification based
largely on histological findings. Subsequent World Symposia in Evian (1998),
Venice (2003), Dana Point (2008) and Nice (2013) have refined this classification
with the focus shifting away from histology to clinical aspects of the disease [3].
The current classification groups various forms of PH based on similar pathophysi-
ologic presentation and response to treatment. As such, it is much more than a sys-
tem for defining PH, but also represents the very basis for an evidence-based
treatment approach to the disease.

The current classification of PH classifies the disease based on pathological and
pathophysiological findings into five groups (Table 2.1). This coarse grouping into
major disease groups forms the framework for clinical studies and for determining
the aetiology and most appropriate treatment strategy for patients presenting with
PH and CHD. While most cases of congenital heart disease-pulmonary hyperten-
sion (CHD-PH) are due to PAH (group 1 of the classification), patients may also
present with combinations of PH forms, or PH may be entirely caused by group 2
or 5 disease. These latter forms do not generally respond to specific PAH drug
therapy. Nonetheless the classification represents only the starting point when
assessing patients with CHD-PH. A further subclassification of the disease based
on the location of the shunt, the direction of the shunt flow, dimensions of the defect,
haemodynamic consequences and associated extra-cardiac anomalies has been pro-
posed and serves to refine the disease. This subclassification is presented in
Table 2.2. From a practical point of view, it should be highlighted that restrictive
and nonrestrictive flow merely represents the gradient measured over the defect.
Therefore, this aspect may be misleading and a restrictive defect may well be hae-
modynamically relevant in some patients. For clinical purposes, a simplified clas-
sification consisting of four groups of CHD-PH has proven to be sufficient in most
circumstances. This classification divides CHD-PH into Eisenmenger syndrome,
CHD-PH with relevant left-to-right shunt, PH without a haemodynamically rele-
vant shunt and CHD—-PH in patients with previously closed shunt lesions.

Table 2.3 provides an overview over this classification of CHD-PH. Eisenmenger
syndrome represents the extreme end of the spectrum of PH in the setting of CHD. It
is characterized by (supra)systemic pulmonary artery pressures, bidirectional or right-
to-left shunt flow, cyanosis and associated stigmata and multisystem dysfunction.
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Table 2.1 Classification of pulmonary hypertension according to the current recommendations
published by the European Cardiac Society and the European Respiratory Society (from [1])

1. Pulmonary arterial hypertension (PAH)
1.1  Idiopathic PAH
1.2 Hereditary PAH 1.2.1 BMPR?2 mutation
1.2.2 Other mutations
1.3 Drug- and toxin-induced PAH
1.4 PAH associated with 1.4.1 Connective tissue disease
142 HIV infections
143 Portal hypertension
144 Congenital heart disease
1.4.5 Schistosomiasis
1". Pulmonary veno-occlusive disease and/or pulmonary capillary haemangiomatosis
1’.1 Idiopathic
1’.2  Hereditary 1'.2.1 EIF2AK4 mutation
1'.2.2 Other mutations
1’.3  Drugs, radiation and toxin induced
1’4 Associated with 1'4.1 Connective tissue disease
1'4.2 HIV infections
1”.  Persistent pulmonary hypertension of the newborn
2. Pulmonary hypertension due to left heart disease
2.1  Left ventricular systolic dysfunction
2.2 Left ventricular diastolic dysfunction
2.3 Valvular disease
2.4  Congenital/acquired left heart inflow/outflow tract obstruction and congenital
cardiomyopathies
2.5 Congenital/acquired pulmonary vein stenosis
3. Pulmonary hypertension due to lung diseases and/or hypoxia
3.1  Chronic obstructive pulmonary disease
3.2 Interstitial lung disease
3.3 Other pulmonary diseases with mixed restrictive and obstructive pattern
3.4  Sleep-disordered breathing
3.5  Alveolar hypoventilation disorders
3.6  Chronic exposure to high altitude
3.7 Developmental lung diseases
4. Chronic thromboembolic pulmonary hypertension and other pulmonary artery

obstructions
4.1  Chronic thromboembolic pulmonary hypertension
4.2 Other pulmonary artery 4.2.1 Angiosarcoma
obstructions 422 Other intravascular tumours
4.2.3 Arteritis
424 Congenital pulmonary arteries
stenoses

425 Parasites

(continued)
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Table 2.1 (continued)

5. Pulmonary hypertension with unclear and/or multifactorial mechanisms

5.1 Haematological disorders: chronic haemolytic anaemia, myeloproliferative
disorders, splenectomy

5.2 Systemic disorders: sarcoidosis, pulmonary histiocytosis,
lymphangioleiomyomatosis, neurofibromatosis

5.3  Metabolic disorders: glycogen storage disease, Gaucher disease, thyroid disorders

5.4  Others: pulmonary tumoural thrombotic microangiopathy, osing mediastinitis,
chronic renal failure (with/without dialysis), segmental pulmonary hypertension

Table 2.2 Clinical classification of congenital systemic-to-pulmonary shunts associated with
pulmonary arterial hypertension in patients with congenital heart disease (adapted from [1])

Eisenmenger syndrome: Includes systemic-to-pulmonary shunts resulting from large defects
and leading to a severe increase in PVR and a reversed (pulmonary-to-systemic) or
bidirectional shunt; cyanosis, erythrocytosis and multiple organ involvement are present

PAH associated with systemic-to-pulmonary shunts: Includes moderate to large defects; PVR is
mildly to moderately increased, systemic-to-pulmonary shunt is still prevalent and no cyanosis
is present at rest. Depending on the prevailing haemodynamics/degree of pulmonary vascular
disease, the defect may be still or correctable or may be non-correctable

PAH with small defects: Small defects (usually ventricular septal defects <1 cm and atrial septal
defects <2 cm of effective diameter assessed by echocardiography); clinical picture is very
similar to idiopathic PAH

PAH after corrective cardiac surgery: Congenital heart disease has been corrected, but PAH is
still present immediately after surgery or recurs several months or years after surgery in the
absence of significant postoperative residual lesions

Once Eisenmenger syndrome has developed, correction of the underlying heart defect
is contraindicated. In contrast patients with PH and left-to-right shunt flow may be
amenable to shunt repair depending on PVR and haemodynamics during exercise. A
further subgroup is represented by patients with a small, haemodynamically insignifi-
cant shunt defect, presenting with significant PH. It is generally accepted that this
could be, in fact, regarded as idiopathic PAH with coincidental CHD, as the congeni-
tal heart defect may aetiologically be a bystander but can prove to be a protecting
factor in the course of the disease should severe PH ensue, by acting as a physiologic
blow-off valve, thus unloading the right ventricle in case of suprasystemic right-sided
pressures and a failing sub-pulmonary ventricle.

An important subgroup of CHD—PH patients is represented by those individuals
presenting with PH despite correction of an underlying congenital shunt lesion.
These can either be patients inappropriately undergoing surgical or interventional
defect closure despite established pulmonary vascular disease (PVD) or, more fre-
quently, patients with progressive PVD who develop PH after defect closure.

The different groups are represented in Fig. 2.1, which also illustrates that some
of these entities represent different forms of a spectrum of disease. In addition to
genetic predisposition, time is an important factor in this progressive disease.

It deserves emphasis that the classification of PH into specific groups is partly arbi-
trary, and many patients present with PH due to a combination of factors. For example,
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Table 2.3 Classification of pulmonary hypertension in congenital heart disease depending on
shunt dimensions, predominating shunt flow, associated anomalies and history of repair (from [3])

1. Type
1.1.  Simple pre-tricuspid 1.1.1.  Atrial septal 1.1.1.1. Ostium secundum
shunt lesions defect (ASD) type
1.1.1.2. Sinus venosus
type
1.1.1.3. Ostium primum
type
1.1.2.  Total or partial anomalous pulmonary venous
drainage
1.2.  Simple post-tricuspid 1.2.1.  Ventricular septal defect (VSD)
shunt lesions 1.2.2.  Patent arterial duct
1.3.  Combined shunt lesions
1.4. Complex congenital 1.4.1.  Atrioventricular septal defect
heart disease 1.4.2.  Truncus arteriosus

1.4.3.  Univentricular circulation with unobstructed
pulmonary blood flow
1.4.4.  Transposition of the great arteries with VSD
(without pulmonary stenosis) and/or patent
arterial duct
1.4.5.  Other forms
2. Dimension of the defect
2.1. Haemodynamic 2.1.1.  Restrictive defect
description 2.1.2.  Nonrestrictive defect
2.2.  Anatomic description 2.2.1.  Small defect (ASD < 2.0 cm und VSD < 1.0 cm)
2.2.2. Large defect (ASD >2.0 cm und VSD > 1.0 cm)
3. Shunt flow direction
3.1. Predominantly systemic-to-pulmonary flow
3.2. Predominantly pulmonary-to-systemic flow
3.3. Bidirectional flow
4. Associated cardiac and extra-cardiac defects
5. Previous correction/defect closure
5.1.  Uncorrected
5.2. Palliated defect
5.3. Closed/corrected defect

a patient with repaired atrioventricular septal defect could well have PAH (Class 1 PH,
due to late repair and/or predisposing factors such as Down syndrome) as well as post-
capillary PH (Class 2 PH) due to left-sided atrioventricular valve disease after surgical
repair. In addition, many CHD patients present with respiratory disease (Class 3 PH)
and chronic thromboembolic PH (Class 4 PH), as well as segmental PH (Class 5 PH),
potentially aggravating PH in this setting.

For practical clinical purposes, the classification system presented here appears
sufficient in most circumstances. The classification system, however, is in constant
flux, and clinicians should be aware that changes in nomenclature are not uncommon
and can be confusing for colleagues not up to date with the most current classification.
As a consequence, care should be taken when using the number system to describe



28 G.-P. Diller

haemodynamically relevant*

Heart defect not .
Defect h ly ally relevant

( \/ \

.

>
Time (years)

L-R-shunt \ Bidirect, 5’“"}‘ R-L-shunt

PAH Relevant L-R .
No OP/Intervention: Elsenmenger
Shunt
| J

|

PAH

s/p OP/Intervention: 5/[3 shunt closure

*ASD<2cm
5 VsD<1em /

Fig.2.1 Schematic representation of pulmonary arterial hypertension (PAH) in patient with congenital
heart disease. PAH in patients with small, haemodynamically insignificant defects could be regarded
as a form of idiopathic PAH (IPAH). Depending on repair status and time of disease, the figure
illustrates that PAH associated with shunt lesions, postoperative PAH and Eisenmenger syndrome
represents different forms of a disease spectrum modified by time and iatrogenic intervention

disease. In our experience, it is commonly more appropriate to describe the likely
underlying causes of PH rather than using a numeric classification system (e.g. in
medical correspondence). A more detailed classification system has been proposed by
the Pulmonary Vascular Research Institute that may be useful for individual cases [4].
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ASD atrial septal defect

AVSD atrioventricular septal defect
BNP b-type natriuretic peptide
ERA endothelin receptor antagonist
ES Eisenmenger syndrome

LA left atrium

LV left ventricle

MCV mean corpuscular volume
PDA patent ductus arteriosus

PA pulmonary artery

PH pulmonary hypertension

PVR pulmonary vascular resistance
RA right atrium

RV right ventricle

SVR systemic vascular resistance
VSD ventricular septal defect

6MWD 6-minute walk distance
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3.1 Introduction

Eisenmenger syndrome (ES) is a unique form of pulmonary hypertension (PH)
exhibiting several important pathophysiologic distinctions from other aetiologies.
The eponym applies to those with three distinct features: a cardiac defect, increased
pulmonary pressure and shunting of blood through the defect, leading to cyanosis.
The combination of increased pulmonary vascular resistance (PVR) and a commu-
nication between the right and left sides of the heart allow for right-to-left shunting
of desaturated venous blood to the systemic side.

ES sets itself apart in several distinct ways. Most important are issues related to
cyanosis, such as the necessity of erythropoiesis and its effects on multiple organ
systems. Distinctions between ES and other causes of PH also include factors
related to the pulmonary arteries (PAs) and the right ventricle (RV). These nuances
have significant implications for both treatment and prognosis. With chronic O,
saturations well below normal, patients may be viewed as severely impaired with
very poor prognosis. These are they for whom reparative surgery either was not or
could not be offered in early life. Many such patients do not survive to adulthood.
Therefore, adults with ES are remarkable survivors, and despite inherent limitations
and fragilities, some go on to enjoy long, productive lives, often outliving all expec-
tations for their survival despite significant inherent vulnerabilities.

3.2 Pathology

Patients born with an unrestricted communication between the two sides of the heart,
including a communication between the great arteries, are at risk for developing, or
maintaining, a high PVR. A ventricular defect provides two egresses for ventricular
ejection (namely the semilunar valve or the septal defect), and blood flow will be
greatest to the egress with the lowest resistance. In early life, as PVR falls, there will
be a net left-to-right shunt through the defect, with over-circulation through the
lungs. With time, endothelial injury and vascular remodelling within the pulmonary
circulation occur in response to pressure loading [1, 2]. As a result, PVR rises and
diminishes the drive to left-to-right shunt, eventually enabling bidirectional shunting
through the same defect. This is the essence of the ES physiology. While specific
criteria for determining a right-to-left shunt vary, ES has been defined as O, satura-
tion <92% at rest or <87% with exercise [3].

Because the degree of bidirectional shunting is dependent on the relative resistance
in the pulmonary and systemic circulation, O, saturation can be influenced by factors
that change the resistance of either vascular bed. For example, a pulmonary vasodila-
tor may lower PVR but may also lower systemic vascular resistance (SVR). Thus, the
net effect on right-to-left shunt and O, saturation may not always be predictable.

Although the presence of PH is defined on the basis of PA pressure, high PA flow
may increase the PA pressure but not the resistance. Hence PH in the setting of a
shunt is not necessarily associated with increased PVR (see Fig. 1.5). Therefore,
unlike other PH subtypes, elevated PVR is a necessary indicator of pulmonary
pathology rather than just PA pressure. Providers should not rely on estimation of


http://dx.doi.org/10.1007/978-3-319-46028-4_1.5

3 Eisenmenger Syndrome: Pathophysiology and Haematologic Effects 31

the RV systolic pressure by echocardiography in making the diagnosis. For exam-
ple, since pulmonary stenosis creates the necessary resistance to avoid exposure of
the pulmonary vascular bed to high pressure and flow, its presence will protect
against the Eisenmenger reaction in the setting of a large shunt, despite the triad of
high RV systolic pressure right-to-left shunt and cyanosis. Pulmonary stenosis,
including from previous surgical banding of the PA, creates an important distinction
between ES and other forms of cyanotic congenital heart disease. As such it has
been said that a cyanotic patient with a loud systolic murmur at the base likely does
not have ES.

Unlike other congenital heart lesions defined anatomically, ES is a physio-
logic diagnosis. The process may result from many different types of shunts
(Fig. 3.1) as first explained by Dr. Paul Wood [1]. Most commonly patients have
an unrepaired ventricular septal defect (VSD) or a patent ductus arteriosus
(PDA). Less commonly a large atrial septal defect (ASD) may be found. The
same physiology may be present in patients with more rare diagnoses including
atrioventricular septal defects (AVSD), single ventricles, uncorrected transposi-
tion of the great arteries or an aortopulmonary window (Fig. 3.1). The larger the
size of the defect (and hence the lower the resistance to flow from the defect), the
higher the likelihood of developing ES. There is significant variation between
patients; the process may be present at birth (such as in persistent PH of the new-
born) or develop over decades. Patients with a PDA are unique in that the right-
to-left shunt delivers venous blood to the distal arch, and desaturation will only
be manifested in the lower extremities.

Pulmonary vascular disease in ES is not necessarily the result of high flow
alone, as is often believed. Many patients with large “pre-tricuspid” shunts, i.e. an
ASD, may have high-volume left-to-right shunts and no increase in PVR. In con-
trast, those with a large “post-tricuspid” shunt at systemic level pressures, such as
a VSD or PDA, will almost always develop increased PVR and reversed shunting
over time with rare exceptions. ES patients with an ASD have been shown to be
older, have higher circulating b-type natriuretic peptide (BNP) and have poorer
exercise capacity relative to those with post-tricuspid shunts [4], possibly because
increased PVR develops later in life or in response to other conditions. Despite
these pathophysiologic distinctions, most series of ES will include those with an
ASD, since these patients share many of the same clinical issues related to chronic
right-to-left shunting and cyanosis [4-6], and they are generally considered part of
the ES spectrum.

Another key feature that sets ES patients apart from other forms of PH is the
structure and function of the RV. Normal individuals, including those that later
develop PH, start life with a normal RV that thins and weakens in response to
lower PVR over time; ES patients often have a pressure-loaded RV from birth.
The morphology of the RV in utero, including its thicker free wall, is maintained,
which in theory lends itself to a more favourable capacity for generating systemic
level pressure throughout life. As will be discussed below, prognosis in ES is
associated with ventricular function, as in other forms of PH, and therefore the
preconditioned RV may be a reason why ES patients appear to have better survival
than idiopathic PH.
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Fig. 3.1 Various examples of congenital heart defects associated with Eisenmenger physiology
imaged with magnetic resonance. (a) Atrial septal defect. The RV is considerably larger than the
LV. (b) Ventricular septal defect: the RV and LV are more similar in morphology and wall thick-
ness. (¢) Patent ductus arteriosus. (d) Aortopulmonary window. (e) Single ventricle (double inlet
left ventricle). RV right ventricle, LV left ventricle, RA right atrium, LA left atrium, PA pulmonary
artery, Ao aorta (asterisk) indicates the location of the defect in each case
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3.3 Haematologic Considerations
3.3.1 Secondary Erythrocytosis

Secondary erythrocytosis, or an increase in red cell mass, is an expected and necessary
adaptation in response to chronic hypoxaemia. Erythrocytosis includes both elevated
haemoglobin and haematocrit, the former being the determinant of systemic O, delivery
(the product of O,-binding capacity, O, saturation and cardiac output). Erythrocytosis is
distinct from polycythaemia since leucocyte and platelet counts are not similarly ele-
vated. This distinction is important as leucocytes in particular may contribute to hyper-
viscosity (discussed below), and platelet counts in ES are often lower than normal.

The level of haemoglobin for an individual patient ought to be determined by the
degree of tissue hypoxia reflected by the average O, saturation and be maintained at
a level sufficient to achieve a normal systemic O, transport. Yet, in addition to being
influenced by the degree of right-to-left shunt, peripheral O, saturation can also be
affected by ventilation/perfusion mismatch, streaming effects or metabolic needs in
response to activity and vary considerably in an individual patient through the
course of a day. The range of O, saturation will be inversely proportional to heart
rate, since both variables respond dynamically to metabolic need (Fig. 3.2). With
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Fig. 3.2 Scatterplot of O, saturation and concurrent heart rate recorded over a 24-h period in a woman
with an Eisenmenger VSD. There is a dynamic range of O, saturation that is inversely proportional to
heart rate throughout the day, reflecting the fall in saturation and rise in heart rate with activity. The accu-
racy of percutaneous O, saturation monitors is much lower at low O, saturations
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this range in mind, the haemoglobin level ought to reflect the overall burden of
shunt in a given patient, similar to how haemoglobin A ¢ indicates trends in blood
glucose over time. However, many factors may disrupt the optimal haemoglobin/O,
saturation relationship such that levels are lower than expected [7]. Other coping
mechanisms include a shift in the Ps, of the O, haemoglobin desaturation curve to
promote tissue O, delivery [3, 8].

The effects of chronic cyanosis are evidenced across many organ systems [9]. These
include abnormalities in myocardial blood flow [10, 11], retinal blood flow [12], uric
acid handling [13] and kidney function [14, 15]. These vulnerabilities ought to be
entertained in the context of any presenting new symptom or anticipated therapy.

3.3.2 Iron Deficiency

Iron deficiency is a common aetiology of an inadequate haemoglobin level [7]. It
may be encountered in patients receiving excessive phlebotomy or those who have
had significant bleeding events [3]. Because of a tendency towards macrocytosis in
cyanotic patients, the mean corpuscular volume (MCV) is an inadequate screening
test for iron deficiency, and a normal value does not indicate normal iron availability
[16]. Instead, ferritin and transferrin saturation should be measured and followed.
Despite theoretical concerns for decompensated erythropoiesis from excess iron,
patients with evidence of iron deficiency should be offered iron supplementation
until iron stores are replete [6, 17].

3.3.3 Hyperviscosity

While erythrocytosis should be viewed foremost as adaptive rather than maladap-
tive, there are potential drawbacks from excessive red cell production. Higher hae-
matocrit raises blood viscosity, which may in theory compromise arteriolar blood
flow and reduce O, delivery. Hence, there is a need for balance between adequate O,
delivery and hyperviscosity.

There is much that is not understood about viscosity and its effects in ES. Measured
viscosity in vitro correlates with haematocrit, yet symptoms and exertional capacity
do not, and greater exercise capacity has been shown in those with higher haematocrit
[3]. While there is an exponential rise in viscosity particularly at a haematocrit above
65%, viscosity varies considerably between different types of blood vessels and across
different shear areas, adding to the complexities of understanding its impact on human
blood flow. In fact SVR in hyperviscous conditions is determined by capillaries, not
arterioles [18]. Some have argued in the past that haematocrit should be maintained
below 65%, through phlebotomy if necessary, in order to avoid undesirable effects of
viscosity. Yet there is little to substantiate such practice, and routine phlebotomy is
neither necessary nor recommended.

Symptoms of hyperviscosity are nonspecific, and therefore alternative causes
should be sought in a thorough clinical evaluation before phlebotomy is entertained as
a therapeutic manoeuvre. A reasonable management strategy for a patient with
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symptoms suspicious for hyperviscosity is to first offer hydration (oral or intravenous)
and then remeasure the haematocrit. Phlebotomy should be reserved for rare situations
where symptoms persist and the haematocrit remains elevated after fluid hydration, and
only with further hydration thereafter using an equal volume of replacement saline.
Hyperviscosity may also affect coagulation properties, such as fibrinogen func-
tion [19]. Indeed, in the past, preoperative phlebotomy to improve coagulation has
been recommended before elective surgery [20], as well as in response to haemop-
tysis [19]. Yet much more needs to be understood before such practices can be
considered truly beneficial. Fundamentally, providers should recall that erythrocy-
tosis is a necessary feature of the condition and, as such, the patient’s own intrinsic
erythropoietic mechanisms should be left undisturbed whenever possible.

3.3.4 Pulmonary Thrombosis and Haemoptysis

Both bleeding and thrombosis have been described with relatively high prevalence
among ES. Specifically, PA thrombosis may be found in roughly 20% of patients [21,
22]. Epistaxis and haemoptysis are also not uncommon [1, 22-24]. Haemoptysis is a
particular feature unique to ES and is often a cause of death, including in Dr.
Eisenmenger’s first index case [25]. There are several plausible mechanisms for hae-
moptysis, including microthrombi to the distal pulmonary vasculature, leading to
infarction and arteriolar exposure to airways. Microthrombi may be due to venous
emboli or fragments of chronic thrombosis in the large PAs [22]. The PAs are often
dilated, either from volume loading secondary to left-to-right shunt in early life or from
pressure loading as PVR rises. Atherosclerotic changes in the large-vessel walls, such
as calcification, are not uncommon and are associated with PA thrombosis [26, 27].
Atherosclerotic changes, dilation and low velocity likely promote the formation of
mural thrombi in situ, which in some cases may grow to be of considerable size [23].
Even in the absence of large-vessel thrombosis, peripheral lung perfusion abnormalities
have been shown [27], which likely represent distal embolization of venous thrombi.

Unlike other PH cohorts, limited retrospective studies to date find no signifi-
cant difference in vascular/bleeding events in ES with or without anticoagula-
tion [27, 28], although these studies are small. Laboratory evidence of clotting
factor derangements leading to both hypo- and hypercoagulability have been
shown [29-31], though often these changes are subclinical.

Although anticoagulation is recommended in idiopathic PAH patients based on
nonrandomized data [32], the same recommendation does not apply to ES. With evi-
dence of both thrombosis and bleeding, there is a therapeutic paradox as to whether
anticoagulation is beneficial [23]. Other factors to recall are that international nor-
malized ratio (INR) measurement in a patient with increased haematocrit requires
adjustment of the citrate volume in the collection vial before the blood is drawn, to
account for the lower plasma volume. Experience with new oral anticoagulants has
not been reported. Data are inadequate for making conclusive recommendations for
either antiplatelet or anticoagulant therapy long term [33]. As such, most ES patients
are not offered anticoagulation, unlike other PH subsets, unless there are secondary
indications for doing so.
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Treatment of haemoptysis is usually conservative. With quiet observation and
use of cough suppressants and antibiotics (when there is any suspicion for broncho-
pneumonia), bleeding usually subsides with time. Blood products may be given to
support the haematocrit to a level appropriate for their saturation [7] and correct any
coagulation abnormalities if present. Bronchoscopy is not usually beneficial.
Bronchial artery embolization has been pursued for refractory cases [34], though
bronchial artery size does not correlate with thrombosis nor haemoptysis [26], and
the practice should not be routinely utilized.

3.3.5 Non-haematologic Considerations

3.3.5.1 Cerebral Vascular Events

Cerebral vascular events are also somewhat unique to ES patients, but understand-
able in the setting of chronic right-to-left shunt and cyanosis. In a recent descrip-
tive study using brain MRI, nearly half of the 72 patients’ images showed evidence
of a prior cerebral vascular injury, often in more than one territory [27].
Haematocrit, platelet count or iron levels were not different in affected individu-
als. These lesions could reflect either systemic embolization of thrombus or air
(such as from an intravenous cannula) or ischaemia from inadequate tissue O,
delivery. Causes of the latter could include suboptimal or supra-optimal haemo-
globin, hypermetabolic states or poor systemic blood flow. Therefore, issues such
as iron deficiency, epistaxis, haemoptysis, infection or systolic dysfunction may
all be plausible triggers for cerebral events. Chronic right-to-left shunt also leaves
patients vulnerable to cerebral abscess, a finding that is surprisingly common
anecdotally in ES.

3.3.5.2 Pulmonary Mechanics and Gas Exchange

For most patients, supplemental O, will increase resting O, saturation by a few per-
centage points, reflecting some degree of pulmonary vasoreactivity despite the fact
that cyanosis is driven by the intracardiac shunting. While supplemental O, may be
helpful in acute situations or to provide relief of temporary symptoms such as head-
ache, the majority of ES patients do not need continuous supplement of O,. Some
providers make the mistake of trying to restore normal saturation and overuse O,
supplementation, a practice that is ineffective and unwarranted. Some patients may
prefer to use supplemental O,, though it may be counterproductive if it restricts their
activity or leads to epistaxis.

Hypoxia drives hyperventilation and, thus, a tendency towards a resting respira-
tory alkalosis with a compensatory metabolic acidosis [35]. This is despite the coex-
isting shunt of circulating CO, from right to left, which in theory may compromise
CO, clearance. Because of the natural tendency towards hyperventilation, condi-
tions that may compromise ventilation should be avoided, such as excessive supple-
mental O,, narcotics, pneumonia, etc.
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3.3.6 Exercise Physiology

Not surprisingly, ES patients have the poorest maximal exercise capacity (measured
by peak VO,) of any congenital heart defect category [36]. All patients will be
expected to show a drop in O, saturation during exercise, and there is typically a
further drop in saturation for the first few minutes after rest. Baseline O, saturation
is one of the strongest determinants of measured exertional capacity, but the range
of O, saturation drop during exercise does not appear to be indicative of exercise
performance or outcome.

Exercise is likely limited both by impaired systemic O, delivery and by compro-
mised CO, clearance, as evidenced by the very high Ve/VCO, slopes demonstrated in
ES [37]. Peak VO, however may not be the best differentiator of those with poorer
exertional capacity [3, 38], possibly due to other factors that affect exercise capacity,
including lung function, muscle strength or different patterns of intracardiac streaming.
Submaximal exercise is also typically impaired and has been used as a differentiator of
patients and/or as a more sensitive gauge of response to therapy than peak VO, [39].

3.3.6.1 Pulmonary Vasodilator Therapy

Unquestionably, ES patients benefit from pulmonary vasodilator therapy, particu-
larly endothelin receptor antagonists (ERA) [40—42]. Favourable responses to each
drug subclass have been described and are outlined [2], as summarized (Table 3.1).
Most notably, the Bosentan Randomized Trial of Endothelin Antagonist Therapy-5
(BREATHE-5) study was the first randomized controlled trial in ES and a notable
breakthrough in demonstrated treatment options for this group [42]. Since that time,
several small nonrandomized studies have confirmed the findings. Published studies
of disease targeting therapies in ES now involve a collective total of over 1000
patients (Table 3.1). They show consistently both initial and sustained improvement
primarily in 6-minute walk distance (6MWD) [38], but also better functional class,
lower PA pressure or PVR, lower BNP and even favourable changes in various met-
rics of RV function. Importantly, they do not show worsening of O, saturation,
implying that the effects of potential SVR lowering, though present, are not detri-
mental. In fact some studies found improved resting O, saturation and haemoglobin
[51, 52] in conjunction with the improved haemodynamics. The favourable effects
appear independent of defect location [5] or complexity [48] and are also applicable
in patients with trisomy 21 (Down syndrome) [58]. There is also gradually mount-
ing evidence that combination therapy with more than one drug class is beneficial
[56], consistent with the understanding that several pathways are involved in pulmo-
nary vasodilatation, as discussed elsewhere in this volume (see Chap. 16).

In addition to improvements in submaximal exertional capacity and pulmonary
haemodynamics [42], including sustained responses over time [46, 57], observa-
tional studies suggest that there is a survival advantage from pulmonary vasodilators
[49]. Therefore, the collective literature strongly supports a policy of offering ES
patients advanced therapies universally, including combination therapy when pru-
dent or when indicated by progressive symptoms.
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Table 3.1 Published studies of pulmonary vasoactive medications in Eisenmenger syndrome

First author
Galie? [42]
Diller [43]

van Loon [44]

D’ Alto [45]

Gatzoulis [46]

Mehta [47]
Diaz-Caraballo
[48]

Berger [5]

Dimopoulos

[49]

Iversen® [41]

Garg [50]

Zhang [51]

Zuckerman [52]

Mukhopadhyay*
[53]

Year
2006

2007

2007

2007

2008

2008

2009

2010

2010

2010

2011

2011

2011

2011

Therapy
Bosentan

Bosentan

Bosentan

Bosentan

Bosentan

ERA

Bosentan

Bosentan

All

Sildenafil +
bosentan

Sildenafil

Sildenafil

Ambrisentan

Tadalafil

N
54
15

30°

22

37

24

10

37

229

21

22

84

17

28

Follow-up
4 months

2.3 years

2.7 years

1 year

6 months

1.5 years

2 years

3.5
months

4 years

9 months

6 months

12
months

2.5 years

6 weeks

Improved variables Comments

6MWD, PVR

6MWD and WHO

class

6MWD

6MWD, PVR,
PBF, SVR, SBF,
O, saturation
6MWD

6MWD, PA
pressure
6MWT and
NYHA class

6MWD in both
VSD and ASD

Mortality

6MWD, PBF and
PVR

6MWD, PA
pressure, PVR, O,
saturation
6MWD, O,
saturation, PA
pressure and PVR
6MWD, exercise
O, saturation,
WHO class,
haemoglobin
6MWD, PVR,
WHO class,
pulmonary blood
flow

No change in
O, saturation
Improvements
persistent over
time
Improvement in
children did not
persist as long
as adults

Original
placebo patients
also improved,
no change in O,
saturation

All with
complex
congenital
defects

Drug effects
independent of
shunt position
The majority of
treated patients
were on
bosentan
Sildenafil vs.
placebo
3-month
Crossover, no
further
improvement
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Table 3.1 (continued)
First author Year Therapy N  Follow-up Improved variables Comments
Tay [54] 2011 Sildenafil 12 3 months 6MWD, NYHA
class and
CAMPHOR
survey score
Williams [39] 2012 Bosentan 24 33 years O6MWD (both in No change in
simple and VO,, O,
complex) saturation or
BNP
Kaya [55] 2012 Bosentan 23 2 years 6MWD, WHO
class, PA pressure
by echo and echo
function
parameters
D’Alto [56] 2012 Sildenafil+ 32 6 months 6MWD, WHO
bosentan class, PVR, BNP
Diller [57] 2013 All 79 3.3 years O6MWD Two deaths
persistently, O, during
saturation follow-up
Crepaz [58] 2013 Bosentan 7 4 weeks  6MWD, Down
pulmonary syndrome
acceleration time
by echo
D’ Alto [59] 2013 Bosentan 74 12 Exercise and Down
months haemodynamics syndrome
compared to
non-Down,
both improved
Sun [60] 2013 Sildenafil 121 3.5 6MWD, 15 patient
months haemoglobin, deaths after 3
haemodynamics years. Sildenafil
was
independently
associated with
survival
Vis [61] 2013 Bosentan 57° 3.5years 6MWD and stroke 13 deaths
volume in those during
without Down follow-up
syndrome
Abd El 2014 Bosentan 40 24 weeks RV function by Changes were
Rahman[62] echocardiography, small. No
NT-proBNP change in
estimated Qp/
Qs

6MWD 6-min walk distance, PA pulmonary artery, BNP b-type natriuretic peptide, PVR pulmo-
nary vascular resistance, ERA endothelin receptor antagonist, WHO World Health Organization,
NYHA New York Heart Association

aDenotes a randomized controlled trial

"Denotes not all study participants were ES
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3.3.7 Prognosis

Adults with ES are survivors of congenital defects that traditionally carry a very
high mortality rate in childhood. Accurate prognostication in ES is difficult, in part
because patients have already outlived previous expectations. Many recall being
told they would not live to see their 18th birthday, yet anecdotally may continue to
survive late into adult life, including some with survival into their sixth, seventh or
even eighth decade. Hence, predicting survival in those who have already beaten the
odds is somewhat misleading.

Cross-sectional cohort studies include a broad range of survivors, at various ages,
from which a steady attrition can be demonstrated. Most published series are not true
longitudinal studies and may include a survivorship (immortal time) bias [63].
ES patients die of many causes, including heart failure [64], haemoptysis [24, 25],
sudden cardiac death [65] or even malignancy.

Recurring themes in published series are that prognosis worsens as pulmonary
blood flow worsens, as evidenced by a lower O, saturation [38]. This is coupled with
worse prognosis in the setting of ventricular dysfunction [66] or RA pressure [67],
including as demonstrated through indirect markers such as BNP [4, 68]. Chronic
load and hypoxia likely contribute to gradual fibrotic changes in the ventricle [69]
and, eventually, deterioration of myocardial function. This also includes a predilec-
tion for arrhythmia [24, 65, 70]. As stated above, persistent RV loading may contrib-
ute to a more favourable prognosis in ES relative to those with other PH subtypes
[71]. However, survival of both ES and non-ES PH is probably improved in the era
of pulmonary vasodilators [49]. This survival advantage of ES compared to other
PH still holds in some series [72], though not all [73].

Conclusions

The unique characteristics of ES set it apart from other forms of PH. Despite
inherent vulnerabilities and risk, adaptations to chronic cyanosis allow some
patients to have surprising longevity. The nuanced management of ES should be
recognized by providers caring for these exceptional patients and their care pref-
erably provided at or in conjunction with tertiary care centres.
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PAH in Patients with Prevalent
Systemic-Pulmonary Shunts and PAH
in Patients with Small Cardiac Defects

Alessandra Manes

Abbreviations

APVR anomalous pulmonary venous return
CHD congenital heart disease

ES Eisenmenger syndrome

PAH-CHD pulmonary arterial hypertension related to congenital heart disease
PAP pulmonary artery pressure

PH pulmonary hypertension

PVD pulmonary vascular disease

PVR pulmonary vascular resistance

PVRIi pulmonary vascular resistance indexed
RCT randomized controlled trial

RV right ventricle

SPs systemic-to-pulmonary shunts

SVR systemic vascular resistance

VSD ventricular septal defect

WHO World Health Organization

4.1 Introduction

Pulmonary arterial hypertension (PAH) is a severe and well-known complication of
congenital heart disease (CHD), specifically of CHD with systemic-to-pulmonary
shunts (SPs). Large SPs expose the pulmonary vasculature to increased blood flow and,
in post-tricuspid SPs, also to increased pressure [1, 2]: the persistent pulmonary volume
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and pressure overload induces endothelial dysfunction and vascular remodelling, lead-
ing to obstructive structural changes of the distal pulmonary arteries with progressive
increase of pulmonary vascular resistance (PVR); when PVR approaches or exceeds
systemic vascular resistance (SVR), the shunt becomes reversed (pulmonary-to-sys-
temic) or bidirectional and the patient develops Eisenmenger syndrome (ES) [3].

A large proportion of patients with relevant SPs develops pulmonary vascular
disease (PVD) and PAH, which can become irreversible if not treated early. ES rep-
resents the most advanced form of PAH associated with CHD (PAH-CHD), charac-
terized by irreversible PVD. It has to be emphasized that, despite being a
life-threatening complication with an adverse impact on quality of life and survival
prospects [3—6], PAH-CHD also represents a preventable form of PAH: in the recent
decades, advances in diagnostic procedures and cardiac surgery have resulted in the
prevention of PAH in most children with CHD and SPs in Western countries; this is,
unfortunately, not yet the case in developing countries. A wide spectrum of CHDs
may be associated with PAH. Indeed, PAH-CHD is a heterogeneous group of clini-
cal conditions, ranging from systolic pulmonary hypertension (PH) in patients with
significant left-right shunting and massive pulmonary blood flow, to a variety of phe-
notypes characterized by different extent of PVR increase [7-9]. Moreover, a signifi-
cant proportion of CHD patients who are repaired successfully and survive into
adulthood may develop PAH [8, 10]. This remarkable heterogeneity has prevented the
evidence-based identification of the “appropriate therapeutic approach” in most
patients, and, thus, treatment algorithms remain a challenge in this field.

4.2 Classification of PAH Associated with
Systemic-to-Pulmonary Shunts

In the clinical classification of PH [2] (Table 4.1), patients with congenital SPs were
included among the associated forms of PAH (group 1 of the clinical classification
of PH): in fact, apart from the presence of CHD and its pathophysiological conse-
quences, the histopathological changes of PAH-CHD are identical to those observed
in all other PAH conditions.

Because of the extreme clinical heterogeneity of PAH-CHD [9], a clinical sub-
classification was proposed at the 4th World Symposium on PH in 2009 [11]; it
was updated in 2013 [12] and recently adopted by the 2015 European Society of
Cardiology/European Respiratory Society (ESC/ERS) guidelines for the diagnosis
and treatment of PH [2] (Table 4.2). In this classification, PAH-CHD was grouped
on the basis of its clinical presentation and pathophysiology into four broad

Table 4.1 Comprehensive clinical classification of pulmonary hypertension [2]

1. Pulmonary arterial hypertension
1.1. Idiopathic
1.2. Heritable
1.2.1. BMPR2 mutation
1.2.2. Other mutations
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Table 4.1 (continued)

1.3. Drugs and toxins induced
1.4. Associated with:
1.4.1. Connective tissue disease
1.4.2. HIV infection
1.4.3. Portal hypertension
1.4.4. Congenital heart disease
1.4.5. Schistosomiasis
1. Pulmonary veno-occlusive disease and/or pulmonary capillary haemangiomatosis
1’.1. Idiopathic
1'.2. Heritable
1.2.1. EIF2AK4 mutation
1'.2.2. Other mutations
1'.3. Drugs, toxins and radiation induced
1'.4. Associated with:
1'.4.1. Connective tissue disease
1'.4.2. HIV infection
1". Persistent pulmonary hypertension of the newborn
2. Pulmonary hypertension due to left heart disease
2.1. Left ventricular systolic dysfunction
2.2. Left ventricular diastolic dysfunction
2.3. Valvular disease
2.4. Congenital/acquired left heart inflow/outflow tract obstruction and congenital
cardiomyopathies
2.5. Congenital/acquired pulmonary veins stenosis
3. Pulmonary hypertension due to lung diseases and/or hypoxia
3.1. Chronic obstructive pulmonary disease
3.2. Interstitial lung disease
3.3. Other pulmonary diseases with mixed restrictive and obstructive pattern
3.4. Sleep-disordered breathing
3.5. Alveolar hypoventilation disorders
3.6. Chronic exposure to high altitude
3.7. Developmental lung diseases
4. Chronic thromboembolic pulmonary hypertension and other pulmonary artery obstructions
4.1. Chronic thromboembolic pulmonary hypertension
4.2. Other pulmonary artery obstructions
4.2.1. Angiosarcoma
4.2.2. Other intravascular tumours
4.2.3. Arteritis
4.2.4. Congenital pulmonary arteries stenoses
4.2.5. Parasites (hydatidosis)
5. Pulmonary hypertension with unclear and/or multifactorial mechanisms
5.1. Haematological disorders: chronic haemolytic anaemia, myeloproliferative disorders,
splenectomy
5.2. Systemic disorders: sarcoidosis, pulmonary histiocytosis, lymphangioleiomyomatosis,
neurofibromatosis
5.3. Metabolic disorders: glycogen storage disease, Gaucher disease, thyroid disorders
5.4. Others: pulmonary tumoral thrombothic microangiopathy, fibrosing mediastinitis,
chronic renal failure (with/without dialysis), segmental pulmonary hypertension
BMPR?2 bone morphogenetic protein receptor, type 2, EIF2AK4 eukaryotic translation initiation
factor 2 alpha kinase 4, HIV human immunodeficiency virus
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Table 4.2 Clinical classification of pulmonary arterial hypertension associated with congenital
heart disease [2]

1. Eisenmenger syndrome
Includes all large intra- and extra-cardiac defects which begin as systemic-to-pulmonary
shunts and progress with time to severe elevation of PVR and to reversal (pulmonary-to-
systemic) or bidirectional shunting; cyanosis, secondary erythrocytosis and multiple organ
involvement are usually present

2. PAH associated with prevalent systemic-to-pulmonary shunts

e Correctable®
* Non-correctable

Includes moderate-to-large defects; PVR is mildly to moderately increased, systemic-to-
pulmonary shunting is still prevalent, whereas cyanosis at rest is not a feature

3. PAH with small/coincidental defects®
Marked elevation in PVR in the presence of small cardiac defects (usually ventricular
septal defects <1 cm and atrial septal defects <2 cm of effective diameter assessed by
echo), which themselves do not account for the development of elevated PVR; the clinical
picture is very similar to idiopathic PAH. Closing the defects is contraindicated

4. PAH after defect correction
Congenital heart disease is repaired, but PAH either persists immediately after correction or
recurs/develops months or years after correction in the absence of significant postoperative
haemodynamic lesions

PAH pulmonary arterial hypertension, PVR pulmonary vascular resistance

*With surgery or intravascular percutaneous procedure

"The size applies to adult patients. However, also in adults the simple diameter may be not suffi-
cient for defining the haemodynamic relevance of the defect and also the pressure gradient, the
shunt size and direction and the pulmonary-to-systemic flow ratio should be considered

phenotypes: ES (group 1), PAH associated with still prevalent SPs (group 2), PAH
with small, coincidental CHD (group 3) and postoperative PAH (group 4).

This classification clearly does not embrace all forms of PH and PAH associated
with CHD. Nevertheless, it has the advantage of being clinical and simple, thus,
widely applicable, allowing easy categorization of the vast majority of patients
with PAH-CHD according to practical information. The clinical classification of
PAH-CHD patients may also help to collect more uniform and consistent data
among different centres, thus, facilitating standardization of treatment and multi-
centre collaborations, overcoming limitations of sample size. In particular, it may
favour the planning of randomized controlled clinical trials (RCTs), which would
be very useful in defining the real potential of emerging therapies targeting PVD in
this peculiar PAH population and, especially specific subgroups.

Each of the four PAH-CHD subgroups has distinct pathophysiological features
and may, thus, differ in their management and overall outcome. Much of the recent
progress in PAH-CHD has focused on the extreme end of the disease spectrum,
namely, on ES patients (group 1): the demographic, clinical, haemodynamic and
prognostic characteristics of ES patients have been extensively described [3, 5, 13],
and a specific RCT documented the favourable effects of the dual endothelin-1 recep-
tor antagonist bosentan in this specific PAH-CHD subgroup [14]. Patients with post-
operative PAH without residual shunts (group 4) were included in most of the pivotal
RCTs performed to assess the effects of targeted therapies in PAH, and subgroup
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analysis has shown consistent therapeutic effects regardless of PAH aetiology.
Unfortunately, little information is available on the characteristics of patients with
PAH associated with persistent SPs (group 2) and PAH associated with small cardiac
defects (group 3).

This chapter focuses on the clinical peculiarities of these two PAH-CHD
subgroups.

4.3  PAHin Patients with Prevalent Systemic-Pulmonary
Shunts and PAH in Patients with Small Cardiac Defects

PAH-CHD with prevalent SPs (group 2) and PAH-CHD with small cardiac defects
(group 3) represent two intermediate clinical groups, included between the extreme
ends of the classical ES (patients with reversed or bidirectional shunting through a
large cardiac defect, which is considered inoperable) and the postoperative PAH-
CHD (patients who maintain or develop PAH early or late after repair of a cardiac
defect in the absence of significant residual lesions).

An underlying genetic predisposition and/or constitutional susceptibility towards
developing PAH has been hypothesized in both groups 2 and 3 of the PAH-CHD
spectrum. In fact, only a minority of patients with small cardiac defects (group 3) or
with pre-tricuspid SPs (group 2) are expected to develop PAH and PVD, suggesting
that there are additional factors influencing the development of PVD besides the
presence of the cardiac defect and its pathophysiological consequences (see also
Chaps. 1.3 and 1.4, and Fig. 1.5). Even in large post-tricuspid SPs (group 2), in
which “flooding” of the lungs with combined volume and pressure overload is suf-
ficient to explain the development of PVD, further underlying factors may interfere
with the clinical course of the disease: in fact, some of these patients maintain a
prevalent left-right shunt until their teens and beyond, while others develop an
Eisenmenger phenotype earlier than expected during infancy. Furthermore, patients
with Down syndrome are generally prone to develop PVD earlier in infancy com-
pared with their non-Down counterparts [16]. Despite the clear clinical evidence of
a different response of the pulmonary vascular bed to similar haemodynamic stim-
uli, the specific genetic or constitutional traits implicated in the predisposition to
PVD and PAH are still unknown. In particular, mutations in genes causing heritable
PAH are exceptionally found in patients with PAH-CHD [15-17], thus, excluding
this potential linkage.

From the epidemiological standpoint, patients belonging to group 2 and group 3
represent a small percentage of the total PAH-CHD population: in different series,
their prevalence is significantly lower as compared to that of ES and postoperative
PAH patients [9, 18]. As a consequence, little data is available on the characteristics
of these PAH-CHD subgroups, and the treatment strategy currently adopted is nei-
ther standardized nor evidence-based. Despite the lack of formal evidence of effi-
cacy, PAH-specific treatments are currently utilized in PAH patients with small
cardiac defects (as their disease course can be more aggressive than ES and bears
similarities to idiopathic PAH) and in patients with prevalent SPs and a raised PVR,
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for whom surgery is contraindicated (with the aim to avoid or limit further progres-
sion of the PVD).

Herein, we discuss separately the clinical and management peculiarities of these
two specific subgroups of PAH-CHD patients.

4.4 PAH Associated with Prevalent Systemic-Pulmonary
Shunts

PAH associated with persistent SPs includes patients with sizeable defects and mild-
to-moderate PAH who shunt predominantly left-to-right and are not cyanosed at rest
(i.e. patients who have not developed reversal of shunting). Pre-tricuspid shunts are
the most frequent defects in this group [9]. Reversal of the shunt (pulmonary-to-
systemic) may occur over time as a result of a gradual increase in right atrial pressure
due to right ventricular failure secondary to chronic volume overload, severe tricus-
pid regurgitation directing blood through the defect or due to progression of the pul-
monary vascular changes with elevation of PVR. Indeed, shunt reversal is often
considered a marker of irreversible PVD and a formal contraindication to CHD
correction.

4.4.1 Prognostic Relevance of the Appropriate Identification
of Correctable versus Non-correctable CHD

PAH associated with prevalent SPs are an intermediate condition between SPs with
normal PVR and ES, the more advanced form of PVD. In fact, patients with moder-
ate-to-large defects can have PH without having advanced PVD in terms of perma-
nent and extensive changes in their pulmonary vascular bed [19, 20]. Indeed, in
many patients with a high pulmonary blood flow, mean pulmonary artery pressure
may be raised while maintaining a normal PVR; in these patients the defect is cor-
rectable (see Fig. 1.5, Chap. 1). The possibility to close a defect is undoubtedly a
crucial issue with considerable clinical and prognostic relevance. Timely correction
of CHD improves long-term prognosis by preventing the progression to permanent
irreversible pulmonary vascular obstructive lesions, as observed in ES. In addition,
recent advances in surgical and percutaneous treatment of CHD allow the repair of
even complex defects, with reduced perioperative morbidity and mortality. Despite
these favourable considerations, it should be emphasized that in some patients, an
underlying predisposition to develop PAH may be triggered by the presence of a
SPs and PAH may develop later on in life, even after timely repair of a defect in the
absence of a significant residual shunt [21]. This means that in patients with high
genetic or constitutional susceptibility towards developing PAH, the progression
towards PAH and PVD may not be altered by early surgical or percutaneous inter-
ventions. In these patients, successful defect closure and a good short-term outcome
are not necessarily predictive of a satisfactory long-term result. An unfavourable
long-term outcome is more frequently expected when defect repair is performed in
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patients who have already developed “significant” PVD. Pulmonary vascular lesions
and right ventricular dysfunction often progress in the weeks, months or years after
defect closure, and patients with post-repair PAH have a worse long-term prognosis
compared to ES patients [9], despite the presence of more severe PAH in the latter.
In fact, in ES, the defect is thought to act as a “relief valve” for the right ventricle
(RV) and may help maintain systemic output at the expense of cyanosis.

In the recently updated clinical classification of PAH-CHD [2] (Table 4.2), the
subgroup “PAH associated with prevalent SPs” includes two specific categories of
patients according to operability status:

1. Patients with correctable CHD (with surgery or intravascular percutaneous
procedure)
2. Patients with non-correctable CHD

Deciding which patient may be suitable for and will benefit from surgical or percu-
taneous closure requires significant expertise, and in some patients the crucial ques-
tion “can the shunt be closed?” often remains essentially unanswered.

In everyday clinical practice, the question of operability typically arises in older
children and adults with large post-tricuspid SPs [ventricular septal defects (VSD)
or patent ductus arteriosus (PDA)] and in selected patients (mostly adults) with
shunts at atrial level (pre-tricuspid) who present with raised PVR. In patients with
post-tricuspid SPs, the repair of the defect leads to normalization of pulmonary
pressure when performed early enough, before the development of PVD: most
patients with large post-tricuspid SPs develop pulmonary vascular lesions within
their first 1-2 years of life, hence the urgency to establish this diagnosis and inter-
vene very early. In pre-tricuspid SPs, the response of the pulmonary vasculature to
persistent high pulmonary blood flow may not be uniform and may not occur in a
predictable fashion. This results in difficulties when making decisions regarding the
operability of these defects, particularly in patients who present beyond childhood
with a raised PVR. Advances in paediatric cardiology and the rapid evolution of
paediatric cardiac surgery and interventional cardiology in the last five decades have
led to an improvement in early identification and treatment of these SPs, therefore
preventing the development of PVD in most cases. However, in some individuals,
mostly in developing countries, both post- and pre-tricuspid SPs may pass unde-
tected until childhood or even adulthood and are diagnosed late when PVD has
already developed.

Even through progress in surgical and interventional techniques has meant that
most CHD can, nowadays, be easily repaired with low procedural risks, this should
not be the only indication for surgery. In fact, an approach based on the assumption
that closing the defect will improve symptoms and prognosis regardless of age and
preoperative haemodynamics is definitely questionable, and serious concerns are
raised by evidence of an unfavourable outcome after CHD correction in many case
reports and case series [9, 22-24]. Data from a case series of 38 patients showed that
one-fifth of patients had a poor short-term outcome following surgical closure of
their VSD in the presence of elevated preoperative PVR: five patients died
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Table 4.3 Demographic clinical, pathological, functional and haemodynamic characteristics of
192 patients with pulmonary arterial hypertension associated with congenital heart disease, accord-

ing to clinical subgroups [9]

Eisenmenger

Characteristic ~ syndrome
Patients, n (%) 90 (47)
Age, years 41+ 16
Female sex,n 56 (63)
(%)

PAH diagnosis to referral®, n (%)

>0to<lyear 29 (33)
>lto<Syear 2(2)
>5 year 59 (65)
Type of the defect, n (%)
Atrial septal 10 (11)
defect

Ventricular 36 (40)
septal defect

Patent ductus 15 (17)
arteriosus

Partial 0
APVR-isolated

Partial APVR + 3 (3)
atrial septal

defect

Other 11 (12)
combined®

Complex® 15 (17)

6-min walk 367 = 108
distance (m)

Borg dyspnoea 5 +3
score

WHO functional class, n (%)

Class I 5(5)
Class II 23 (26)
Class III 61 (68)
Class IV 1(1)

Mean right T+4
atrial pressure

Mean 80 £ 20
pulmonary

artery pressure

(mmHg)

PAH with
systemic-to-
pulmonary
shunt

48 (25)
47 £ 18
34 (71)

29 (60)
4(8)
15 31)
22 (46)
10 21)
0

3(6)

10 21)

24

1)
420 + 128

4+3

4(8)
20 (42)
24 (50)
0

T+3

52+19

PAH with
small defects

10 (5)
25+21
6 (60)

6 (60)
1(10)
3(30)
4 (40)
5(50)
0

0

0

1(10)

0
406 = 130

PAH after
defect
correction

44 (23)
36+ 17
20 (45)

26 (59)
8(19)
10 (22)
12 27)
18 (41)
3(7)

0

3(7)

2(5)

6 (13)
415 + 136

5+3
2(5)
16 (36)
26 (59)
10£6

64+ 18

P-value
N/A
0.0002
0.08

<0.001

0.0001

0.106

0.009

0.035

0.004

0.393

0.058
0.0661

0.0961

0.641

<0.0001

<0.0001
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Table 4.3 (continued)

PAH with
systemic-to- PAH after
Eisenmenger  pulmonary PAH with defect

Characteristic ~ syndrome shunt small defects  correction P-value
Pulmonary 1904 + 940 721 £ 743 1078 = 650 1182 + 693 <0.0001
vascular
resistance
(dyn/s/cm®)
Systemic 25+1.3 22+0.7 23+09 2.6+ 1.0 0.3594
cardiac index
(L/min/m?)

All data are presented as means + SD unless otherwise stated

PAH pulmonary arterial hypertension, APVR anomalous pulmonary venous return, WHO World
Health Organization, N/A not applicable

“Time from the first right heart catheterization diagnostic for pulmonary arterial hypertension to
referral to a PAH centre

®Any combination of defects other than APVR with atrial septal defect

“Atrioventricular septal defects or univentricular pathophysiology

immediately after surgery, one died 6 months later, and two were reported to have
persistent severe PAH [23]. Longer-term data from this cohort are lacking, but there
is legitimate concern that patients with established PVD have a prognosis that is
unlikely to be favourably influenced by surgical intervention. More recently, the
clinical characteristics and comparative survival data of a large cohort of PAH-CHD
patients classified according to the four clinical subgroups were analysed (Table 4.3)
[9]. This study clearly showed that patients with PAH after cardiac defect correction
have a far worse outcome than any other type of PAH-CHD. In particular, patients
with ES (group 1) had the best survival rate, similar to patients with PAH associated
with SPs (group 2) and significantly better compared to postoperative PAH patients
(group 3). In the latter, PAH was detected after a median of 16.9 years from cardiac
defect correction, and the reasons for the initiation and progression of PAH include a
delayed correction of the defect, that may have occurred when the PVD had already
developed. In fact, this group was characterized by a predominance of post-tricuspid
shunts (72.7%), and median age at correction was 11.0 years. The reasons for the
worse prognosis of postoperative PAH patients compared with ES patients are
unclear, but may include the lack of a “relief valve” for the RV when PVR is ele-
vated: in fact, closure of the defect prevents both the decompression of the RV and
the maintenance of systemic cardiac output through right-left shunting. Another
possible reason for the worse prognosis observed in this group is the impaired adap-
tation of the RV to an increasing afterload, when PVD develops after the first months/
years of life. This last hypothesis is supported by the presence of a higher right atrial
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pressure (preload) despite a lower PVR (afterload) in patients with corrected defects
compared with ES patients in this study (Table 4.3). It is noteworthy that the survival
curve of patients with postoperative PAH starts to diverge from that of ES patients at
approximately 2—-5 years after the first diagnosis of PAH, but the largest difference
between the two curves is observed after 10—12 years. Data on PAH-CHD from the
Registry to Evaluate Early And Long-term Pulmonary Arterial Hypertension Disease
Management (REVEAL) showed no survival difference between paediatric PAH
patients with unrepaired and repaired defects during the first few years after correc-
tion (2-year survival estimated as 86 + 7% vs. 85 + 5%) [25]. However, in the British
PAH paediatric registry, longer-term follow-up data (up to 5 years) were collected,
and a worse survival was reported in children with repaired defects compared to ES
patients [22], thus, confirming the limited prognostic relevance of any favourable
short-term results of corrective intervention. These findings should be considered
when planning medical or interventional treatment strategies in PAH-CHD patients.
In a recent study on PAH-CHD, retrospectively assessing the preoperative haemody-
namic profile of patients who developed PAH late after shunt closure, high baseline
values of PVR (=5 WU), pulmonary vascular resistance indexed (PVRi)
(=6 WU x m?) and PVR/SVR (>0.33) were common findings, supporting the need
for a cautious approach in subjects with PVD [26]. In conclusion, in patients with
PAH and moderate-to-large defects who are still shunting left to right at rest, the cor-
rection of the cardiac defect may not necessarily have favourable effects in terms of
long-term mortality and morbidity. In particular, there is legitimate concern that
patients with advanced PVD may have a prognosis that is unlikely to be favourably
influenced by surgery or intervention. The appropriate identification of correctable
CHD, namely, of patients likely to have a clear and long-standing benefit from CHD
correction, requires significant expertise, and current PH guidelines recommend the
individual evaluation of these patients in tertiary centres.

4.4.2 Assessment of Operability

The operability of CHD with SPs depends on the severity of the PVD induced by
the increased pulmonary blood flow and pulmonary arterial pressure: the presence
of vascular changes results in a high operative risk and a poor long-term outcome.
On the other hand, if surgery is felt to be contraindicated and the SPs persists, pul-
monary vascular changes may progress further. These potential outcomes and the
benefit-to-risk ratio should be considered when deciding whether to perform correc-
tive surgery (see also Chap. 1.4).

At present, the biggest problem in the assessment of operability remains the lack
of evidence-based pathological, clinical or haemodynamic criteria to determine
whether patients have developed significant, irreversible pulmonary vascular changes
and are, thus, at a high risk of poor postoperative long-term outcome. In fact, data on
the operability of patients with PVD secondary to large SPs is limited to retrospective
cohorts and case studies. In the absence of solid evidence, such patients are currently
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Table 4.4 Recommendations for correction of congenital heart disease with prevalent systemic-
to-pulmonary shunts [2]

Recommendations

PVR
PVRi (WU x m?) (WU) Correctable? Class* Level® Ref.°
<4 <23 Yes Ila C [28]
>8 >4.6 No Ila C [28]
4-8 2.3-4.6  Individual patient evaluation in tertiary Ila C [28]

centres

PVR pulmonary vascular resistance, PVRi pulmonary vascular resistance indexed, WU Wood units
*Class of recommendation

"Level of evidence

‘Reference(s) supporting recommendations

4With surgery or intravascular percutaneous procedure

managed on a case-by-case basis. Commonly, the two main factors considered in the
decision-making with regard to operability in patients with prevalent SPs are age at
repair and preoperative haemodynamics [27]. In general, corrective interventions are
unlikely to convey long-term benefits when the shunt is discovered late in life
(particularly in post-tricuspid SPs) and if patients already have “elevated” PVR (i.e.
intervention is unlikely to reverse the established PVD). Even more importantly, the
decision to correct the defect should certainly not be based on procedural feasibility
alone, on the ability to reduce or abolish a small left-to-right shunt, or mildly improve
systemic oxygen saturations. Nevertheless, these important rules remain “broad sug-
gestions” and represent only a generic help in the decision-making for the specific
patient with prevalent SPs. In fact, neither age limits nor evidence-based cut-off val-
ues for PVR are able to predict with certainty the long-term outcome after defect
closure, and both surgical and catheter therapy may have late detrimental effects even
after an immediate “technical” success. Therefore, there are still uncertainties regard-
ing the precise operative indications for SPs with PAH, and the appropriate therapeu-
tic approach for most patients remains controversial.

Future research should aim to provide more insight into patients who are at
highest risk of developing postoperative PAH, in order to be able to offer tailored
care to patients born with SPs. Recently, an attempt to fill this gap was proposed at
the 5th World Symposium on PH in 2013 [12], and has been adopted by the 2015
ESC/ERS guidelines for the diagnosis and treatment of PH [2]: according to these
recommendations, which are based on available literature data [28-30], the appro-
priate therapeutic approach for these patients should be based mainly on baseline
PVR, and specific criteria for shunt closure have been provided (Table 4.4 and
Fig. 1.5). These criteria support defect repair only in patients with no PVD, in
whom a clear and long-standing benefit from the intervention is predicted: indeed,
no PVD is expected in patients with normal or near normal PVR values (<2.3 WU
or <4 WU x m?). On the other hand, PVD is likely to be present when PVR is above
2.3 WU, and patients should be deemed inoperable when PVR is greater than
4.6 WU (or 8 WU x m?), a value that is likely to be associated with an advanced and
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irreversible form of PVD. A grey area of uncertainty remains when PVR is between
2.3 and 4.6 WU (4-8 WU x m?): as previously discussed, data available in literature
are controversial, and there is no clear evidence for a long-term prognostic benefit
of intervention in these patients, as closure of the defect can adversely affect the
natural history of a disease that would otherwise allow a better survival if left
untreated.

In patients with a PVR between 2.3 and 4.6 WU, additional parameters are com-
monly utilized in the decision-making regarding operability [31], and the character-
istics generally considered indicative of a favourable outcome after surgical/
interventional closure of a SPs are the following: pre-tricuspid shunt and simple
lesions, younger age (<5 years), PVR/SVR ratio <0.5 and pulmonary flow/systemic
flow (Qp/Qs) ratio >1.5. Vasoreactivity testing using 100% oxygen or pulmonary
vasodilators such as nitric oxide has been utilized to preoperatively assess the degree
of “reversibility” of the PVD [32]. However, its role in predicting mid- to long-term
postoperative outcomes in patients with SPs and PAH is uncertain and controversial
[20]. To date, no prospective data are available on the usefulness of acute balloon
defect closure testing or lung biopsy for assessing operability, and the overall reli-
ability of these preoperative evaluations is definitely poor. In addition, surgical lung
biopsy is associated with a significant procedural risk.

4.4.3 Treat-and-Repair Approach

The “treat-and-repair approach” represents a combined therapeutic strategy for
patients with PAH-CHD and increased PVR (namely, for patients belonging to the
“PVR grey zone”) meant to reduce PVR with medical treatments, in order to reach
criteria for operability: the patient is treated with PAH-approved drugs, and the
defect is repaired if PVR drops to “acceptable levels” [33]. Using this approach, it
would, in theory, be possible to considerably expand the operative indications in
these patients. However, a significant limitation of this strategy is the possibility that
the reduction in PVR obtained with PAH therapy is not due to a regression of PVD,
but simply linked to the temporary effects of pulmonary vasodilatation and/or the
increase in pulmonary blood flow. If this is the case, closure of the defect may con-
vert the disease to a more severe form of PAH, preventing the possibility of shunt
reversal and the benefits of having an open defect in a patient with PVD. This is
particularly important considering that patients with PAH and SPs can have a good
prognosis with PAH-specific therapy if their defect is left untreated [9].

For these reasons, a “treat-and-repair approach” should not be adopted based on
procedural feasibility and perioperative survival prospects, but must be judged on
its long-term results. Currently, despite favourable case reports (mainly in patients
with atrial septal defects), the “treat-and-repair approach” lacks support from any
prognostic data [33], and, in view of the potentially detrimental effect of defect
closure on RV function, treat-and-repair cannot be recommended.

In view of the lack of management guidelines regarding operability in “border-
line” patients with SPs and PAH, it is recommended that defect closure should be
approached with caution in patients with evidence of PVD, and considerable
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expertise and experience are crucial to gauge the risk of developing irreversible
PAH after surgery. Thus, a very careful and comprehensive assessment is required
and individual patient evaluation in tertiary centres is recommended (see also
Chapter 17).

4.5 PAH Associated with Small Cardiac Defects

Patients included in this group (group 3) are characterized by severe PAH associated
with small, restrictive septal defects (usually VSD <1 cm and/or ASD <2 cm of
effective diameter assessed by echocardiography). These defects have been defined
as “coincidental” in order to underline the clinical similarities of patients included
in this group with those affected by idiopathic PAH. In fact, the influence of the
septal defect in the induction and progression of PAH is unclear, and a definite
pathogenetic correlation between the small defect and PAH cannot be established:
the defect itself is not thought to be responsible for the development of PAH, since
the shunt is too small to produce significant pulmonary blood flow and the subse-
quent detrimental effects on pulmonary vasculature. Therefore, the diagnosis of
idiopathic PAH with a concomitant CHD has been proposed, even though this is a
statistically exceptional association. Additional hypotheses have been formulated to
explain this specific form of PAH-CHD, including the influence of an underlying
genetic factor, namely, the presence of mutations in genes causing heritable PAH in
patients with a small shunt favouring the induction of PVD; however, mutations in
PAH genes are uncommon in PAH-CHD patients [34]. Additional genetic traits or
constitutional factors that may accelerate the evolution of PVD in patients with
small septal defects have been hypothesized; however, these remain as yet
unidentified.

4.5.1 Epidemiology

In different series, patients with PAH and coincidental CHD represent the smallest
subgroup of the overall PAH-CHD population: they only account for 5% in a recent
analysis of a large cohort of PAH-CHD patients classified according to the four
clinical subgroups [9] and 4% in a cross-sectional study performed to assess the
prevalence of PAH in adult CHD using the population-based Dutch CONgenital
CORyvitia (CONCOR) registry [9]. Due to the low number of patients, few data are
available on the demographic, clinical, haemodynamic and prognostic characteris-
tics and the management of this PAH-CHD subgroup.

4.5.2 Clinical Picture

The clinical and prognostic profiles of patients with PAH associated with small
defects have been examined in a study on a large cohort of PAH-CHD patients
aimed at analysing and comparing the characteristics of the four clinical subgroups
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[9]. Except for the presence of a septal defect, the clinical picture of these patients
is very similar to that of idiopathic PAH. As compared to patients belonging to the
other PAH-CHD subgroups, they were the youngest and their haemodynamic pro-
file was characterized by the lowest mean right atrial pressure, as right-to-left shunt-
ing through the septal communication allows RV decompression. From a prognostic
standpoint, the long-term survival of patients with PAH-CHD associated with small
defects was worse when compared to that of patients with ES and those with SPs:
indeed, the 15-year survival was 87% in ES patients, 86% in patients with SPs and
66% in patients with PAH associated with small defects. Nevertheless, the 15-year
survival of the small defects group was far better when compared to that of idio-
pathic PAH patients (38%). The reason why patients with PAH-CHD associated
with small defects have an intermediate survival between patients with idiopathic
PAH and patients with PAH and larger uncorrected defects is unclear. Possible
explanations include the favourable prognostic influence of small septal defects,
which may allow pulmonary-to-systemic shunting in the advanced stages of the
disease allowing partial relief of the overload on the RV and limiting the progressive
reduction in systemic cardiac output. This mechanism, which may explain the better
survival compared with idiopathic PAH patients, may not be sufficient to obtain the
more favourable prognosis of patients with larger defects.

4.5.3 Therapy

Despite the lack of formal evidence of efficacy, patients with PAH associated with
small septal defects are usually treated with PAH-specific therapy because their
disease bears similarities to idiopathic PAH, and can be more aggressive than ES
[9]. In most experienced centres, the therapeutic approach adopted in these patients
is identical to that used in idiopathic PAH.

There is, clearly, no indication for cardiac surgery or catheter defect closure in
patients with PAH associated with small septal defects [2].
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TGA Transposition of great arteries
VSD Ventricular septal defect
WHO World Health Organization
6MWT 6-min walk test

5.1 Introduction

Pulmonary arterial hypertension (PAH) is a frequently diagnosed complication in
patients with congenital heart disease (CHD). The majority of the cases involve
patients with nonrestrictive congenital cardiac shunts with unprotected pulmonary
blood flow [1]. Exposure of the pulmonary vasculature to increased blood flow and
pressure results in vascular remodelling and eventually established pulmonary vas-
cular disease. Despite advances in the understanding of the pulmonary vascular
disease, advances in surgical repair of CHD and the development of drug therapies,
PAH still occurs after successful corrective surgery in patients with CHD and results
in significant morbidity and mortality [2—4].

5.2  Classification and Epidemiology

The recent update of the clinical classification of Pulmonary arterial hypertension in
congenital heart disease (PAH-CHD) has taken into account several factors, such as
type and size of defects, haemodynamic parameters and repair status and divides the
patients into four phenotypes: Eisenmenger syndrome (ES), PAH associated with
systemic-to-pulmonary shunts, PAH associated with small defects and persistent/
recurrent PAH after defect correction [5].

The estimated prevalence of CHD is approximately 6-10/1000 live births [6, 7],
and 4-28% of those patients are expected to develop PAH [8—11]. Limited informa-
tion is available about the incidence of PAH late after cardiac defect correction. In the
Euro Heart Survey, the prevalence of postoperative PAH in adults with previously
corrected atrial septal defect (ASD) or ventricular septal defect (VSD) was 12% and
13%, respectively [12]. In the Spanish REHAP registry [13] of adults with PAH—
CHD, 23.8% had corrective cardiac surgery. In the paediatric population, postopera-
tive PAH accounted for 15% of PAH-CHD in a large retrospective study from the
Netherlands [14], 35% of PAH-CHD in the multicentre TOPP registry [15] and 45%
in early data from the UK registry [16].

5.3  Mechanisms for the Development of Late
Postoperative PAH

The primary mechanism for the development of pulmonary vascular disease in the
setting of CHD is thought to be the result of increased pulmonary blood flow and
pressure triggering vascular remodelling. Abnormal vessel shear stress results in
endothelial dysfunction and damage, smooth muscle hypertrophy and proliferation
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and altered expression of vasoactive mediators in favour of vasoconstriction [17].
Furthermore, endothelial damage may result in adherence and activation of platelets
and leukocytes favouring inflammation and thrombosis as well as activation of
coagulation pathways.

The shear stress-mediated remodelling hypothesis is supported by the wide-
spread observation that lesions which result in high flow and pressure (e.g. complete
AVSD, truncus arteriosus) result in pulmonary vascular disease sooner and more
reliably than lesions expected to result in less shear stress. In addition, both haemo-
dynamic and histological [17-19] disease severity have been shown to correlate
with age and lesion type.

Changes to the pulmonary vasculature are likely to be reversible if the corrective
surgery takes place early in life, and if it occurs within few months of age, the pul-
monary vascular resistance (PVR) is frequently normal within 1 year [18]. On the
other hand, if surgery is delayed until later in childhood (after 2 years of age), normal
PVR levels may never be achieved, and on the contrary the repair of an intracardiac
shunt in the presence of PAH may even accelerate disease progression [20]. This
suggests that there may be a “point of no return” where changes of the pulmonary
bed have progressed beyond a stage of full or partial reversibility despite the correc-
tion of the associated defect [10].

Such observations suggest that the greatest risk factor for the development of PAH in
CHD may be considered to be the cumulative burden of shear stress (i.e. size and loca-
tion of shunt lesion as well as duration of exposure) experienced by the vasculature.

While flow-mediated vascular remodelling is undoubtedly a major factor in the
development of PAH-CHD, there remains variability in disease expression, and the
situation is unlikely to be so deterministic.

5.3.1 Maladaptation/Developmental Factors

In paediatric cohorts, CHD patients who are diagnosed with PAH within weeks of
birth are well recognized. This is too soon to be mediated by shear stress and sug-
gests other factors such as disturbed postnatal adaptation of the pulmonary vascular
bed [14] or abnormal fetal blood flow, for example, with restrictive ductus venosus
or atrial communications. Additionally the Dutch registry has described a subgroup
of infants with post-tricuspid shunt who showed accelerated development of PAH in
the weeks to months after birth. All the patients had syndromal abnormalities, includ-
ing Down syndrome, which is associated with higher susceptibility for PAH [14].

That PAH is observed in CHD patients despite early repair of CHD or in CHD
with small defects at a much higher rate than would be expected by chance also sug-
gests shared genetic or developmental processes are at play.

5.3.2 PAH Late After Repair

Late occurrence after surgery of PAH has been described in patients, many of whom did
not have clinically evident pulmonary hypertension for years after surgery [18, 20]. In
an adult cohort of PAH-CHD patients reported by Manes et al., the median time from
surgical repair to diagnosis of PAH was 16.9 years. The mechanism of such “late onset”
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PAH is unclear, and it has been suggested that there might be an underlying predisposi-
tion which is triggered by the presence of a shunt and may manifest years after closure
of the defect. The influence of residual defects after correction on the development of
PAH is also unclear. The presence of residual shunts alone did not appear sufficient to
justify the development of late PAH, as the residual defects were present in no more than
20% of the patients in this group, and the majority were small in size [20].

5.4 Genetic Factors

In a small study of adults and children with heterogeneous forms of PAH-CHD, a
small percentage (approximately 6%) of patients with PAH-CHD were found to
have missense mutations in bone morphogenetic protein receptor type 2 (BMPR-2),
but this was considerably lower than that observed in patients with idiopathic or
familial PAH (~50%) [21]. The relevance of BMPR-2 mutations in PAH-CHD
remains uncertain. Genetic syndromes associated with pulmonary hypertension and
which can be associated with PAH-CHD include DiGeorge syndrome, vertebral
defects, anal atresia, cardiac defects, tracheo-oesophageal fistula, renal anomalies,
and limb abnormalities (VACTERL) syndrome, CHARGE syndrome, Scimitar syn-
drome [22], Noonan syndrome [23], chromosome 1p36 deletion [24] and chromo-
somal anomalies associated with congenital diaphragmatic hernia [25].

The age of presentation for paediatric patients is between 4.8 and 7.5 years and 27
and 38 years for adults, and it is earlier than patients with ES or shunt-associated PAH. In
some cohorts the median age at the time of surgery was as late as 11.0 years of age, and
the PAH was diagnosed after a median of approximately 17 years from surgery. The
mean pulmonary artery pressure (mPAP) values ranged between 45 and 67 mmHg and
pulmonary vascular resistance indexed (PVRI) from 11.8 to 15 Wood units (WU) m?.
Otherwise the clinical characteristics and haemodynamics of these patients are broadly
similar to iPAH (Table 5.1).

Table 5.1 The population of the post-op CHD patients and their baseline characteristics included
in major published registries are summarized

PAH- Post-op Age

CHD PAH- range
Cohorts (n) CHD (years) Treatment Comments
Howarth et al. [16] 104 47 (45%) 0.2-19.5 PD-5, ERA, 5-year survival 59.6%
PGs
Barst et al. 77 29(38%) Mean5  PD-5, ERA, 5-year survival 71%
(REVEAL) [26] PGs

Van Loon et al. [14] 111 17(15%) 0.3-4.6  Not known Incidence and prevalence
for paediatric PAH-CHD
are higher than in adults;
5-year survival 47%

Manes et al. [20] 192 44(23%) 19-53 PDE-5i, 5-year survival 83%,

ERA, PGs  20-year survival 36%

Engelfrietetal. [12] 1877  652(35%) 21-50 Not known  5-year survival 93.9%

Alonso-Gonzalez 240 57(24%) 13.6-51.8 Not known Worse survival than

et al. (REHAP) [13] Eisenmenger syndrome
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5.5 Treatment

Patients with postoperative PAH-CHD are absent or underrepresented in the large
randomized control trials of pharmacological therapy for group 1 PAH. Studies
aimed at PAH-CHD have focused on ES. Hence, treatment strategies for postopera-
tive PAH-CHD are still largely based on expert opinion and extrapolation [27]. In
the reviewed cohorts, patients with late postoperative PAH-CHD were treated using
the same rationale and European Society of Cardiology (ESC) algorithm used for
patients with iPAH [14, 16, 20]. Until such time as more specific studies can be
performed, this approach seems reasonable and is supported by phenotypic and
histological similarities between diseases in group 1. Recently, a post hoc analysis
of the PATENT studies using Riociguat demonstrated improvement in a range of
clinical outcomes including 6-min walk test (6MWT), PVR, the World Health
Organization functional class (WHO FC) and N-terminal prohormone of brain
natriuretic peptide (NT-proBNP) in a small subgroup of patients with persistent/
recurrent PAH following complete repair of CHD. This improvement was sustained
throughout the 2-year follow-up period [27]. In addition, two recent studies with a
combined morbidity/mortality endpoint have included patients with simple, cor-
rected defects and PAH and suggested that Macitentan (an endothelin receptor
antagonist (ERA)) and Selexipag (an oral prostacyclin-receptor antagonist) may be
beneficial in this setting [28, 29].

The inherent heterogeneity of underlying cardiac defect and residual defects
make application of treatment guidelines more challenging in practice. However,
given the general lack of intracardiac right-to-left shunts, intravenous prostanoid
therapy may be considered a more viable option than in patients with ES where the
risk of paradoxical embolism may restrict its use.

Lung and heart-lung transplantation remains an option in severe cases not responsive
to medical treatment; however, the effect of previous cardiothoracic surgery on the chest
wall and pleura, residual cardiac defects and possible human leukocyte antigen (HLA)
sensitization mean that this may not be a viable option for many patients [30].

5.6 Natural Course: Outcome

There is a paucity of data on the outcome of patients with postoperative PH, with
most data derived from retrospective cohorts with concomitant biases. The majority
of paediatric cohorts suggest that such patients have more rapid disease progression
and worse outcome than patients with ES, but similar to patients with iPAH [16, 20,
31]. Adult cohorts suggest that survival is better than in those with idiopathic pul-
monary arterial hypertension (PAH); however, it is the lowest among all patients
with PAH-CHD. The notable exception is the Euro Heart Survey for adults with
CHD in which patients with postoperative PAH-CHD showed a better survival
compared to ES. However, postoperative PH was defined by echo criteria in this
study, possibly biasing the population towards milder disease [12]. The survival
disadvantage cannot be attributed to a different treatment strategy, as patients with
PAH and small or corrected defects are more likely to be treated with approved
PAH-specific drugs compared with the other two groups.
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Data from the UK paediatric cohort suggests survival rates are lower when PAH is
detected early after the corrective surgery. The mean predicted survival in this case
drops to 3.5 years if PAH is left untreated, but only rises to 4.1 years after PAH treat-
ment [16]. Survival rates are significantly poorer in patients with complex underlying
cardiac defects and those with Down syndrome [32].

The reasons for the worse prognosis of postoperative PAH patients when com-
pared to ES are unclear. One likely factor is that, as PVR increases, a patent shunt,
as in unoperated CHD, permits right-to-left shunting. For post-tricuspid shunts, the
right ventricle (RV) has access to both pulmonary and systemic vascular beds in
parallel and, as such, experiences a lower afterload for any given degree of vascular
disease, while maintaining cardiac output at the expense of cyanosis. The absence
of a shunt, as in postoperative PAH-CHD, has the potential to expose the RV to
higher afterload at rest and particularly during exercise. This effect has been dem-
onstrated in reverse with the creation of a post-tricuspid shunt, the Potts shunt, as a
treatment for iPAH [33].

The RV of patients with ES may also be better adapted to cope with an increased
afterload due to the maintenance of a fetal phenotype of RV hypertrophy. This may
be absent in patients who have had a period of low RV pressure following CHD
repair and later face increased pulmonary vascular resistance.

Additional factors specific to patients who have undergone repair of CHD may
further prejudice outcomes in these patients. Residual small shunt defects may influ-
ence the development of PAH and RV adaptation [20]. Valve dysfunction is frequently
seen in patients with previous cardiac surgery and PAH, particularly tricuspid regurgi-
tation. While often well tolerated in patients without PAH, tricuspid regurgitation is
likely to be exacerbated by the abnormal loading conditions experienced in pulmonary
hypertension (PH), and this in turn adds to inefficiency of the cardiac pump. Ventricular
surgery, especially previous right ventricular incision and scarring, can also contrib-
ute to the progression of RV dysfunction in these patients.

Rhythm disturbances (right bundle branch block, complete heart block, atrial
tachyarrhythmias) are an increasing clinical problem in postoperative PAH-CHD
patients both as a surgical complication (conduction system injury, myocardial scar)
and as a PH consequence (atrial dilatation). Rhythm disturbances can lead to right
ventricular dysfunction and increase the risk of sudden death [34, 35]. In addition
right bundle branch block, a common occurrence following intracardiac repair, may
exacerbate the already adverse right-left ventricular interaction, further reducing
pump efficiency [36].

Conclusion

Patients with postoperative PAH are a diverse group, with likely varying aetiol-
ogy. Outcome is worse than other forms of PAH-CHD despite treatment with
targeted therapies. The majority represent potentially avoidable morbidity, either
through timely diagnosis and repair of CHD, or through expert assessment and
avoidance of surgery once pulmonary vascular disease is established.
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PH pulmonary hypertension
PS pulmonary stenosis

PVD pulmonary vascular disease
RA right atrium

RPA right pulmonary artery

RV right ventricle

TOF tetralogy of Fallot

TPG transpulmonary gradient
VSD ventricular septal defect

6.1 Introduction

Pulmonary hypertension (PH) is defined by the latest European guidelines as a
pathophysiological disorder characterized by increased mean pressure into the pul-
monary vascular system [1]. Since 1998, many classifications have been proposed
for PH to identify common aspects in a multitude of aetiologies and define sub-
groups that share similar pathological and haemodynamic characteristics, hence
guiding management. The latest PH classification agreed during the recent World
PH Symposium in 2013 in Nice created a mutual classification for paediatric and
adult patients. In this classification, a new entity was introduced, called “segmental
PH”, and was included in group 5 (unclear of multifactorial mechanisms) [1, 2].

6.2  Segmental Pulmonary Hypertension: Definition
and Classification

Segmental PH was described in the recent guidelines as PH “observed in discrete
lung areas perfused by aortopulmonary (AP) collaterals in congenital heart diseases
such as pulmonary or tricuspid atresia”. The definition of segmental PH differed
somewhat in the published proceeding of the Nice World Symposium [2]: “PH in
one or more lobes of one or both lungs”. Previous authors have used a wider and
perhaps more comprehensive definition of segmental PH [3]: PH that does not fol-
low a homogeneous distribution, with some pulmonary areas being exposed to
higher pressures than others. Indeed, the term “segmental” refers to any portion of
the lung affected (one or more segments, lobes or even an entire lung), with at least
one non-hypertensive segment.

Pulmonary arterial hypertension (PAH) in congenital heart disease (CHD) is
typically caused by long-standing volume and/or pressure overload of the pulmo-
nary circulation. The prolonged shear stress on the pulmonary endothelium results
in cell hypertrophy and proliferation, leading to progressive narrowing of pulmo-
nary vessels and a rise in pulmonary vascular resistance. The two predominant
changes leading to pulmonary vascular disease (PVD) are hypertrophy and fibrosis
of the pulmonary arterial structure, with loss of intrinsic elasticity (due to rupture of
the internal elastic lamina and the formation of plexiform lesion) and consequently
increased stiffness and narrowing of the lumen (Fig. 6.1; see also Chap. 1).
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While the pathophysiology of segmental PH is not well studied, the underlying
histological changes of segmental PH in CHD are not expected to differ substantially
from most types of pulmonary arterial hypertension related to congenital heart disease
(PAH—CHD) (or other forms of PAH). However, there are substantial differences in
terms of cardiovascular anatomy and the impact of segmental PH on pulmonary per-
fusion and the heart, all of which influence management and the potential response to
specific PAH therapies.

There are various congenital or acquired conditions that can lead to segmental
PH. Congenital lesions that may predispose to segmental PH include pulmonary
atresia, hemitruncus arteriosus, absence/atresia of a single pulmonary artery (PA)
and anomalous PA from the aorta feeding a segment of the lung (Fig. 6.2). Moreover,
any large post-tricuspid cardiac defect (ventricular septal defect [VSD], atrioven-
tricular septal defect [AVSD], patent ductus arteriosus [PDA], AP window and trun-
cus arteriosus) can result in segmental PH in the presence of peripheral pulmonary
stenosis (PS) protecting certain (but not all) segments of the lung from the develop-
ment of PVD.

In this chapter, a brief description of major conditions in which segmental PH may
be encountered will be provided, but focus will be placed on pulmonary atresia.

6.2.1 Pulmonary Atresia

This entity may coexist with numerous conditions, and agreement on its anatomic
and clinical classification remains elusive [4, 5]. The presence of a VSD defines the
natural history and surgical management. Patients with pulmonary atresia and a
VSD may be considered as the extreme end of the spectrum of tetralogy of Fallot
(TOF), with overriding of the aorta and the typical antero-cephalad deviation of the
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Fig. 6.1 Pulmonary vascular disease in complex pulmonary atresia. While the pulmonary vascula-
ture of hypoperfused and normally perfused areas is expected to be normal (a), in areas supplied by
large collateral arteries from the aorta, pulmonary vascular disease similar to PAH is expected (b)
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Fig. 6.2 Examples of segmental pulmonary hypertension. In (a), complex pulmonary atresia,
with non-confluent pulmonary arteries supplied by a patent ductus arteriosus and major aortopul-
monary collateral arteries (MAPCAs) from the descending aorta (arrows). In (b), the left pulmo-
nary artery is supplied by a Potts shunt and the right by a MAPCA from the descending aorta. In
(c), the right pulmonary artery is supplied by a Waterston shunt. In (d), disconnected left pulmo-
nary artery, supplied by a MAPCA from the descending aorta. Potts and Waterston shunts are
difficult to size and are likely to cause pressure and volume overload of the lung segments sup-
plied, over time causing pulmonary hypertension. In (e), a single segment of the left pulmonary
artery (lower segment) is disconnected and supplied by a large MAPCA. In this situation, only the
left lower lung lobe will be hypertensive. In (f), common arterial trunk, with stenosis of the origin
of the right pulmonary artery. In this case, only the left lung will be hypertensive. In (g), large
ventricular septal defect and stenosis of the origin of the left pulmonary artery. In this situation, the
VSD is likely to cause pulmonary hypertension in the right but not the left lung. In (h), the various
types of collateral arteries
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Fig. 6.3 Examples of
collateral arteries in
pulmonary atresia.
Collaterals can derive for
the aorta (typically the
descending aorta),
subclavian arteries, patent
ductus arteriosus or
coronaries

outlet septum. Pulmonary atresia may also be associated with an intact ventricular
spectrum or more complex anatomy (e.g. transposition of great arteries, tricuspid
atresia, etc.).

Within pulmonary atresia, there exists significant variability with regard to PA
anatomy [6]. The PAs may be confluent and of adequate size, allowing repair by
implantation of a right ventricle (RV) to PA conduit. When the PAs are small,
implantation of a Blalock—Taussig or a central shunt may be required to promote
growth and allow subsequent conduit repair. However, PAs are often small and
may or may not be confluent, and may be supplied by arterial ducts or systemic-
to-pulmonary collateral arteries, called major aortopulmonary collateral arteries
(MAPCAs). In most severe cases, the entire intrapericardial pulmonary arterial
tree may be absent and blood supply to the lungs is maintained exclusively by
systemic-to-pulmonary collateral arteries (Fig. 6.3) [7]. MAPCAs may also
develop in patients born with very severe right ventricular outflow tract obstruc-
tion [8].

Many but not all patients with pulmonary atresia may be amenable to repair,
depending on the presence and size of the central pulmonary arteries or MAPCAs.
“Unifocalization” involves a staged approach of reconstruction of the left and right
PAs, with arterial shunting (typically Blalock—Taussig shunts). Eventually, the
reconstructed PAs are connected and anastomosed to the RV by a conduit, with
closure of the VSD in most cases.



74 K. Dimopoulos et al.

Modified

'-{ J __—7 Blalock-Taussig
y i
i

Waterstone
shunt

Fig. 6.4 The two types of central shunts: Waterston (between the ascending aorta and main or right
pulmonary artery) and Potts (between the descending aorta and left pulmonary artery). These types of
shunts have now been abandoned for the more easily sizeable modified Blalock—Taussig shunt (Gore-
Tex tube from the left or right subclavian artery and the corresponding pulmonary artery). Older
patients palliated with a Waterston or Potts shunt are likely to have developed pulmonary vascular
disease in the pulmonary artery supplied by the shunt itself: when the pulmonary arteries are discon-
nected, or there are peripheral pulmonary stenoses, this will be segmental pulmonary hypertension

Not all patients are candidates for unifocalization and only relatively recently
has outcome from this procedure improved [9—-11]. Therefore, there exists a sub-
stantial population of patients with pulmonary atresia who have either undergone
no surgery or have only received a palliative intervention or partial unifocalization.
In these patients, PH may be present due to large collaterals or palliative shunts,
especially Waterston or Potts shunts, which are difficult to size and may cause
excessive flow to the lungs (Fig. 6.4). Moreover, there are patients in whom unifo-
calization has been achieved and an RV-PA conduit implanted, but the VSD was
left open as a “relief valve” for the RV due to established high PA pressures result-
ing from peripheral pulmonary stenoses or PVD.

6.2.2 PH in Repaired Pulmonary Atresia

Right ventricular hypertension can often persist after total repair and may be due to
PVD. Peripheral PS and segmental pulmonary hypertension are likely to divert
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significant amounts of pulmonary blood flow, through “healthier” lung segments,
which may result in increased shear stress and the development of PVD. Moreover,
diastolic and systolic RV dysfunction is not uncommon due to long-standing cyano-
sis and hypertension, repeat surgery and the placement of the RV conduit. The
decreased myocardial reserve is likely to affect long-term adaptation to RV hyper-
tension and response to therapies, as it may behave different to the RV of patients
with idiopathic PAH (iPAH) or even large VSDs. This may be aggravated by the
closure of the VSD, which could otherwise act as a “relief valve” for the RV. Within
PAH-CHD, patients with previously repaired defects are known to have a worse
prognosis in adult life compared to patients in whom a defect remains patent. This
may also apply to patients with repaired pulmonary atresia.

6.2.3 Unilateral Absence of Pulmonary Artery

Unilateral absence of PA is a very rare congenital cardiovascular defect. While no
antegrade flow from the main to the “absent” PA is present, a hilar PA is often pres-
ent, especially if supplied by a PDA of large collaterals. For this reason, the terms
“proximal interruption of a PA”, “non-confluent pulmonary arteries” or “ductal ori-
gin of the distal PA” have also been used [12].

Its prevalence, when isolated, is estimated at 1 in 200,000 to 1 in 300,000
adults [12-15]. However, 80% of reported cases involving the left PA were asso-
ciated with other CHD, such as TOF and pulmonary atresia or truncus arteriosus
[12, 14]. A review of the literature in 2011 found 352 cases of unilateral absence
of PA, two thirds of which (n = 237) were associated with other congenital heart
defects [16]. When a PDA is absent, collaterals to the affected lung may arise
from bronchial, intercostal, subdiaphragmatic, subclavian or coronary arteries
[17]. These connections may persist in the form of MAPCAs.

In the majority of cases with isolated unilateral absence of PA, there are no or
minor symptoms, and individuals may reach adulthood undiagnosed. Some do com-
plain of exercise intolerance and present with haemoptysis (in 19-44%) or recurrent
chest infections, likely due to alveolar hypocapnia and bronchoconstriction, as well
as poor delivery of inflammatory cells [12].

PH is present in 44% of cases and affects outcome, together with coexistent
CHD [14]. Treatment depends on symptoms and anatomy, including the presence of
AP collaterals, associated cardiovascular anomalies and PH [13, 18]. PH may occur
due to increased flow to the “healthy” lung, which receives the entire cardiac output,
and result in shear stress to the pulmonary vascular endothelium and vasoconstric-
tion, which may cause vascular remodelling and a rise in pulmonary vascular resis-
tance [18]. Animal models after ligation of the left PA and ductus arteriosus (14
newborn pigs) showed persistent muscular small pulmonary arteries after birth and
an elevated PA pressure and RV hypertrophy [19, 20].

The management of isolated absence of PA should be based on symptoms, PA
anatomy, associated cardiovascular anomalies and AP collaterals as well as the
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presence of PH. No treatment is required in asymptomatic adult patients without
evidence of cardiovascular overload. Patients with recurrent haemoptysis may ben-
efit from embolization of collaterals or, in severe refractory cases, pneumonectomy
[21-23].

In infants, repair may be possible through early or staged repair (starting with
a shunt to the disconnected PA) to promote growth of the pulmonary arteries and
lung. This may also reduce the prevalence of PH. In older patients, intrapulmo-
nary arteries are usually severely hypoplastic or obstructed, and repair is not
possible. In patients with PH, the use of PAH-specific therapies has been reported
[12, 14, 24].

6.2.4 Hemitruncus Arteriosus

This is defined as abnormal origin of a single PA from the ascending aorta, with
normal origin of the other PA from the RV [5-7]. As the heart has separate ventriculo-
arterial junctions with separate aortic and pulmonary arterial valves, hemitruncus is
felt to be a separate entity to common arterial trunk. Most commonly, it is the right
PA which arises from the posterior aspect of the ascending aorta, near to the aortic
valve. When the left PA originates for the aorta, there is usually a right aortic arch.
The lung supplied by the PA originating from the aorta is pressure and volume over-
loaded. Over time, PVD develops, and mortality in the first year of life is high (up
to 70%) unless timely repair is undertaken [8]. A small proportion of unrepaired
patients do survive to adulthood and beyond, with unilateral (segmental) PH.

6.2.5 Truncus Arteriosus with Stenosis of a Single Pulmonary
Artery

Truncus arteriosus or common arterial trunk is defined by the presence of an arterial
trunk arising from the ventricular mass through a common ventriculo-arterial junc-
tion, giving rise to both systemic and pulmonary circulations. The pulmonary arter-
ies originate from the arterial trunk in various patterns, classified into four types,
according to Collett and Edwards (Fig. 6.5): [25]

— Type I: single pulmonary trunk from the left lateral aspect of the common arterial
trunk, branching into left and right PA.

— Type II: separate origin of the PAs, but in proximity to each other, at the postero-
lateral aspect of the common arterial trunk.

— Type II: the pulmonary arteries originate independent from each other from the
left to the right lateral aspect of the common trunk.



6 Segmental Pulmonary Hypertension 77

I/A1 1I/A2 11/A2

I1/A3 A4

Fig. 6.5 Common arterial trunk: anatomic classification according to Collett and Edwards/Vann
Praagh

There was a fourth type in this classification, with neither of the PAs originating
from the common trunk, now classified as pulmonary atresia rather than truncus arte-
riosus. Van Praagh has proposed a separate classification (Types A1-A4, Fig. 6.5).

Stenosis of the origin of one or both PAs is present in up to one half of patients
and, depending on its severity, may in a minority of patients protect one or both PAs
from the development of PVD [26]. In the past, banding of the PAs was attempted
prior to repair, while nowadays complete repair is the treatment of choice. Banding
of the confluence of the PAs or of separate PA origins was not always effective, with
stenosis of one of the PAs and the development of PH in one of two lungs. In other
cases, certain pulmonary branches may be hypoplastic [27].
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6.2.6 Large Post-tricuspid Defects with Peripheral Pulmonary
Stenosis

Patients with large VSD, AVSD, PDA or AP window are expected to develop PVD
unless they are repaired in a timely fashion or receive effective PA banding.
Segmental PH may occur when the above defects are associated with peripheral PS
(one or more), which, if severe enough, is able to protect the corresponding pulmo-
nary vascular bed from the development of PVD. Moreover, a PA band may slip
(dislocate) towards the bifurcation, causing stenosis of one of the two PAs, leaving
the contralateral lung unprotected.

6.2.7 Waterston and Potts Shunts to a Single Lung

Systemic-to-pulmonary artery shunts are surgical procedures aimed at improving
pulmonary blood flow and oxygenation and allowing the growth of the PAs in
preparation of total repair of cyanotic congenital heart defects. Nowadays, this is
most commonly achieved by means of a modified Blalock-Taussig shunt,
(Fig. 6.4), using an appropriately sized interposition polytetrafluoroethylene
(PTFE) graft between the subclavian artery and the PA, hence not sacrificing the
subclavian artery (as was the case with the “classical B-T shunt”). Older types of
shunts, such as the Waterston (ascending aorta and right pulmonary artery (RPA))
or the Potts shunt (descending aorta and left PA), have been abandoned, as they are
difficult to size, and the risk of developing PH was high. When these shunts con-
nect the aorta to a single PA (disconnected pulmonary arteries) or when peripheral
PS is present or occurs as a result of the shunt, then segmental PH may develop
(Fig. 6.2).

6.2.8 Scimitar Syndrome

Scimitar syndrome (i.e. right pulmonary vein to inferior vena cava) can be associ-
ated with abnormal arterial supply to the right lung (abnormal size and branching
of the RPA and systemic arterial supply to part of the right lung) and at times PH
(Fig. 6.6) [28]. A dilated capillary bed has been described in areas of the lung
perfused not by the RPA but by systemic arteries. The development of PVD in the
absence of a post-tricuspid defect may be due to large volumes of systemic arte-
rial flow to the hypoplastic right lung. However, in histology in infants with scimi-
tar syndrome who developed PH, arterial medial thickness was increased in both
lungs, despite this being a pathology that affects the right lung only [29].
Guidelines on paediatric PH by the American Heart Association and American
Thoracic Society use scimitar syndrome as an example of multifactorial PH, asso-
ciated with venous obstruction, the sequelae of high flow from AP collaterals or
anomalous pulmonary venous connection and/or lung hypoplasia [30, 31].
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Fig.6.6 Example of scimitar syndrome. The right pulmonary artery is hypoplastic. The mid-lower
segments of the right lung are supplied by a collateral artery from the descending aorta
(thin arrow). Pulmonary venous return from this portion of the lung occurs through a scimitar vein
(wide arrow) to the inferior vena cava (often with stenosis at this level). The right lung is hypoplas-
tic. RA right atrium, /VC inferior vena cava, PA pulmonary artery, Ao aorta, LA left atrium

Whether scimitar syndrome can be considered as part of the spectrum of segmen-
tal PH remains to be established.

6.2.9 Pulmonary Vein Stenosis

Stenosis of one or more pulmonary veins can cause an increase in pulmonary pres-
sures through a rise in post-capillary pressure in the affected segment. In the pres-
ence of confluent pulmonary arteries, the rise in PA pressure will be detectable in
the entire pulmonary arterial tree, despite being generated by increased resistance in
part of the lung. The measurement of pulmonary wedge pressures in various lung
segments will identify the region affected. Pulmonary vein stenosis can be congeni-
tal or acquired [32]. The latter is usually a result of previous surgery (e.g. atrial
switch procedure for transposition of great arteries or repair of anomalous pulmo-
nary venous return) or interventional procedures (e.g. ablation of atrial fibrillation),
radiotherapy or extrinsic compression by enlarged cardiac chambers (e.g. a large
right atrium (RA) in Fontan patients) or other masses.

While pulmonary vein stenosis is classified within group 2 of the PH classifica-
tion, it is PH caused by disease of a single segment of the lung. If pulmonary arteries
are confluent, the result will be a rise in PA pressures in the entire lung (Fig. 6.7).
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Fig. 6.7 Analogy of the
pulmonary circulation to a
simple electrical circuit. Each
lung is represented by a
resistance (Rg, and Ry for the
right and left lung, respectively),
while a battery represents the
transpulmonary gradient (TPG),
i.e. the pressure gradient between
the mean PA pressure and mean
left atrial pressure. The electrical
current equates to the pulmonary
blood flow (PBF), divided into
right (PBFy) and left lung blood
flow (PBF.). In (a), both lungs
have a normal resistance, and a
normal TPG (low voltage
battery) is sufficient to maintain
a normal PBE. When the
resistance in both lungs increases
by three times (b), the TPG
(voltage) has to increase
threefold in order to preserve the
PBF (current). If the resistance
increases threefold in a single
lung (¢), the TPG has to be
increased by 50% to maintain the
total PBEF. In this case, the PBF
to the diseased lung will be 50%
of normal, while that to the
“healthy lung” is increased by
50%. The lung with normal
resistance will also be hyperten-
sive, and the shear stress may
over time cause an increase in
resistance in this lung as well.
While this is an extremely
simplified model of a theoretical
state, it demonstrates that any
condition that affects the
vasculature of a single lung
segment is likely to have a
repercussion on the rest of the
lung. This phenomenon is well
described in chronic thromboem-
bolic pulmonary hypertension, in
which unobstructed segments
develop pulmonary vascular
disease [33]
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6.3  Pulmonary Atresia in Tetralogy of Fallot

In the following sections of this chapter, we will focus on pulmonary atresia in TOF,
which is one of the most common types of pulmonary atresia and the most common
types of segmental PH.

The anatomy of the intrapericardial pulmonary arteries varies significantly
between individuals with pulmonary atresia within the spectrum of TOF. In cases
with an imperforate pulmonary valve, the pulmonary trunk is usually present and
patent, but may supply only one PA, while the other PA may be disconnected or
absent. In other cases, the pulmonary trunk can be atretic, presenting as a fibrous
strand from the ventricular outflow tract to the PAs. When the right and left pulmo-
nary arteries are present, they are usually confluent and tethered by the pulmonary
trunk to the ventricle, resulting in the “seagull sign” on angiography. When the PAs
are not confluent, one is typically connected to the remnant of the pulmonary trunk.
The PAs can be supplied by PDAs or MAPCA . In the most extreme cases, there are
no intrapericardial PAs, and supply to the lungs is provided exclusively by MAPCAs
(Fig. 6.3).

Blood supply to the PAs can, thus, be uni- or multifocal, depending on whether
the lung is supplied by one or more sources. Unifocal supply requires unobstructed
and confluent intrapericardial pulmonary arteries supplying both lungs, typically
via a PDA, rarely by a single MAPCA, an AP window or a fistula from the coronary
arteries. With multifocal pulmonary arterial supply, multiple MAPCAs feed the
lungs, usually when a large PDA is absent. Confluent intrapericardial pulmonary
arteries may exist but are usually not connected to all segments of both lungs, while
the remaining lung parenchyma is supplied directly by MAPCAs to segments, or
groups of segments, which may communicate with the confluent PAs. With non-
confluent PAs, various parts of the lung can be supplied by a combination of
MAPCAs, a PDA and AP window or, in the absence of these, by “acquired” col-
lateral arteries through bronchial, intercostal or coronary arteries (Fig. 6.2 and. 6.3).

The above could be categorized in three patterns of PA supply:

1. Confluent PAs supplied by a large PDA.

2. Confluent PAs coexisting with MAPCAS: In this case, MAPCAs provide flow to
the PAs through a variety of collaterals. Moreover, segments of the lung can be
supplied directly by MAPCAs.

3. Absence of intrapericardial PAs: Blood flow supplied by MAPCAs only.

MAPCASs can either connect a systemic artery to the origin of the intrapulmo-
nary arteries near the hilum or they can extend and branch along the bronchial tree.
They are typically two to six, and they usually arise from the anterior wall of the
aorta opposite the origin of the intercostal arteries but can also originate from the
brachiocephalic or coronary arteries.

Large MAPCAs, with no stenotic segments, like large PDAs, cause pressure and
volume overload in the segment of lung perfused; the shear stress to the arterioles
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leads to the development of PVD, a situation not dissimilar to that observed in large
post-tricuspid defects (Fig. 6.1), but, in this case, it only affects segments of the lung
perfused by the large collaterals. The presence of MAPCAs is, of course, not synony-
mous to PH. MAPCAs are essential in maintaining adequate pulmonary blood flow in
pulmonary atresia. A balance between adequate blood supply to most areas of the
lung, and absence of PVD, is desirable and can help achieve acceptable oxygenation,
reflected by peripheral systemic oxygen saturations.

6.4 The Assessment of Patients with Complex
Pulmonary Atresia

Most patients with pulmonary atresia are cyanosed at birth, with obligatory mixing
of oxygenated and deoxygenated blood within the aorta [6]. Cyanosis is worse
when the collateral circulation is inadequate. In infants with excessive pulmonary
flow, the praecordium is active. The first heart sound is normal, but the second heart
sound is single and loud due to the vicinity of the aorta to the chest wall. An aortic
ejection click can be heard due to the dilatation of the aortic root. Most characteris-
tic are the continuous murmurs relating to the PDA or MAPCAs. Most importantly,
if pulmonary vascular resistance increases distal to a large MAPCA, the continuous
murmur will become systolic and will be ever less prominent as PVD progresses.
Aortic regurgitation is not uncommon, but the murmur may be masked by the mur-
murs relating to the collaterals. In older patients, aortic stenosis may also develop.
Electrocardiography reflects the right ventricular hypertrophy and right atrial
dilatation.

Echocardiography is essential in the screening for segmental PH but is not suf-
ficient for firmly establishing the diagnosis. By definition, neither estimates of right
ventricular pressure (e.g. using the tricuspid regurgitation Doppler) nor any prop-
erty of the RV (e.g. size or function) is a reflection of the state of the pulmonary
circulation. Doppler can be used to interrogate flow through MAPCAs, a PDA or
surgical shunts, providing rough estimates of the gradient between the aorta and the
PAs, which is expected to be high in the absence of PH in the segment of the lung
fed by the shunt.

Other noninvasive investigations can provide valuable information in the assess-
ment of patients with pulmonary atresia. A plain chest x-ray (CXR) can provide infor-
mation on the size of the pulmonary arteries, which are often dilated when hypertensive.
Cardiac magnetic resonance provides valuable information of cardiovascular anat-
omy, including the morphology and size of central PAs, the presence and function of
larger collateral arteries and shunts as well as the ventricular function, aortic dimen-
sions and the function of the aortic valve, which is often regurgitant.

With recent advances in computed tomography (CT) imaging, this modality is
now frequently used for obtaining anatomic information on the aorta and pulmo-
nary arteries. Moreover, CT provides detailed information on shunts and MAPCAs
and the presence of stenoses of occluded shunts and can facilitate repair in younger
patients, also through 3D printing. Identification of large MAPCAs or a large PDA
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invariably implies that the area of the lung perfused by these is hypertensive in adult
patients. This is also supported by the presence of dilated pulmonary arteries or
MAPCAs, often with evidence of intracavitary thrombosis.

Cardiac catheterization remains the gold standard for assessing all patients sus-
pected to have PH, and this holds true also for segmental PH. Performing a full
haemodynamic study in patients with complex pulmonary atresia requires pump
injections into the aorta for the identification of MAPCAs and other shunts, fol-
lowed by careful selective angiography and haemodynamic assessment of each ves-
sel. This is a long and laborious process, often requiring large amounts of contrast
medium. It is not without risks as collateral vessels need to be deeply intubated to
assess pressures in the respective pulmonary segments and gradients along the col-
laterals. Damage to important collateral vessels and shunts can have devastating
effects, and cardiac catheterization is currently undertaken only when important
information is required for planning surgery or investigation for causes of symp-
tomatic deterioration. In fact, the aims of cardiac catheterization in pulmonary atre-
sia are to delineate the origin and distribution of blood flow to various lung segments,
to assess the anatomy of the central pulmonary arteries (when present) and their
relation of MAPCAs and to identify stenosis within the collateral vessels or shunts
or at the level of the PAs. Cardiac catheterization in this setting is also limited by the
inability to accurately assess pulmonary vascular resistance, especially in the pres-
ence of multifocal blood supply, with hyperperfused and hypoperfused segments of
lungs immediately adjacent to each other. When blood supply is strictly unifocal
(e.g. single large PDA or MAPCA), the central intrapericardial pulmonary arteries
should be entered, whenever possible, to estimate pulmonary vascular resistance.

While the catheters introduced in the venous system can reach the aorta through
the VSD, it is easier to identify and selectively assess MAPCAs and shunts through
aretrograde arterial route. When attempting to intubate MAPCAS from the descend-
ing aorta, intercostal arteries (which may be enlarged when providing collateral
circulation to the lung) may be entered. In this case, the catheter follows a posterior
course from the aorta towards the paravertebral gutter; in contrast, MAPCAs follow
an anterior course towards the hilum.

6.5 Surgical, Interventional and Medical Management

In all children born with complex pulmonary atresia with a VSD, the aim is to repair
the defect abolishing cyanosis. In most cases, biventricular repair can be achieved
through a Rastelli procedure in case of confluent PAs or after unifocalization, while
in a minority of cases, only a Fontan-type palliation and other palliative procedures
are undertaken (or no repair at all is possible) [34—36]. Palliative procedures in chil-
dren are aimed at increasing pulmonary blood flow and peripheral oxygenation,
allowing children to grow, before undertaking more complex surgery. Unifocalization
of all the collaterals into a single pulmonary vascular tree, which can then be con-
nected to the RV, is the ultimate aim (Fig. 6.8), unless there is clear evidence of
established PVD. In unrepaired adult patients, placement of palliative shunts or



84 K. Dimopoulos et al.

Fig.6.8 Complex pulmonary atresia repair through unifocalization. Simplified schematic represen-
tation of the unifocalization process or repair of complex pulmonary atresia. In (s) pulmonary atresia
with MAPCAs feeding the right lung and the midzone of the left lung, with a large PDA feeding the
left mid-upper lung (arrows). Unifocalization is typically performed in stages (one lung at a time)
and uses the MAPCAs to reconstruct the PA in each lung, attaching this to a Blalock—Taussig (B-T)
shunt (b, B-T shunts in green). Thereafter, anastomosis of the PAs to an RV-PA conduit completes
the procedure, with or without VSD closure. Unfortunately, peripheral pulmonary stenoses, persis-
tent pulmonary vascular disease in pulmonary segments previously supplied by large collaterals and
MAPCAS persisting or developing after repair are not uncommon. All of the above result in further
overload of the RV, which may already be impaired as a result of the previously pressure overload and
severe hypertrophy, cyanosis and repeat major surgery with implantation of a conduit

dilatation of existing but stenosed MAPCAs can be undertaken in symptomatic
patients to improve pulmonary flow and systemic oxygen saturations.

Current medication for PAH (so-called specific or advanced therapies) acts
directly or indirectly on smooth vascular musculature relaxation and proliferation by
stimulation or inhibition of different pathways. The use of these medications is
already approved in PAH and Eisenmenger physiology. There are only few studies in
the literature that describe the effects of advanced therapies in segmental PH. A mul-
ticentre study by Schuuring et al. on seven patients with diagnosis of segmental PH
due to pulmonary atresia treated with the endothelin receptor antagonist bosentan
demonstrated a significant improvement in functional class and exercise tolerance, as
6-min walk test distance improved by 62 m [3].

Another observational study by Lim et al. on five adult patients with complex
pulmonary atresia (or severe PS) and MAPCAs treated with the phosphodiesterase-
type 5 inhibitor sildenafil showed good tolerance to the drug in four of five cases
with good clinical response to treatment [37]. The five cases are briefly presented
below to illustrate the potential effects and complications of treatment: Patient num-
ber 1 had undergone unifocalization and RV—-PA conduit with partial closure of the
VSD. She had stenotic PAs on the right treated with balloon dilatations. The left PA
was still supplied by the large left Blalock—Taussig shunt and was hypertensive even
after test occlusion of the shunt. The shunt was occluded and sildenafil was started,
with unclear effects, as the patient deteriorated and died 2 years later. Patient num-
ber 2 was a 47-year-old man with hypoplastic PAs and had a previous Brock proce-
dure (to relieve of RV outflow tract stenosis) and subsequent PA balloon angioplasty.
He had hypoplastic PAs and MAPCAs and the PA pressure was two thirds of sys-
temic. He started on sildenafil with a reported “striking” improvement in effort tol-
erance and oxygen saturations. Unfortunately, he died 7 months later with pneumonia
complicated by haemoptysis and multi-organ failure. Patient 3 was an 18-year-old
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patient with pulmonary atresia who had undergone unifocalization without closure
of the VSD due to established PH in childhood. She was severely limited, and sig-
nificant vasoreactivity was observed with acute nitric oxide testing on cardiac cath-
eterization. Sildenafil was started but was not tolerated, and she was put on
nifedipine, with some improvement in exercise capacity but not oxygen saturations.
Patient 4 was a 17-year-old born with pulmonary atresia and hypoplastic confluent
PAs. She had undergone repair (unifocalization) with VSD closure and emboliza-
tion of persistent MAPCAs thereafter. PH was present during cardiac catheteriza-
tion, and she was treated with sildenafil with a “remarkable” improvement in
symptoms but no significant changes in haemodynamics. The last case was a
28-year-old with Di George syndrome and pulmonary atresia who received a
Waterston (ascending aorta to PA) shunt and subsequent RV-PA conduit without
VSD closure. He had near-systemic PA pressures and a severely hypoplastic right
PA. There was some vasoreactivity with nitric oxide. Her symptoms improved sig-
nificantly on sildenafil, as did oxygen saturations.

Yamamura et al. presented two children with segmental PH after pulmonary
atresia treated with bosentan [38]. In both cases, there was an improvement in
symptoms, haemodynamics and brain natriuretic peptide levels. Yasujara and
Yamagishi presented three cases which could, possibly, have had segmental PH
[8]. There was one paediatric case who developed PH after repair of pulmonary
atresia (with unifocalization). PA pressure improved through percutaneous treat-
ment of a peripheral PS and administration of phosphodiesterase-type 5 inhibitor
and an endothelin receptor antagonist. Another case of an adult with unrepaired
TOF with severe PS, hypoplastic PA tree and MAPCAs was found to have raised
(peripheral) PA pressures and was treated with an endothelin receptor antagonist.
There was alleviation of his symptoms of exercise intolerance and an improvement
in his quality of life. The third case described was an adult with TOF and a hypo-
plastic left PA repaired at the age of 5 years. At age 27 years, his left PA was found
to be occluded, and there were raised PA pressures on the right PA. Treatment with
an endothelin receptor antagonist lead to a deterioration of his oxygen saturations,
which the authors attributed to ventilation/perfusion mismatch or volume
overload.

Overall, the effect of PAH therapy in patients with segmental PH is still debated.
There are some promising data, but not all patients benefit and some may even
become intolerant to such therapies. Segmental disease, by definition, does not
involve the entire pulmonary vasculature, while the effects of medical treatment
are on the entire lung and may cause ventilation/perfusion mismatch in hypoventi-
lated segments. An increase in pulmonary blood flow may also theoretically over-
load the left ventricle, and care is recommended when considering specific PAH
therapies in patients with established left ventricular dysfunction and/or aortic ste-
nosis or regurgitation. Limitations in the assessment of pulmonary vascular resis-
tance in patients with multiple sources of pulmonary blood flow and/or peripheral
pulmonary stenoses also make the identification of patients who have developed
significant PVD and could, thus, benefit the most for PAH therapies, quite
difficult.
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6.6  Which Group Does Segmental Pulmonary
Hypertension Belong to?

Segmental PH is likely to share histological features with PAH (group 1), with the
exception of cases caused by pulmonary vein stenosis. It is, indeed, difficult to
imagine why the arteriolar changes in the portion of the lung supplied by a large
MAPCA or PDA in the case of complex pulmonary atresia should differ to the
changes caused to the entire lung by an isolated large PDA or AP window. Intimal
proliferation but also impaired lung development has been described in hyperten-
sive lung segments of young patients with pulmonary atresia, although most of the
available data is in infants, when hypoxia due to lung hypoperfusion is a greater
concern [39, 40]. Patients with pulmonary atresia surviving to adulthood are most
likely to have been born with large collaterals, ensuring adequate flow to the lungs,
but with the risk of developing PH.

The features of medial hypertrophy and intimal proliferation in pulmonary
hypertensive areas in pulmonary atresia resemble the changes seen in PAH (see
Chap. 1). However, the conditions grouped under PAH share not only histologi-
cal but also clinical features and a similar response to therapy. In this chapter, we
have described the wide range of conditions that could be grouped under the term
of segmental PH, which differ significantly from PAH in terms of pathophysiol-
ogy and the interaction between the heart and lungs. Moreover, there is still little
evidence on the management of segmental PH, and extrapolation from PAH stud-
ies requires caution. While segmental PH does not appear to strictly fulfil the
criteria for entering group 1 (PAH), it is clear that high levels of expertise are
required for managing these patients and identifying potential therapeutic
targets.

Conclusion

Segmental PH develops in patients when different portions of the lung are
perfused differently in terms of origin of the flow (antegrade vs. collateral
circulation or shunts) or due to the presence of obstructions in the pulmonary
tree that “shield” some segments but not the entire lung. It can be congenital
or acquired/iatrogenic. The prevalence of segmental PH is unknown, and the
diagnosis requires in-depth understanding of the anatomy and heavily relies on
invasive data. While the presence of large AP collateral vessels is not synony-
mous with segmental PH, it is likely to be the case when no significant gradi-
ent is present on echocardiography, and the flow through the collateral is
systolic rather than continuous. The efficacy of PAH-specific therapies in seg-
mental PH remains to be established, and, for this purpose, multicentre studies
are warranted.
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Functional univentricular heart (UVH) is a complex (congenital heart disease (CHD))
with an incidence of 3-5 per 100 children with CHD [1, 2]. The natural prognosis of
UVH is poor with a reported survival rate of less than 50% at 1 year and 10% at 10
years [3]. UVH is a heterogeneous patient group defined as one ventricle being inca-
pable of supporting either the systemic or the pulmonary circulation and/or biven-
tricular repair is impossible [4]. Examples of UVH are double inlet left ventricle,
tricuspid or mitral atresia, pulmonary atresia with intact ventricular septum, hypoplas-
tic left heart syndrome and unbalanced atrioventricular septal defect. An example
when biventricular repair is impossible despite there being two well-developed ven-
tricles is a large ventricular septal defect with straddling atrioventricular valve.

The Fontan operation represents the final stage in the strategy of choice for
management of these patients. Despite improved prognosis after the introduction
of the Fontan procedure, as originally described by Fontan and Baudet in 1971
[5], mortality in children born with UVH remains high, with 5-year survival from
38 to 75% depending on the diagnostic category of UVH [6]. This high mortality
reflects the fact that many children born with UVH will die without completion
of a Fontan-type circulation. On the other hand, survival in UVH children com-
pleting the Fontan procedure is relatively good with a 10-year postoperative sur-
vival rate above 90% [7]. An increasing number of Fontan patients are entering
adulthood; it is clear that this procedure, despite modifications since the initial
Fontan procedure, remains palliative. Patients are prone to developing arrhyth-
mias, exercise intolerance, thromboembolic events, heart failure, protein-losing
enteropathy, liver problems and other severe Fontan-related complications [8].
The aetiology of many of the complications is incompletely understood and
treatment remains a challenge (Table 7.1).

With the current surgical techniques, the prospects for significant improvement
of long-term complications seem limited. The main cause of the prognosis problem
is that the Fontan operation fails to achieve the normal physiology observed in a
two-ventricle circulation as a result of the lack of a sub-pulmonary ventricle pump-
ing blood through the pulmonary circulation.

This chapter aims to give an overview of the Fontan procedure and its physiol-
ogy, focusing on the pulmonary circulation.

71 Classic Fontan Procedure and Modifications

In the UVH circulation, the pulmonary and systemic circulations are placed in par-
allel, whereas after Fontan completion the two circulations are separated and placed
in series excluding the functional ventricle from the pulmonary circulation. Hence,
blood ejected from the single ventricle into the aorta, flows through both the sys-
temic and pulmonary circulation without any further myocardial propulsive contri-
bution, until it once again reaches the ventricle. Consequently, non-pulsatile or
severely attenuated pulsatile blood flow enters the lungs due to the absence of a
sub-pulmonary ventricle.
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Table 7.1 Long-term complications following Fontan surgery

Complication
Arrhythmias
Brady- and
tachyarrhythmias

Thromboembolic events

Exercise intolerance

Impaired ventricular
function

Hypoxemia

Reduced pulmonary
diffusing capacity

Potential aetiology
- Atrial dilatation
- Atrial fibrosis

- Suture lines

- Incompletely
understood, most likely
multifactorial involving
hypercoagulability, abnormal
haemodynamics and endothelial
injury/dysfunction

- Reduced preload

- Ventricular
impairment

= Chronotropic
incompetence

- Reduced pulmonary
diffusing capacity

- Pulmonary vascular
disease

- Overloaded and
dilated ventricle in the neonatal
period

- Underfilled and
preload-deprived ventricle after
Fontan completion

- Veno-venous
collateralization

- Pulmonary
arteriovenous malformations

- Progressive
ventricular impairment with or
without AV valve regurgitation
- Fenestration, baffle
leak or residual interatrial
communication (classic Fontan)
- Pulmonary vein
compression by giant right
atrium or aorta

- No sub-pulmonary
ventricle

- Pulmonary vascular
disease

Potential treatment
- Electrical cardioversion

- Class IC or class III
agents

- Radiofrequency
ablation

- Haemodynamic

evaluation and potential surgical
corrections

- Pacemaker/ implantable
cardioverter defibrillator ICD

No consensus. Anticoagulation is
indicated in the presence of atrial
thrombus, atrial arrhythmias or
thromboembolic events.
Antiplatelet therapy

Improvement may be achieved
from pulmonary vasodilators

Conventional heart failure therapy
has limited effect in most patients

Surgical or transcatheter
correction

No available data

(continued)
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Table 7.1 (continued)

Complication
Hepatic dysfunction

Protein-losing

enteropathy

Plastic bronchitis

Fontan failure

Potential aetiology

- Chronic liver
congestion due to increased
central venous pressure and
reduced hepatic circulation due
to low cardiac output

- Decreased cardiac
output

- Increased systemic
venous pressure

- Inflammation

- Pulmonary vascular
dysfunction

- Incompletely
understood, most likely
multifactorial with aetiology
similar to protein-loosing
enteropathy PLE

- Severely reduced
cardiac output due to any
Fontan-related complication

Potential treatment
No available data

- Diet: medium-chained
triglyceride MCT diet

- Medical: angiotensin
converting enzyme ACE inhibitors,
steroids, unfractionated heparin,
diuretics, transfusion with albumin,
intravenous immunoglobulin IVIG
- Surgical: fenestration,
atrioventricular pacing and
cardiac transplantation

- Fontan takedown,
Fontan conversion or heart
transplantation HTx

a b
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Fig. 7.1 Fontan modifications. (a) Classic Fontan (RA-PA), (b) lateral tunnel TCPC, (c) extra-
cardiac conduit TCPC. IVC inferior vena cava, LPA left pulmonary artery, MPA main pulmonary
artery, RA right atrium, RPA right pulmonary artery, RV right ventricle, SVC superior vena cava.
www.fontanoperation.com

In 1971 Fontan and Baudet published their report describing the first successful
surgical repair for tricuspid atresia. The original Fontan operation consisted of a
classic Glenn anastomosis between the superior vena cava (SVC) and the right pul-
monary artery (PA), closure of the atrial septal defect, insertion of a homograft
valve in the inferior vena cava (IVC) ostium and placement of a valved conduit
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between the right atrium (RA) and the left PA [5] (Fig. 7.1a). While initially applied
to patients with tricuspid atresia, the indications for this operation have been widely
extended, as have the criteria for consideration of the Fontan procedure [9].

From the classic Fontan procedure (the right atrium-to-pulmonary artery (RA—
PA) anastomosis), there has been considerable evolution in surgical techniques. In
1973, Kreutzer et al. described a large direct anastomosis between the RA append-
age and the main PA with its intact pulmonary valve, without the use of a Glenn
procedure [10]; in 1978, Bjork et al. described an anastomosis between the right
atrial appendage and the right ventricular outflow in patients with tricuspid atresia
and a relatively small but well-functioning right ventricle (RV) [11]. However, a
number of disadvantages of the RA—-PA anastomosis became apparent with time,
mainly progressive dilatation of the RA secondary to the elevated pressure, right
pulmonary vein compression, thromboembolism and supraventricular arrhythmias
[12]. Also pulmonary arteriovenous malformations in the right lung were reported
and were felt to be caused by the lack of hepatic venous drainage and “hepatic fac-
tor” into the right lung [13]. These observations, along with experimental findings
of de Leval et al., were the basis for the introduction of the total cavopulmonary
connection (TCPC) using the lateral tunnel technique, whereby the RA was baffled
with an intra-atrial patch to channel the IVC blood flow to the right PA, which com-
municated with the left PA. In this way, all but the lateral wall of the RA was
excluded from the Fontan pathway and the SVC was sutured directly to the undi-
vided right PA (bidirectional Glenn (BDGQ)) [14] (Fig. 7.1b). The TCPC was con-
sidered to be more energy efficient, and the concept was further extended by
Marecelletti et al. who introduced the extra-cardiac conduit, which is the procedure
of choice in most centres today [15]. The extra-cardiac conduit consisted of replace-
ment of the intra-atrial route of venous blood by insertion of an extra-cardiac syn-
thetic tube graft connecting the IVC to the right PA (Fig. 7.1c). Thereby, atrial
manipulation was minimized, atrial incision and suture lines were eliminated, and
the procedure could be performed without cardiopulmonary bypass in some
patients.

The superiority of the TCPC compared to the RA-PA anastomosis, with regards
to short- and long-term mortality and morbidity, became obvious with time [7].
Furthermore, clear clinical improvement was shown after Fontan conversion from
the RA—PA anastomosis to the TCPC [16]. Comparison of the lateral tunnel and the
extra-cardiac conduit has shown no difference in mortality [17-19], whereas con-
flicting data on the prevalence of arrhythmias is available, with studies reporting a
lower incidence of arrhythmia in the extra-cardiac conduit TCPC [17, 18], equal
risk of arrhythmia between the two techniques [20] or less frequent arrhythmia in
the lateral tunnel TCPC [19]. Fenestration and staging of the Fontan procedure has
also been introduced in order to improve outcome.

7.1.1 Fenestration

In 1990, Bridges et al. described the use of fenestration as part of the Fontan proce-
dure [21]. The fenestration functions by allowing right-to-left shunt when systemic
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venous pressure is elevated, resulting in an increased systemic cardiac output — albeit
at the expense of cyanosis — which is preferable in the immediate postoperative
period in some patients. It later became clear that creating a fenestration improved
survival in high-risk patients [8, 22] and reduced duration of hospital stay, as well as
the duration and volume of chest tube drainage [23, 24]. The necessity and proper
timing of fenestration closure using cardiac catheterization remain unknown and
may be considered in cyanotic patients if test balloon occlusion does not cause criti-
cally elevated systemic venous pressure [25]. After fenestration closure, improved
oxygenation, reduced need for anticongestive medication and improved somatic
growth but higher incidence of tachyarrhythmias have been reported [26, 27].

7.1.2 Staging

One of the major improvements resulting in a significant decrease in morbidity and
mortality following the Fontan procedure has been the concept of staging by a pre-
ceding BDG or hemi-Fontan operation [28, 29] (Table 7.2). Timing of the BDG
procedure has been discussed in several studies, with many highlighting the benefit
of performing an “early” Glenn anastomosis between 2 and 6 months of age [30—
33]. The optimal timing of Fontan completion remains unknown and is performed
in most centres between 2 and 4 years of age [34].

7.2  Fontan Physiology

In the normal biventricular circulation, pulmonary circulation and systemic circu-
lation are connected in series. In the UVH patient, the two circulations are placed
in parallel, whereas after the Fontan completion, they are placed in series, but still

Table 7.2 Staged Fontan procedure
Stage Type of surgery

1 . Blalock-Taussig  Aim: achieve unrestricted systemic outflow and balanced
shunt pulmonary blood flow
. Pulmonary artery Consequence: the parallel circuit is maintained, the
banding ventricle is volume overloaded and arterial desaturation
0 Norwood-type persists
surgery

2 . Bidirectional Aim: connect the SVC to the PA and eliminate or restrict
Glenn anastomosis other sources of pulmonary blood flow

Consequence: removes the left-to-right shunt and,
thereby, unloads the ventricle. Arterial desaturation
persists
3 . Total Aim: connect the IVC to the PA
cavopulmonary connection  Consequence: separated pulmonary and systemic
circulation now placed in series. Normal or near-normal
saturation
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only containing one ventricle, which is placed before the systemic circulation. In
other words, the ventricle in the Fontan circuit has to overcome an increased after-
load compared to the biventricular circulation, since the ventricle has to overcome
both the systemic vascular resistance and the pulmonary vascular resistance
(PVR). Due to the lack of a sub-pulmonary ventricle producing a step up in PA
pressure and producing pulsatile pulmonary blood flow, a chronic elevation of
systemic venous pressure is required to maintain transpulmonary blood flow.
Forward pulmonary blood flow is opposed by the resistance created by the Fontan
circuit, the main PA branches, the intraparenchymal small pulmonary arteries as
well as a high post-capillary pressure often due to diastolic dysfunction of the
systemic ventricle or valve dysfunction. Additional factors limiting effective pul-
monary blood flow are the presence of a right-left shunt (fenestration, residual
intra-atrial leaks in the Fontan pathway, system venous to pulmonary venous col-
laterals) or the presence of systemic—pulmonary collaterals [35]. Thus, the “nor-
mal” haemodynamic status in a Fontan patient is characterized by elevated
systemic venous pressure, decreased (in particular during exercise/stress situa-
tions) and non-pulsatile pulmonary blood flow, decreased ventricular preload and
increased ventricular afterload.

7.2.1 The Single Ventricle

In the normal heart, the RV acts as a pump and drives the systemic venous blood
into the pulmonary circulation. The tricuspid valve guards the RA and the systemic
veins from the pressure generated in the RV. Therefore, systemic venous pressure
remains low (<10 mmHg), while the systolic PA pressure is higher (>15 mmHg). In
the Fontan circulation, the systemic venous blood is directly channelled into the PA
from the systemic veins. Therefore, creation of a cavopulmonary connection results
in a higher systemic venous pressure than normal (10-15 mmHg), since the sys-
temic venous pressure is equal or above the PA pressure [36].

Before birth the single ventricle of a fetus with UVH is enlarged when compared
to a normal left ventricle for body surface area BSA) [37]. A normal left ventricle
carries 40—45% of fetal cardiac volume output, whereas the single ventricle carries
as much as 220-250% of the expected volume output [37]. After birth, the pulmo-
nary and systemic circulation are placed in parallel in an UVH. Consequently, arte-
rial desaturation caused by mixing of venous and arterial blood and continued
volume overload to the single ventricle is usually present. This parallel circuit needs
to be maintained until the PVR has declined and the SVC and IVC and pulmonary
arteries (PA) have grown adequately to perform the Fontan procedure. Meanwhile,
the pulmonary circulation often needs to be manipulated through banding of the PA
(if no anatomical restriction to pulmonary blood flow is present), or placement of a
systemic-to-PA shunt and possibly either discontinuation or banding of the
PA. Volume load to the single ventricle will thus be around 250-350% when related
to normal for BSA [37]. Consequently, a solid physiological basis for creation of a
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cavopulmonary circulation (Fontan circulation) is present, thereby relieving arterial
desaturation and volume overload to the single ventricle.

The dramatic volume overload to the single ventricle, in combination with the
cyanosis before the BDG or Fontan procedure, may eventually lead to a progressive
deterioration of the systemic ventricular function, which is partially reversible [38].
When ventricular volume overload is suddenly removed after the BDG/Fontan
operation, geometric alterations occur in the face of relatively stable ventricular
mass but a considerable decrease in cavity size. These sudden changes may impair
diastolic ventricular function and result in critically low cardiac output postopera-
tively [39, 40]. A complete Fontan procedure unloads the systemic ventricle to
50-70% of normal if the volume load is related to BSA, but to <50% if related to
the size of the severely dilated ventricle [37]. Obviously, a large chronically volume
overloaded ventricle should be avoided by restricting pulmonary blood flow early
and excessive unloading should be avoided by staged surgery and early unloading
of the ventricle at the time of the BDG.

Regarding the role of the ventricular function in relation to cardiac output, it
appears that limited cardiac output will only be evident when systolic ventricular
function is severely impaired. In most Fontan patients with a reasonable systolic
function, it does not seem to play a significant role, whereas an impaired preload
reserve is the limiting factor of cardiac output [41]. However, Schmitt et al. found in
their study, using magnetic resonance imaging (MRI) catheterization, a significant
and adequate decrease in PVR during dobutamine stress along with enhanced pul-
monary blood flow [42]. Meanwhile, decreased diastolic compliance and unchanged
stroke volume was observed, indicating that diastolic dysfunction might also be a
determinant of cardiac output in Fontan patients.

7.2.2 The Pulmonary Circulation and the Role of the PVR

The pulmonary circulation is a key factor in the Fontan-type circulation due to
absence of a sub-pulmonary ventricle. The elevated systemic venous pressure,
together with the negative intrathoracic pressure during inspiration, are the driving
forces for the transpulmonary flow. The lack of a sub-pulmonary ventricle results
in a non-pulsatile or severely attenuated pulsatile pulmonary blood flow, although
atrial contraction may cause some pulsatile pulmonary flow in case of RA-PA
anastomosis or a lateral tunnel [43]. Furthermore, in the absence of a sub-pulmo-
nary ventricle, forward flow in the Fontan circulation is highly dependent on the
presence of the following physiological conditions: PVR must be low, the PA
should be of adequate size, no significant valvulopathy should be present, and the
systemic ventricle must have an adequate systolic and diastolic function. Therefore,
it is essential to preserve the above conditions in both the pre- and post-Fontan
state.
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Table 7.3 Potential reasons for « Pulmonary hyper- or hypo-perfusion
increased PVR in Fontan patients « Non-pulsatile pulmonary blood flow
* Cyanosis
* Age

A low PVR is crucial for the optimum functioning of the Fontan circulation
[44] and a high PVR was shown to be a strong predictor of mortality [45]. The
pulmonary blood flow is determined by the transpulmonary pressure gradient
and PVR. The transpulmonary gradient, which is the difference between the
systemic venous pressure and the pulmonary venous pressure in Fontan patients,
shows little variability at rest [41]. Consequently, PVR appears to be the major
determinant of transpulmonary blood flow, and influences preload to the sys-
temic ventricle in the absence of a fenestration. As stated, above early restric-
tion of pulmonary blood flow until BDG is of great importance to preserve
ventricular function. On the other hand, it is of equal or maybe greater impor-
tance to offer sufficient flow at an adequate pressure to the PA in order to ensure
continuing lung growth and a high-quality pulmonary vascular bed with low
PVR [37]. The different physiology and flow conditions from birth to Fontan
completion may affect the pulmonary circulation in different ways, and long-
term follow-up has shown that PVR may rise years after Fontan completion
(Table 7.3).

7.2.3 Pulmonary Hyper- or Hypo-perfusion

Flow through a circuit is determined by the driving force and the resistance.
Before the stage 1 procedure (Table 7.2), flow distribution to the systemic and
pulmonary circulation predominantly depends on their respective vascular resis-
tances, and — unless a flow restriction is presented proximal to the pulmonary
vascular bed, e.g. pulmonary stenosis — increased pulmonary blood flow will pre-
vail. If left untreated, this may lead to proliferative changes in the pulmonary
vascular bed and elevated PVR. In case of reduced pulmonary blood flow due to
pre-pulmonary obstruction, the PA and vascular bed may remain underdeveloped,
also resulting in raised PVR.

It is impossible to create a Fontan circuit in the neonatal period, since PVR is too
high and the vessels used in the cavopulmonary connections are too small. Therefore,
the goal of the stage 1 procedure, besides survival, is to provide unobstructed sys-
temic outlet, unobstructed systemic and pulmonary venous return and ensure ade-
quate pulmonary blood flow. Therefore, the outcome of the stage 1 procedure is
crucial for achieving a balanced pulmonary and systemic circulation and a good
short and long-outcome after Fontan completion.
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7.2.4 Non-pulsatile Pulmonary Blood Flow

The lack of pulsatile pulmonary blood flow may result in increased PVR in Fontan
patients. It has been shown that pulsatile flow regulates the shear stress-mediated
release of many endothelium vasoactive molecules and deregulation of this mecha-
nism may lead to endothelial dysfunction [46].

The non-pulsatile pulmonary blood flow has been shown in animal models simu-
lating Fontan-type circulation to increase PVR through vascular remodelling [47].
This effect is possibly mediated by reduced pulmonary endothelial nitric oxide
(NO) expression, which causes vasoconstriction, intimal and medial thickening and
consequently increased PVR [48]. The non-pulsatile blood flow has also been
shown to have major effects on endothelial function [49], reduced vascular recruit-
ment [50, 51] and lung vessel growth, which in turn influence PVR [52]. Despite
several analyses, the physiologic changes in the pulmonary vasculature after Fontan
completion, and the underlying pathogenesis of non-pulsatile flow-induced pulmo-
nary hypertension in the Fontan circulation, remain poorly understood.

7.2.5 Cyanosis

Cyanosis is another factor that might affect PVR. Before Fontan completion, all
UVH patients are cyanotic, while after Fontan completion, the pulmonary and
systemic circulation are separated and most have normal or near-normal oxygen
saturation. However, right-left shunts are present in most Fontan patients from,
e.g. fenestration, residual intra-atrial leaks in the Fontan pathway, veno-venous
collaterals and coronary sinus blood draining to the systemic circulation. The
presence of hypoxia is known to cause pulmonary vasoconstriction, resulting in
increased PVR.

Besides excessive pulmonary perfusion, non-pulsatile pulmonary blood flow
and cyanosis, it has been speculated that increased PVR in Fontan patients
might be a result of micro-emboli from the venous system [53], ageing [54],
obstructed airways caused by lymphatic dysfunction [55] and prolonged over-
expression of vasoconstrictors such as endothelin-1 [56, 57]. A significantly
higher plasma level of endothelin-1 has been found in Fontan patients compared
to controls [58].

It is important to emphasize that there is still some controversy on how to mea-
sure and interpret PVR in the Fontan patient. It was suggested that pulmonary
hypertensive vascular disease after the Fontan procedure should be defined as a
PVR index more than 3.0 Wood units x m? or a transpulmonary gradient more than
6 mmHg — even if the mean PA pressure is much lower than the 25 mmHg used to
define pulmonary hypertension [59]. Furthermore, the accuracy of PVR and effec-
tive pulmonary blood flow measured in Fontan patients is still low due to the pres-
ence of multiple source of pulmonary blood flow and systemic venous or veno-venous
collaterals.
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Fig. 7.2 Schematic drawing of pressure and blood flow during rest and during exercise in the
biventricular and the Fontan circulation. Ao aorta, CPB cavopulmonary bypass, LA left atrium, LV
left ventricle, PA pulmonary artery, P pulmonary circulation, RA right atrium, RV right ventricle, S
systemic circulation. Reprint from La Gerche & Gewillig M, Int J Pediatr. 2010. pii: 791291. doi:
10.1155/2010/791291. Epub 2010 Sep 7

7.3  Exercise Physiology in the Fontan Circulation

In the normal biventricular heart, cardiac output increases up to 500% during
exercise to meet the muscular metabolic demands [60]. This is achieved by
increasing stroke volume and heart rate and by reducing afterload. Augmentation
of cardiac output is extremely dependent upon preload reserve. In the biven-
tricular circulation, the RV increases systolic pressure up to 50 mmHg and at the
same time PVR falls through release of endothelial NO in response to increased
pulsatility of the pulmonary blood flow, thereby securing sufficient increase in
systemic ventricular preload [61]. Due to the lack of a sub-pulmonary ventricle
to add forward energy to flow through the lungs, the flow return from the pulmo-
nary vascular bed is thereby restricted, resulting in decreased or absent preload
reserve to the ventricle (Fig. 7.2) [41]. Consequently, in Fontan patients, minor
changes of PVR result in marked changes of cardiac output, and only when
severely impaired, the ventricle will influence cardiac output [41].
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mPAP mean pulmonary arterial pressure
PAH pulmonary arterial hypertension
PH pulmonary hypertension

PAP pulmonary arterial pressure
PAWP pulmonary artery wedge pressure
PVR pulmonary vascular resistance
RHC right heart catheterization

SVR systemic vascular resistance
TGA transposition of the great arteries
TPG trans-pulmonary pressure gradient
WHO World Health Organization

WU Wood units

8.1 Introduction

Pulmonary hypertension (PH) is a haemodynamic and pathophysiological condition
defined as an increase in mean pulmonary arterial pressure (mPAP) at rest > 25
mmHg as assessed by right heart catheterization (RHC). Haemodynamically PH
can be further distinguished into precapillary PH and post-capillary PH [1].

Post-capillary PH represents a group of clinical conditions in which pulmonary
artery wedge pressure (PAWP) is elevated above 15 mmHg. This clinical group of
post-capillary PH consists of PH due to left heart disease (LHD) and PH with
unclear or multifactorial mechanisms. Regarding adult congenital heart disease
(ACHD) patients, the LHD can include left ventricular (LV) systolic dysfunction,
LV diastolic dysfunction, valvular disease, congenital left heart obstruction, con-
genital cardiomyopathies and congenital pulmonary vein stenosis. The guidelines
also suggest that patients belonging to group 5 of the international PH classification
(PH with unclear and/or multifactorial mechanisms) can be classified as having
post-capillary PH. This is likely to reflect the fact that many of the conditions within
group 5 can cause a rise in post-capillary pressures (e.g. severe pulmonary vein
stenosis in fibrosis mediastinitis, diastolic LV dysfunction in chronic renal failure,
etc.) (Table 8.1).

Post-capillary PH can also be divided into isolated post-capillary PH (Ipc-PH)
and combined post-capillary and pre-capillary PH (Cpc-PH) according to current
recommendation guidelines. Distinction is made on the basis of diastolic pulmonary
pressure gradient (DPG) and pulmonary vascular resistance (PVR) [1]. The DPG,
calculated as the difference between diastolic pulmonary arterial pressure (PAP)
and mean PAWP, seems to be a more specific parameter for identifying patients with
a Cpc-PH, as it appears to be less sensitive to pulmonary vascular compliance or
pulmonary blood flow compared to the more commonly used trans-pulmonary pres-
sure gradient (TPG, the difference between mPAP and mean PAWP) [2-4].
Nevertheless DPG must be considered in the context of PVR and TPG [5, 6].
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Table 8.1 Clinical classification of post-capillary PH in ACHD (Adapted from the 2015 ESC/
ERS guidelines for the diagnosis & treatment of pulmonary hypertension, Galie N et al.)
Clinical groups of post-capillary PH in ACHD
PH due to left heart disease PH with unclear and/or multifactorial mechanisms
LV systolic dysfunction Coexistent chronic renal failure, pulmonary venous
stenosis or other Group 5 condition
LV diastolic dysfunction
Valvular disease
Left heart inflow/outflow
Heart obstruction and cardiomyopathies
Pulmonary veins stenosis

LV left ventricle, PH pulmonary hypertension, ACHD adult congenital heart disease

Hemodynamic classification of PH

PH
(mPAP > 25 mmHg)

i N

Pre-capillary PH Post-capillary PH
PAWP <15 mmHg PAWP > 15 mmHg
e N
Ipc-PH Cpc-PH
DPG < 7mmHg DPG = 7mmHg
and/or and/or
PVR <3 WU PVR >3 WU

Fig. 8.1 Haemodynamic classification of PH. PH pulmonary hypertension, mPAP mean pulmo-
nary arterial pressure, PAWP pulmonary arterial wedge pressure, PVR pulmonary vascular resis-
tance, DPG diastolic pressure gradient, WU Wood units (Adapted from 2015 ESC/ERS guidelines
for the diagnosis and treatment of pulmonary hypertension. Galie N et al.). Ipc-PH isolated post-
capillary PH, Cpc-PH combined post-capillary and pre-capillary PH

Ipc-PH is defined as postcapillary PH with a normal DPG (lower than 7 mmHg)
and normal PVR (less or equal than 3 Wood units) (Fig. 8.1) [1]. In contrast to
Cpc-PH, Ipc-PH can be entirely reversible when mean PAWP is normalized, for
example, by treating the underlying cause. On the other hand, Cpc-PH often devel-
ops as a consequence of long-standing Ipc-PH (e.g. long-standing mitral stenosis)
with a progressive rise in DPG and PVR, transforming Ipc-PH into Cpc-PH. This
condition has to be distinguished from pulmonary arterial hypertension (PAH),
since targeted PAH therapy may be of limited benefit, or even detrimental in this
setting, despite the existence of a clear pre-capillary component. Treating the
underlying LHD remains the cornerstone of therapy.
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While this classification is useful for the initial patient stratification and to fur-
ther guide assessment and treatment, it is nevertheless simplified, and further impor-
tant issues need to be addressed.

8.2  Pulmonary Hypertension Due to Left Heart Disease
8.2.1 Epidemiology

LHD is the most common cause of PH and accounts for 65-80% of PH cases. It is
classified as World Health Organization (WHO) PH group II according to current
guidelines [1]. In this group of patients, PH represents a complication of underlying
LHD, and it is associated with disease progression, worsening of symptoms, exer-
cise intolerance and has a negative overall impact on outcome. When compared to
PAH, these patients are often older, more likely to be female and present with car-
diovascular comorbidities and metabolic syndrome [7, 8].

The prevalence of patients with heart failure (HF) and PH varies greatly
depending on patient subsets, definitions used in studies and the methods used to
estimate PAP. In HF with reduced ejection fraction (HFrEF), defined as left ven-
tricular ejection fraction less than 40% (LVEF < 40%) [9], the prevalence of PH
is reported from 40 to 75% [5, 10, 11]. In the setting of congenital heart disease
(CHD), patients with congenitally corrected transposition of the great arteries
(ccTGA) and transposition of the great arteries (TGA) after atrial switch opera-
tion, both conditions in which the morphological right ventricle is a part of
the systemic circulation, often present with reduced ejection fraction and HF
symptoms. The morphological right ventricle is not well suited on the long run to
support the systemic circulation and, as a result, systemic ventricular dysfunction
and HF is a common complication in adulthood. In patients with chronic HF, there
is an inverse correlation between the extent of the increase in both PAWP and PAP
and survival [12].

In patients with heart failure with preserved ejection fraction (HFpEF), defined
as left ventricular ejection fraction equal or more than 50% (LVEF > 50%) [9],
recent studies indicate a PH prevalence of 52% to 83% [13, 14]. HF patients, in
their majority, present with Ipc-PH, while Cpc-HF is uncommon with a reported
prevalence of only 12-14% or less. Cpc-HF is nevertheless associated with
decreased survival in comparison to HF with no PH nor Ipc-PH [15].

PH can be seen in the majority of patients with severe symptomatic mitral valve
disease and in up to 65% of those with symptomatic aortic stenosis [16, 17]. Surgical
aortic valve replacement is the recommended procedure for severe aortic stenosis,
but perioperative complications are greater when there is PH preoperatively.
However, valve replacement is an effective treatment of PH associated with this
condition, and a decrease in PAP can be seen immediately after surgery. Some
patients will continue to have persistent PH after the operation, which is associated
with a decreased long-term survival [18]. Patients with congenital mitral valve
anomalies (such as congenital mitral stenosis with two papillary muscles, parachute
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mitral valve with a single papillary muscle, usually seen as a part of Shone complex,
double-orifice mitral valve, supravalvar mitral ring, etc. [19]) can also develop
PH. In patients with mitral valve disease, the development of post-capillary PH is
one of the indications for surgical repair, even though right ventricular dysfunction
may occur post-operatively and some centres have used sildenafil as a means of
keeping PVR low and allowing the right ventricle to recover [20].

Other lesions, such as baffle stenosis in TGA after atrial switch operation, cor
triatriatum sinistrum or Shone complex (multilevel left heart obstruction defined
with four obstructive lesions — supravalvular mitral membrane, parachute mitral
valve, subaortic stenosis and aortic coarctation [21]), can also lead to post-capillary
PH with different incidence. In Shone complex secondary PH is common and often
progresses rapidly [22].

No specific genetic linkage has been identified in this group of patients [23].

8.2.2 Pathophysiology

The pathophysiology of PH due to LHD is a complex process, with multiple factors
contributing to its development and progression. PH develops in LHD as a result of
passive backward transmission of elevated left-sided filling pressures, which occurs
as a consequence of systolic or diastolic LV dysfunction, valve disease or obstruc-
tive lesions. The elevated left-sided filling pressures result in a rise in pulmonary
venous pressures, which tramits backwards into the pulmonary arteries, resulting in
post-capillary PH. Therefore, any increase in LV end-diastolic pressure (LVEDP) or
PAWP is likely to cause a rise in PAP. This situation, in which DPG, TPG and PVR
remain within normal range, was previously called passive PH or pulmonary venous
hypertension; at present it is labelled as Ipc-PH.

In some patients, these purely mechanical circumstances of elevated left pul-
monary venous pressure and venous congestion might trigger changes in the pul-
monary vascular tree, such as decreased nitric oxide (NO) availability, increased
expression of endothelin-1, desensitization to natriuretic peptide-induced vasodi-
latation, infiltration of inflammatory cells, neurogenic or metabolic factors,
hypoxia-induced vasoconstriction and growth responses [2, 24]. This results in a
further increase in mPAP, due to a rise in PVR. Previously, this group of patients
with LHD who have an elevated DPG, TPG and PVR were referred to as mixed,
reactive, disproportionate or out-of-proportion PH. However, according to the
current guidelines, the preferred term is Cpc-PH [1]. Treatment that can normalise
the left-sided pressures, may also normalise PVR, but in some patients the precap-
illary component may persist. In the latter, elevated pulmonary pressures may
lead to structural remodelling, i.e. pulmonary vascular disease mainly in small
pulmonary resistance arteries. Histopathological changes include thickening of
the alveolar-capillary membrane, medial hypertrophy, intimal and adventitial
fibrosis and luminal occlusion in small pulmonary arterioles. Plexiform lesions,
considered typical of idiopathic PAH and Eisenmenger syndrome, are usually not
found in this setting [13, 25].



110 M. Brida and G.-P. Diller

Post-capillary PH increases right ventricle afterload. The right ventricle initially
becomes hypertrophic and increases its contractility in response to the high PAP, but
over time this may not be sufficient. In these circumstances, right ventricular dilata-
tion and dysfunction may occur and ultimately trigger right ventricular failure (mal-
adapted right ventricle/heterometric adaptation, see also chapter 1) [11, 26]
(Fig. 8.2). Moreover, it is important to consider additional conditions that can aggra-
vate pre-capillary PH, such as pulmonary embolism or sleep-disordered breathing,
especially in patients with Down syndrome.

Additional research in this area is required in order to better understand the
pathophysiology of this condition and the factors associated with the development
of a significant pre-capillary component in susceptible patients with post-capillary
PH and ultimately provide better and more specific treatment options.
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8.2.3 Diagnosis and Evaluation

Patients with post-capillary PH usually present with symptoms of left HF such as
breathlessness, orthopnoea, paroxysmal nocturnal dyspnoea, reduced exercise tol-
erance and fatigue. When compared to PAH patients, this group of patients are usu-
ally older, more often hypertensive or have diabetes, are more prone to coronary
artery disease and are often overweight. Features of metabolic syndrome and his-
tory of HF are common, as well as presentation with atrial fibrillation [1].

All patients suspected to have PH should first undergo clinical evaluation and
basic non-invasive testing, and only if indicated additional tests should be per-
formed. A stepwise diagnostic approach incorporates clinical history and physical
examination with electrocardiography (ECG) and other imaging techniques. ECG
abnormalities, although not specific, are almost always present, and HF is unlikely
in patients presenting with a completely normal ECG. In PH due to LHD, signs of
LV hypertrophy, left axis deviation and atrial fibrillation can be frequently observed
[13].

Echocardiography is the most useful, widely available diagnostic tool and, as
such, plays a key role in the initial diagnosis of PH. Moreover echocardiography can
easily detect systolic dysfunction of the systemic ventricle in patients with pulmo-
nary hypertension and heart failure with reduced ejection fraction (PH-HFrEF) or
valve disease. Systemic ventricular dysfunction is, indeed, quite common in ACHD
as aresult of previous or ongoing hemodynamic lesions and prior surgery. Moreover,
patients with TGA after atrial switch operation, ccTGA and unoperated univen-
tricular heart anatomy are prone to systemic ventricular failure and severe systemic
atrioventricular valve regurgitation [27, 28].

Echocardiography also helps to discriminate HFrEF from HFpEFE
Echocardiographic key structural alterations in HFpEF in non-congenital patients are:
enlarged left atrial volume index (LAVI) > 34 mL/m? or a left ventricular mass index
(LVMI) >115 g/m? for males and >95 g/m? for females. Further key findings include
an E/e’ > 13 and a mean e’ septal and lateral wall <9 cm/s [9]. In the setting of CHD,
assessing diastolic dysfunction can be challenging, especially in conditions presenting
with a reduced LV preload (e.g. patients with a Fontan procedure).

In the case of mild PH in the presence of significant LHD, further evaluation of
the PH is usually not required. However, when PH is significant and may impact on
the choice of treatment, echocardiography alone is not sufficient to support a treat-
ment decision, and cardiac catheterization is required. Moreover, RHC is indicated
in patients with PH due to LHD if organ transplantation is considered [1]. RHC is
best performed electively, in a compensated stable condition.

When performing RHC for any of the above reasons, it is crucial to obtain a com-
plete set of pulmonary haemodynamics. This includes measurements of systolic,
diastolic and mPAP, right atrial pressure, cardiac output/cardiac index and mixed
venous oxygen saturation; calculation of TPG, DPG and PVR; and interpretation of
pulmonary haemodynamics in relation to systemic vascular resistance, PVR/SVR
ratio.
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Left-sided filling pressure is determined either as LVEDP, left atrial pressure or
PAWP; in post-capillary PH, left-sided filling pressure is elevated (>15 mmHg) in
comparison to pre-capillary PH. In post-capillary PH, the elevation in PAWP leads
to a “proportionate” increase of the mPAP, maintaining a normal TPG, DPG and
low PVR (Ipc-PH).

Distinction between post-capillary and PAH is essential, as it has direct impli-
cations on further treatment, e.g. on the use of PAH therapies, which are not indi-
cated in post-capillary PH. As mentioned previously, differentiating pre-capillary
PH from post-capillary PH is especially challenging in patients with HFpEF.
Echocardiographic findings are not always conclusive and can be difficult to inter-
pret. Even on invasive assessment, many patients with PH-HFpEF may have
reduced PAWP below 15 mmHg due to diuretic treatment [30-32]. Acute volume
challenge (e.g. a fluid bolus of 500 mL) may help to discriminate patients with
PAH from those with LV diastolic dysfunction [33]. In patients with LV diastolic
dysfunction, i.e. HFpEF, even small changes in volume are associated with a sig-
nificant increase in filling pressures, thus, “volume challenge” may unmask occult
post-capillary PH. Based on current data, this approach appears to be safe, and a
PAWP >18 mmHg may be considered as an abnormal response to fluid [34].
Similarly, exercise testing may also help in uncovering post-capillary PH. A steep
diastolic pressure—volume relation and high PAWP at low workload play a key
role in exercise limitation [35, 36]. At present, even though potentially useful,
both of these tests lack proper standardization and normal values, limiting their
use in clinical practice.

8.2.4 Therapy

The primary goal of therapy in post-capillary PH is to treat the underlying heart
condition. This includes repair of the congenital heart defect, such as valvular heart
disease, and aggressive medical treatment of patients with impaired systemic ven-
tricular function [1]. In settings such as TGA after atrial switch operation, the intra-
atrial tunnels (baffles) can obstruct pulmonary venous drainage and lead to
PH. Symptomatic patients with baffle stenosis should undergo catheter intervention
when possible or surgical repair if intervention is not possible [37]. Catheter inter-
ventions are also a treatment option in other ACHD, such as in patients with pulmo-
nary vein stenosis [38]. In general, better postoperative and long-term results can be
expected when treatment of the underlying condition is performed before the devel-
opment of significant PH, especially Cpc-PH.

HF is a frequent problem in the ACHD population. Three neurohormonal antag-
onists (angiotensin-converting enzyme inhibitors, mineralocorticoid receptor antag-
onists and beta blockers) form the basis for treating HFrEF due to acquired heart
disease with a proven impact on survival in this setting [9]. However, as the patho-
physiology of ACHD patients differs from the failing “normal” circulation, extrapo-
lation of results from published studies to ACHD patients may be difficult,
particularly in patients with systemic right ventricles or a Fontan circulation. The



8 Post-capillary Pulmonary Hypertension in ACHD 113

few available data on HF treatment in ACHD patients are often not conclusive and
are derived from small patient numbers. Cardiac resynchronization therapy (CRT)
has gained increasing interest for use in ACHD patients with congestive HF. There
is, as yet, little evidence on which to base indications and outcomes [37]. Additional
risk factors for the development of PH, such as features of metabolic syndrome and
concomitant disorders such as COPD, sleep apnoea syndrome and pulmonary
embolism should be identified and treated.

In contrast to HFrEF, no treatment has yet been shown convincingly to reduce
morbidity or mortality in HFpEF. However, these patients are often highly symp-
tomatic and an important aim of therapy is to alleviate symptoms and improve well-
being, often with the use of diuretics [9].

Despite the high prevalence of PH in LHD, the major focus of research over the
past decades has been on PAH, and no specific therapy for post-capillary is avail-
able. In all patients with post-capillary PH, and especially Ipc-PH, targeted PAH
therapy (prostanoids, endothelin receptor antagonists (ERA), phosphodiester-
ase-5 inhibitors (PDE-5 inhibitors)) is generally not indicated and could poten-
tially be harmful. Lowering PVR and increasing pulmonary blood flow with
PAH-specific therapy may lead to an increase in PAWP, pulmonary oedema and
cardiac decompensation. It is, therefore, mandatory to establish a precise diagno-
sis and distinguish between PAH and post-capillary PH before starting treatment.
Of note, long-term data from carefully designed clinical studies are required in
this field, since some smaller studies have shown potential benefits in some post-
capillary PH patients treated with sildenafil, even though other studies have not
confirmed this [39, 40].

Heart transplantation may be indicated in severe LHD that cannot be adequately
managed with standard therapeutic approach. An increased PVR is a risk factor for
right ventricular failure after transplantation. During the preoperative assessment,
testing with sodium nitroprusside or other vasodilators is useful to identify patients
who may be candidates of heart transplantation alone. In patients with severe and
fixed PH, heart-lung transplantation is indicated.

The implantation of an LV assist device (LVAD) has been shown to lower
pulmonary pressures through LV unloading and may allow patients with
PH-HFrEF to be eligible for orthotopic heart transplantation [41-44]. According
to current HF guidelines, an LVAD should be considered in pharmacologically
irreversible PH with a subsequent re-evaluation to establish suitability for heart
transplantation [9].

8.3  Pulmonary Venous Stenosis

PH can develop in the setting of pulmonary vein stenosis, which can cause an
increase in pulmonary pressure through a rise in post-capillary pressure in the
affected segment. Evaluation for stenotic pulmonary veins is mandatory in patients
with apparently unexplained severe pulmonary hypertension. It is crucial not to
misdiagnose these patients as PAH.
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Approximately one half of patients with primary pulmonary vein stenosis have
also some type of associated cardiac defect. It is, therefore, imperative that the eval-
uation of patients with all forms of CHD specifically include evaluation of the pul-
monary veins [45]. Pulmonary vein stenosis in ACHD patients may occur after
surgical repair of anomalous pulmonary venous return. Clinically significant steno-
sis occurs postoperatively in ~10% of patients after repair of total anomalous pul-
monary venous return [46, 47]. The echocardiographic finding of turbulent flow on
colour Doppler should raise the suspicion of pulmonary vein stenosis [48]. Non-
invasive tests, e.g. echocardiography, magnetic resonance imaging and/or CT angi-
ography, are generally sufficient to diagnose pulmonary vein stenosis. As a result of
the raised awareness of pulmonary vein stenosis, more cases are being diagnosed
before progression to severe PH. A raised PAP has been reported to be an indepen-
dent predictor of death in these patients, while early diagnosis may lead to improved
survival [49]. Treatment options include surgical repair and percutaneous interven-
tion. Unfortunately there has been limited success with either option [50, 51], with
a high degree of recurrent stenosis after catheter interventions [52, 53].

Conclusion

Post-capillary PH is a complication of conditions that increase left atrial and
pulmonary venous pressures. In ACHD such conditions include systemic ven-
tricular dysfunction, congenital left-sided outflow tract obstruction, left-sided
valve disease and pulmonary vein stenosis. Post-capillary PH can be divided into
Ipc-PH and a Cpc-PH. It is mandatory for post-capillary PH to be distinguished
from PAH since, the benefits of PAH therapies have not been formally estab-
lished for post-capillary PH and may even prove harmful in some patients. The
primary goal of therapy in post-capillary PH remains to treat the underlying heart
disease.
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LVH left ventricular hypertrophy

PA pulmonary artery

PaO, arterial partial pressure of oxygen
PAH-CHD pulmonary arterial hypertension related to congenital heart disease
PAH pulmonary arterial hypertension
PDA patent ductus arteriosus

PH pulmonary hypertension

PR pulmonary regurgitation

PS pulmonary stenosis

PVD pulmonary vascular disease
PVR pulmonary vascular resistance
RA right atrium

RBBB right bundle branch block

RV right ventricle

RVH right ventricular hypertrophy
SatO, oxygen saturations

TGA transposition of great arteries
TOF tetralogy of Fallot

TR tricuspid regurgitation

VCO, carbon dioxide production

VE ventilation

9.1 Basics of History Taking and Physical
Examination in CHD

The initial evaluation of a patient with pulmonary arterial hypertension (PAH) in the
context of congenital heart disease (CHD) is usually accomplished by history tak-
ing, physical examination (including inspection, palpation and auscultation), elec-
trocardiography (ECG), chest radiography and exercise testing (cardiopulmonary
exercise test (CPET) or 6-min walk test (6MWT)). The weight of the information
gained from these different techniques varies with the type and severity of the dis-
ease. However, the selection of appropriate diagnostic tests and management
choices heavily depend on skilful history taking and the physical examination.

The clinical scenarios in pulmonary arterial hypertension related to congenital
heart disease (PAH-CHD) are extremely variable, depending on the wide range and
complexity of the underlying cardiac anatomy and physiology and a multitude of
adaptive mechanisms. PAH can develop at any stage of a CHD patient’s life [1, 2].
In some patients, PAH develops in childhood, and pulmonary arterial pressures may
never drop in neonatal life, usually as a result of a large post-tricuspid shunt. In oth-
ers, PAH may persist after late repair or may indeed develop later in life, e.g. in
patients with a pre-tricuspid shunt. In exceptional cases, PAH may even develop
after timely repair of a defect, in the absence of significant residual haemodynamic
lesions or in the presence of a small intracardiac defect, which would not have been
expected to trigger the development of pulmonary vascular disease (PVD) (see clas-
sification of PAH-CHD, Chaps. 1 and 2).
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Careful and meticulous interrogation of the patient is essential for obtaining a
complete history. Key components are the assessment of the chief complaint and
other recent medical history, with emphasis on the onset, duration and timing of
symptoms. Past medical history should include a detailed description of the under-
lying anatomical defect, coexisting disease and medical therapy. In PAH-CHD,
particular focus should be placed on previous surgery or other interventions: surgi-
cal reports should be reviewed with regard to the perioperative haemodynamics,
intraoperative anatomy, reparative technique and final outcome. Other causes of
pulmonary hypertension (PH) should also be investigated for and excluded, includ-
ing evidence of previous thromboembolism, Raynaud phenomenon, dysphagia,
travel history, the use of anorexigens, sleep apnoea or history of respiratory
disease.

Family and genetic history (genetic/chromosomal disease), along with the prena-
tal/birth/postnatal history, can give clues on the underlying CHD and predisposition
to PAH. Maternal exposure to teratogens, prematurity, low birth weight, cyanosis,
hypoxic spells and squatting during childhood are strong indicators of
CHD. Information about physical and cognitive development, recurrent lower respi-
ratory infections or other lung injury are not infrequent in CHD, especially children
with a large left-to-right shunt, and may contribute to the development of
PH. Diminished exercise tolerance from an early age, with a young patient unable
to keep up with his peers, is often encountered in CHD, with or without PAH.

9.2 The Symptoms of PAH

The most common symptoms reported by a PAH-CHD patient are entirely
non-specific:

* Dyspnoea, usually on mild-to-moderate efforts, can be quantified using the
modified Borg dyspnoea scale (see chapter on 23 palliative care) and disease-
specific quality of life (QoL) scores. The pathogenesis of dyspnoea in heart
failure remains unclear. In patients with PAH-CHD, especially those with
Eisenmenger syndrome, dyspnoea is likely to be related to the significant ven-
tilation (VE)/perfusion mismatch (physiological dead space) caused by the
right-to-left shunt and reduced pulmonary blood flow. Paul Wood, in 1958,
observed that Eisenmenger syndrome patients with a patent ductus arteriosus
(PDA) were less symptomatic compared to those with a ventricular septal defect
or atrial septal defect (VSD or ASD). Based on this observation, he proposed
that breathlessness in Eisenmenger syndrome is due to a low arterial oxygen
saturation in the blood passing through the chemoreceptors of the head and
neck.

* Fatigue is common in PAH-CHD and can be defined as physical and/or mental
exhaustion triggered by stress, medication, overwork or mental and physical ill-
ness or disease.

» Light-headedness and syncope. The latter is a concern in PAH. Syncope on effort
suggests significant inability of patients to increase their cardiac output and an
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inability to sustain cerebral blood flow. It is an adverse prognostic marker, requir-
ing aggressive treatment. For this reason, syncope is included in the WHO func-
tional classification for PH patients (Table 9.1).

e Chest pain is not uncommon in PAH and PAH-CHD. It can originate from the
myocardium of the hypertrophied and hypoperfused RV, but compression of the
left main coronary artery by a dilated hypertensive pulmonary trunk should
always be suspected and treated promptly (Figs. 9.1.and 9.2). Massive dilatation
of the pulmonary artery (PA) can also lead to dissection or rupture, producing

Table 9.1 WHO functional classification of PH, modified after the New York Heart Association
functional classification

WHO functional classification for PH

Class I

Class II

Class IIT

Class IV

Patients with PH but without resulting limitation of physical activity. Ordinary
physical activity does not cause undue dyspnoea or fatigue, chest pain or near
syncope

Patients with PH resulting in slight limitation of physical activity. They are
comfortable at rest. Ordinary physical activity causes undue dyspnoea or fatigue,
chest pain or near syncope

Patients with PH resulting in marked limitation of physical activity. They are
comfortable at rest. Less than ordinary activity causes undue dyspnoea or fatigue,
chest pain or near syncope

Patients with PH with inability to carry out any physical activity without symptoms.
These patients manifest signs of right heart failure. Dyspnoea and/or fatigue may
even be present at rest. Discomfort is increased by any physical activity

WHO World Health Organization

Fig.9.1 Anatomical
relation between the
left recurrent
laryngeal nerve, the
left main coronary
artery and a dilated
hypertensive
pulmonary trunk

Dilated hypertensive pulmonary
trunk and left pulmonary artery

Left main coronary artery



9 Physical Examination and Electrocardiography 125

massive haemoptysis and death. In situ thrombi developing within the enlarged
pulmonary arteries (PAs) of Eisenmenger patients may rarely dislodge and cause
peripheral pulmonary embolism and pulmonary infarction, which can present
with chest pain.

* Hoarseness (Ortner syndrome or cardiovocal syndrome) is observed in some
PAH-CHD patients with severely dilated PAs, especially patients with
Eisenmenger syndrome (Fig. 9.1, note the proximity of the recurrent laryngeal
nerve to the dilated PA).

e Symptoms related to systemic complications (renal dysfunction, gout, gallstones)
or bleeding (manifested as easy bruising, gingival bleeding, haemoptysis, etc.)
are not uncommon in cyanotic PAH-CHD patients (see Chap. 15).

9.3  Visual Inspection

Valuable information can be gained by an initial “head to toe” inspection of PAH-
CHD patients [3]. This should include:

* General appearance and nutritional state

* Abnormalities in the facies, stature or extremities compatible with known genetic
syndromes

* Colour of the skin (cyanosis, pallor, jaundice)

* Clubbing of toes and/or fingers

Fig.9.2 Compression of the left main coronary artery by a dilated hypertensive pulmonary trunk.
Coronary CT scan (a) and 3D reconstruction of the heart and massively dilated pulmonary artery
(b). Extrinsic compression of the left main stem and left anterior descending coronary artery from
the enlarge pulmonary artery is seen in (a) (arrow). The pulmonary artery is massively dilated (b)
in this patient with Eisenmenger syndrome, who presented with typical chest pain and a troponin
rise. AO ascending aorta, PA main pulmonary artery



126 M. Ministeri et al.

* Respiratory rate, dyspnoea and the use of accessory respiratory muscles

* Sweating

e Chest and back inspection for the identification of any deformities and prior
surgical scars

e The presence of peripheral oedema

* Inspection of the jugular venous waveform and estimation of pressure

e The presence of petechiae or purpura, suggestive of a low platelet count (com-
mon in Eisenmenger patients, especially those with Down syndrome)

Chromosomal, hereditary or nonhereditary syndromes are common in PAH—
CHD patients and are known to be associated with certain congenital heart defects
(Table 9.2). Approximately 40-50% of children with Down syndrome have a con-
genital heart defect (see Chap. 18) and are prone to developing PVD prematurely.

Table 9.2 Major genetic syndromes associated with cardiovascular abnormalities, which can be
associated with PAH-CHD

Disorders Aetiology Cardiac defect Major features

Down syndrome Trisomy 21 Frequent Hypotonic, flat facies,
(40-50%); AVSD, slanted palpebral fissure,
VSD small eyes, mental

deficiency, simian crease

Holt-Oram syndrome Autosomal Frequent; ASD, Defects or absence of the

(cardiac-limb syndrome) dominant VSD thumb or radius

Patau’s syndrome Trisomy 13 Very common Low birth weight, central
(80%); VSD, facial anomalies,

PDA, dextrocardia polydactyly, chronic
haemangiomas, low-set
ears, visceral and genital

anomalies
Edwards syndrome Trisomy 18 Very common Low birth weight,
(90%); VSD, microcephaly,
PDA, PS micrognathia, rocker-

bottom feet, closed fists
with overlapping fingers

Di George syndrome Microdeletion of Frequent; Hypertelorism, short
22q11.2 interrupted aortic  philtrum, downslanting
arch, truncus eyes, hypoplasia or
arteriosus, VSD, absence of thymus and
PDA, TOF parathyroid,

hypocalcaemia, deficient
cell-mediated immunity

CHARGE association Unknown Common (65%);  Coloboma, heart defects,
TOF, truncus choanal atresia, growth or
arteriosus, aortic ~ mental retardation,
arch anomalies genitourinary anomalies,

(e.g. vascular ring, ear anomalies, genital
interrupted aortic  hypoplasia
arch)
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Table 9.2 (continued)

Disorders Aetiology Cardiac defect Major features

Carpenter’s syndrome Autosomal Frequent (50%);  Brachycephaly with
recessive PDA, VSD, PS, variable craniosynostosis,

TGA mild facial hypoplasia,
polydactyly and severe
syndactyly (“mitten
hands”)

Ellis—van Creveld Autosomal Frequent (50%);  Short stature of prenatal

syndrome recessive ASD, single onset, short distal

(chondroectodermal atrium extremities, narrow thorax

dysplasia) with short ribs,

polydactyly, nail
hypoplasia, neonatal teeth

Zellweger’s syndrome Autosomal Frequent; PDA, Hypotonia, high forehead

(cerebrohepatorenal recessive VSD or ASD with flat facies,

syndrome) hepatomegaly,

albuminuria

VATER association Sporadic Common (>50%); Vertebral anomalies, anal

(VATER/VACTERL VSD, other atresia, congenital heart

syndrome) defects defects,

tracheoesophageal fistula,
renal dysplasia, limb
anomalies (e.g. radial
dysplasia)

Cri du chat syndrome Partial deletion,  Occasional (25%); Catlike cry in infancy,
short arm of variable CHD microcephaly, downward
chromosome 5 (VSD, PDA, slant of palpebral fissures

ASD)

Rubella syndrome Maternal rubella  Frequent (>95%); Triad of the syndrome:
infection during  PDA and PA deafness, cataract and
the first trimester stenosis CHD. Others include

intrauterine growth
retardation, microcephaly,
microphthalmia, hepatitis,
neonatal
thrombocytopenic
purpura

Fetal alcohol syndrome Ethanol or its Occasional Prenatal growth
byproducts (25-30%); VSD,  retardation, microcephaly,

PDA, ASD, TOF  short palpebral fissure,
mental deficiency,
irritable infant or
hyperactive child

Fetal warfarin syndrome Exposure to Occasional Facial asymmetry and

warfarin

(15-45%); TOF,
VSD

hypoplasia, hypoplasia or
aplasia of the pinna with
blind or absent external
ear canal (microtia), ear
tags, cleft lip or palate,
epitubular dermoid,
hypoplastic vertebrae
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Patients with Patau’s syndrome (trisomy 13) or Edwards syndrome (trisomy 18)
very commonly present with a VSD or PDA. Abnormalities of the digits are found
in association with an ASD or VSD in patients with Holt—-Oram syndrome. On the
other hand, patients with Noonan syndrome are often born with pulmonary stenosis,
which protects the pulmonary circulation from developing PAH in the presence of a
large VSD. They can, however, develop restrictive cardiomyopathy, which can
cause post-capillary PH (see Chap. 8).

Cyanosis is common in PAH-CHD and is a fundamental feature of Eisenmenger
syndrome. There are two types of cyanosis:

e Peripheral cyanosis, which results from a low cardiac output or peripheral
vasoconstriction.

* Central cyanosis, which is the result of right-to-left shunting, occurring when
there is severe PH in patients with a congenital heart disease (PAH-CHD) or
other types of PAH (e.g. idiopathic PAH) with a patent foramen ovale. Other
causes of central cyanosis include intrapulmonary shunting and VE—perfusion
mismatch in the presence of parenchymal lung disease. The presence of cyanosis
in an adult with CHD is not always an expression of PAH. Patients with an intra-
cardiac defect and severe pulmonary stenosis or raised right ventricular end-
diastolic pressure (e.g. Ebstein anomaly of the tricuspid valve) and those with
complex CHD may also develop cyanosis in the absence of PH.

When assessing cyanosis, the physician should make a note of the severity and
distribution. While central cyanosis commonly affects the entire body, there are
conditions in which this is not the case. Differential cyanosis and differential club-
bing are typical in patients with Eisenmenger syndrome due to a large PDA: the
upper half part of the body is “pink™ and the lower half is cyanotic (Fig. 9.3). To
detect differential cyanosis, oxygen saturations should be measured in sites that
receive blood flow from both pre-ductal (right hand) and post-ductal (foot) vessels.
It is preferable to use the right (rather than left) upper extremity, since the left
subclavian artery arises close to the ductus arteriosus and may receive desaturated
blood.

Reversed differential cyanosis occurs when oxygen saturation is lower in the
right hand compared to the feet. It is a feature of the Taussig—Bing anomaly (double
outlet RV with anterior and dextroposition of the aorta and sub-pulmonary VSD) in
which unoxygenated blood from the right ventricule goes into the ascending aorta
and upper extremities, while oxygenated left ventricular blood enters the pulmonary
trunk through the sub-pulmonary VSD and flows through a nonrestrictive PDA to
the lower extremities. This can also be observed in transposition of the great arteries
with a PDA and elevated pulmonary vascular resistance (PVR) or in transposition
of the great arteries with PDA and pre-ductal aortic interruption or coarctation but
is rarely seen in adults due to poor survival.



9 Physical Examination and Electrocardiography 129

Fig. 9.3 Differential cyanosis and clubbing between the right hand and foot in a patient with
Eisenmenger PDA. In this patient, oxygen saturation was normal in the right hand but low in the
toes. Digital clubbing follows this pattern and is only present in the toes

Cyanosis may not be present at rest but develop on exercise in PAH-CHD. This
may be suspected based on the cardiac anatomy and the presence of a raised haemo-
globin concentration (secondary erythrocytosis). Exercise testing in these cases
(CPET or 6MWT) is diagnostic.

The precordium should be assessed for bulging and pulsations of the chest,
which may suggest chronic cardiac enlargement. A parasternal heave is a precor-
dial impulse that may be seen or palpated and occurs in the setting of right ven-
tricular dilatation or hypertrophy. A depressed line along the bottom of the rib
cage where the diaphragm attaches, Harrison’s groove, may be indicative of
“stiff” lungs (poor pulmonary compliance) and is present in patients with a large
left-to-right shunt.

A crude estimate of central venous pressure can be obtained by observing the
internal jugular vein. With the patient lying with the upper trunk elevated at 45°, the
vertical distance between the blood column within the vein (highest pulsation) and
the imaginary straight line across the manubrium of the sternum (angle of Louis)
should not exceed 2 cm. In a patient with significant PAH, the jugular vein may be
distended, with a prominent A wave or V wave (in the presence of severe tricuspid
regurgitation (TR)) (see Chap. 14, Fig. 9.1, for the pressure waveform). The sys-
temic arterial pulse, on the other hand, may be reduced, and the pulse pressure may
be narrow due to low cardiac output.
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9.4 Palpation

In a slim patient with PAH, it is possible to appreciate an RV lift or tap on the left
parasternal area secondary to the enlarged RV, which displaces the left ventricle
(LV) from the apex. Palpation in the second left intercostal space can detect a
dilated hypertensive pulmonary trunk and the pulmonary closure sound. In
patients with dextrocardia, the RV impulse is located along the right sternal bor-
der, with the cardiac apical impulse in the fifth right intercostal space along the
right midclavicular line. Depending on the severity of congestive heart failure
and fluid overload, hepatomegaly may be present, with palpable pulsations of the
liver (TR), an abnormal abdominal—jugular reflex, ascites and pitting oedema.

9.5 Auscultation

Auscultation in PAH-CHD reflects the severity of the PH and associated lesions [4].
In Eisenmenger syndrome, auscultation is as follows:

— The pulmonary component of the second heart sound (P2) is loud.

— The S2 may be single or may split narrowly due to decreased capacitance of the
pulmonary vascular bed and RV dysfunction.

— An ejection click may be heard and is caused by flow in the dilated and hyperten-
sive pulmonary trunk.

— An early diastolic decrescendo murmur of pulmonary regurgitation (PR) is often
present along the mid-left sternal border (see Graham-Steell murmur).

— A holosystolic murmur of TR may be audible at the lower left sternal border and
increases in intensity during active inspiration (Rivero-Carvallo sign).
Amplification depends on whether the RV is functionally capable of converting
the inspiratory increase in venous return, into an increase in stroke volume and
regurgitant flow. In advanced RV failure, this ability is lost and the Rivero-
Carvallo sign is not present.

— A third and fourth heart sound can be audible, expression of right ventricular
failure.

Careful auscultation can aid the physician to distinguish between Eisenmenger
syndrome and less severe forms of PAH-CHD such as those with left-to-right shunt-

ing [5]:

— Restrictive VSDs produce a soft, high-frequency, holosystolic murmur in the
fourth intercostal space at the left parasternal border.

— Inthe presence of a post-tricuspid shunt (VSD, PDA or aortopulmonary window),
which allows large volumes of left-to-right shunt (hence, there is no significant
PH), a mid-diastolic flow rumble across the mitral valve indicates a pulmonary-
to-systemic flow ratio (Qp/Qs) of at least 2. As PVD progresses, murmurs associ-
ated with the shunt become softer and shorter, and murmurs associated with right
ventricular and PA dilatation (TR and PR) become more prominent.
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— If a large pre-tricuspid shunt is present (ASD, partial anomalous pulmonary
venous drainage without sequestration, systemic to right atrial shunt), a diastolic
flow murmur across the tricuspid valve is indicative of a large Qp/Qs.

9.6 Blood Pressure and Peripheral Oxygen Saturations

Ideally, every patient should have their blood pressure (BP) measured as part of the
physical examination. A high BP can be detrimental to PAH-CHD patients, and
secondary causes of systemic hypertension (e.g. aortic coarctation) should be sought
and excluded. A low BP may reflect a low cardiac output, medication, dehydration
or peripheral vasodilatation. Attention should be made to use the correct arm for
measuring BP in patients with previous Blalock—Taussig shunts (subclavian artery
to PA) and those with aortic coarctation involving the left subclavian artery (or an
aberrant right subclavian artery).

Peripheral oxygen saturation (SpO,) is measured in clinic by means of a pulse
oximeter and can easily confirm or exclude the presence of cyanosis. SpO, measure-
ments must be obtained after the patient has rested in a supine or sitting position for
at least 5 min (ideally silent). Oximetry can also be used during exercise testing to
unmask right-to-left shunting, which may not be present at rest. Caution should be
taken in interpreting SpO, in patients who drop their saturation below 70%, as pulse
oximeters become less accurate at such low saturations. Sequential measurement of
SpO, on the left and right hand and toes allows the differentiation between pre-
ductal and post-ductal shunts in PAH-CHD patients with a right-to-left shunt (see
differential cyanosis).

9.7 ECG

The ECG is able to detect right ventricular hypertrophy (RVH) quite accurately
and is, thus, helpful in conditions of RV pressure overload. It is, however, less
reliable in detecting RV dilatation due to volume overload, as opposed to the
chest X-ray (CXR), which is helpful in diagnosing volume overload but not
hypertrophy. The two tests are, therefore, complementary and, together, are an
essential part of the cardiac evaluation.

In CHD, the presence of ECG abnormalities can provide useful clues regarding
not only the type of defect, but also the haemodynamic status of patients with PAH-
CHD (Table 9.3) [6].

In CHD patients with left-to-right shunting, the ECG trace is influenced by the
severity of the shunt and the PVR. The presence of left atrial enlargement, left ven-
tricular or biventricular enlargement (Katz-Wachtel phenomenon) and q waves in
the lateral precordial leads suggests volume overload due to a post-tricuspid shunt
in the absence of significant PH. In pre-tricuspid shunts, an incomplete right bundle
branch block (RBBB) pattern (with rsR' in V1) and right axis deviation suggest
volume overload without a significant rise in PVR (Fig. 9.4, also see ASD section
below).
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Table 9.3 Chest X-ray and ECG features that may help distinguish volume vs. right ventricular
pressure overload (and PH), i.e. patients with left-to-right shunting and/or mild PH vs. patients
with severe PH and pulmonary vascular disease (PVD)

Features suggestive of volume
overload due to a left-to-right

shunt Features suggestive PVD
ECG P wave Left atrial enlargement in a Signs of right atrial

pre- but especially post-tricuspid enlargement

shunt

Right atrial enlargement in a
pre-tricuspid shunt
QRS Incomplete right bundle branch ~ Right ventricular hypertrophy
block (RBBB) pattern (with rsR'  Rightward QRS axis
in V1) with rightward QRS axis
in a pre-tricuspid shunt

Chest  Cardiac size Left ventricular enlargement in a Heart size may be normal or
X-ray post-tricuspid shunt mildly enlarged, apex lifted as
Right chamber enlargement in a  the right ventricular
pre-tricuspid shunt hypertrophy
Atrial Enlarged left atrium in a Enlarged right atrium
enlargement post- (and pre-) tricuspid shunt

Enlarged right atrium in
pre-tricuspid shunt
Lung vascularity Increased vascularity across the ~ Prominent main and hilar
lung fields (plethora) pulmonary arteries with
peripheral pruning and
oligaemic peripheral lung fields

PVD pulmonary vascular disease

| e e e e e e

HI.?/L.J vj\,_‘_fyfkﬁ_tﬁ/\_n.}/\_a‘b;ﬁw#A‘NrJLMH.%/\_._‘LJL_w{J‘L_“.1

’_lewl- ’AW!W,}W_EEAJJWJMHS -.JL-_".A—J‘

] VE

|
mfw’w’@’%@%’«’uy’kJAJJJMMJW’QAJ/\

25 mm/sec 10 mm/mv F:-1 Hz W:-0.10-1 Hz

Fig. 9.4 ECG of a patient with a large left-to-right shunt due to a large atrial septal defect
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Fig. 9.5 ECG of large post-tricuspid shunt (PDA) with severe PAH

Right atrial dilatation with prominent right ventricular forces (high positive
voltage in right precordial leads) and the absence of q waves in the lateral leads
are expressions of significant PH (Fig. 9.5). RVH reflects the increase in PVR
and is more prominent in cases with severe and long-standing PH. Reduced
compliance of the hypertrophied RV often results in right atrial dilatation, seen
as tall peaked P waves. In addition, RVH produces abnormalities in the QRS
axis, the QRS voltage, the R/S ratio and the T axis:

— Changes in the QRS axis: the QRS axis is usually directed towards the ventricle
that is hypertrophied; hence, in the presence of right pressure overload, there is
right axis deviation.

— Changes in QRS voltage: considering that anatomically, the RV occupies the
right and anterior aspect of the heart, and RV hypertrophy causes an increase in
the (positive) forces of the QRS complex, i.e. tall R wave voltages in aVR and III
and increased S voltages in lead I. In the horizontal plane, tall R waves in V4R,
V1 and V2 or deep S waves in V5 and V6 are typically seen.

— Changes in R/S ratio: the R/S ratio represents the relative electromotive force of
opposing ventricles in a given lead. An increase in the R/S ratio in right precor-
dial leads suggests RVH.

— Changes in the T wave axis: changes in the T wave axis are seen in severe
ventricular hypertrophy with relative ischaemia of the hypertrophied myocar-
dium. In the presence of other criteria of ventricular hypertrophy, a wide
QRS-T angle (i.e. >90°) with the T wave axis outside the normal range indi-
cates a “strain” pattern. When the T wave axis remains in the normal quadrant
(0 to +90°), a wide QRS-T axis angle alone indicates a possible “strain”
pattern.
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9.8 Chest X-Ray

A CXR is readily available and provides valuable information on cardiovascular
anatomy and pulmonary vasculature. Signs of previous sternotomy or thoracot-
omy are also useful in reconstructing the surgical history of the patient and the
potential contribution of lung restriction to dyspnoeic symptoms, while different
radiographic features can help determine the presence, severity and cardiac adap-
tation to PAH-CHD (Table 9.3) [6, 7, 22]. Signs of PAH in CHD include
(Fig. 9.6):

— Enlargement and calcification of the pulmonary trunk and its proximal
branches.

— Clear lung fields (oligaemia).

— Signs of RV hypertrophy: the apex of the heart is pushed upwards (right ventric-
ular-type apex); the heart size is normal or enlarged and reflects the degree of
right ventricular failure.

— RA enlargement varies from a slight convexity at the right lower cardiac border,
to striking enlargement provoked by right ventricular failure and TR.

— Further information on the CXR and other radiology is provided in Chap. 10.

Fig.9.6 Chest X-ray of
PAH in a patient who
developed PAH after VSD
closure. Notice the
prominent central
pulmonary arteries with
oligaemia in the periphery
and a mildly enlarged heart
with the apex shape
suggestive of RV dilatation
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2.9 Six-Minute Walk Test

The 6MWT is a submaximal timed distance test and is the standard test for PAH
patients. The main response variable in this type of exercise testing is the distance
covered at a patient’s own pace within 6 min. A healthy 40-year-old person can
cover approximately 600 m in 6 min, decreasing by 50 m per decade thereafter [8].
Oxygen saturations can also be recorded by portable pulse oximetry. The 6MWT
reflects ordinary daily activities and is easy to perform in clinic. It is a submaximal
test for healthy individuals and those with mild functional impairment but can
become a maximal test in highly symptomatic patients. Indeed, the 6-min walking
test distance correlates well with peak oxygen consumption (VO,) measured dur-
ing CPET in highly symptomatic patients [9]. It is commonly used to assess the
response to PAH therapies and is the only test approved by the US Food and Drug
Administration (FDA) as an endpoint for prospective clinical trials in this popula-
tion [10, 11]. Correlation with peak VO, appears to be best when distance is
adjusted for patient weight (distance weight) [12]. Reproducibility of repeat
6MWTs also depends on adequate standardization of the protocol used. An impor-
tant learning effect has also been described and should be considered when com-
paring the first with subsequent tests [13].

9.10 CPET

CPET is a powerful tool for the simultaneous objective evaluation of the cardio-
vascular, respiratory and muscular systems under conditions of controlled meta-
bolic stress (see also Chap. 13). In fact, the subjective assessment of exercise
intolerance using the New York Heart Association (NYHA) classification appears
to underestimate the severity of functional impairment in CHD. A linear relation-
ship exists between NYHA class and peak VO, across the spectrum of CHD, but
many asymptomatic CHD patients show dramatically lower peak VO, values
compared with normal controls [14]. Cyanosis and PH significantly affect exer-
cise capacity. Objective data confirm that Eisenmenger and complex patients with
cyanosis are impaired significantly in their ability to exercise, expressed as very
low values of peak VO, and limited ventilatory response to exercise in the form of
an extremely high VE/carbon dioxide production (VCO,) slope (Fig. 9.7) [15].
The effect of the PH and right-to-left shunting is obvious from the onset of exer-
cise, when VO, fails to increase because of the inability to sufficiently increase
pulmonary blood flow [16]. In these patients, an increase in (systemic) cardiac
output is obtained through shunting, at the expense of further systemic desatura-
tion. An abrupt, exaggerated increase in VE occurs almost at the onset of exercise,
resulting in alveolar hyperventilation, a rise in VCO, and a drop in VO,. This
accounts for the transient increase in the respiratory quotient (the ratio between
VCO, and VO,) often encountered in these patients at the start of exercise.
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Fig.9.7 Cardiopulmonary exercise test results from a patient with Eisenmenger syndrome. CPET
in a mildly symptomatic 52-year-old woman with Eisenmenger physiology. She exercised for
6.3 min and reached a peak VO, of 11.2 mL/kg/min, which was 43% of predicted. The VE/VCO,
slope was 90, which is severely raised. Her resting saturations were 90% and decreased to 45% at
peak exercise, when she became light-headed and had to stop. Heart rate response was appropriate
(89-151 bpm), but blood pressure response was suboptimal (128/82 to 142/80 mmHg). In this
case, the cardiopulmonary exercise test revealed significant exercise intolerance and severe venti-
latory inefficiency. Despite near-normal resting oxygen saturations, severe desaturation occurred
and was likely the cause of termination of exercise. Moreover, the significant right-to-left shunt
caused a significant ventilation—perfusion (V/Q) mismatch and stimulation of peripheral and cen-
tral chemoreceptors, leading to an increase in ventilation, disproportionate to CO, production. VO2
oxygen consumption, VCO2 carbon dioxide production, VE ventilation

Although VE is increased, ventilatory efficiency is significantly impaired, as
suggested by very high values of the VE/VCO, slope in cyanotic patients [17].
Pulmonary hypoperfusion, an increase in physiological dead space through right-to-
left shunting, and enhanced ventilator reflex sensitivity are potential mechanisms
contributing to the ventilatory inefficiency and the failure to meet oxygen require-
ments [17]. The inefficiency of the ventilatory response to exercise in cyanotic
patients is likely to lead to the early onset of dyspnoea and exercise limitation in
Eisenmenger patients. However, the exaggerated ventilatory response in these
patients appears appropriate from a chemical point of view. In fact, hyperventilation
succeeds in maintaining near-normal arterial PCO, and pH levels in the systemic
circulation, at least during mild-to-moderate exertion, despite significant right-to-
left shunting [18].

The effect of cyanosis on exercise capacity and VE is difficult to distinguish
from that of PH. Significant ventilatory inefficiency and an exaggerated ventilatory
response to exercise have been described in patients with idiopathic PH in the
absence of right-to-left shunting [19, 20]. In Eisenmenger patients, the ventilatory
response to exercise is exacerbated by the right-to-left shunt, which contributes to
the physiological dead space and allows stimulation of chemoreceptors in the sys-
temic circulation.
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9.11 Specific Congenital Lesions

In order to appreciate the effect of PH on the clinical findings of patients with spe-
cific congenital lesions, it is necessary to understand the usual presentation of indi-
vidual lesions prior to the development of PH.

9.12 Atrial Septal Defect

An ASD is a direct communication between the atrial chambers. In the absence of a
condition causing increased RV end-diastolic pressure (e.g. pulmonary stenosis or PH)
or obligatory right-to-left shunting (e.g. tricuspid atresia), the direction of the shunt
through an ASD is from left to right, and the magnitude of the shunt is determined by
the size of the defect and the relative compliance of the RV and LV. Because the com-
pliance of the RV is normally greater than that of the LV, a left-to-right shunt is pres-
ent, even in older patients. The magnitude of the shunt is reflected in the degree of
cardiac enlargement: the right atrium (RA), RV and main PA and its branches are
volume overloaded and, therefore, became dilated. These findings are translated into
the clinical examination. In the presence of a large left-to-right shunt (and hence no
significant PH), there is (Fig. 9.8):

e A hyperdynamic cardiac impulse at the left sternal border during expiration.

* A widely (fixed) split S2 is the cardinal feature in ASDs and is the result of the
large shunt that prolongs ejection leading to delayed closure of the pulmonary
valve. Moreover, the large shunt tends to abolish respiration-related variations in
systemic venous return, resulting in a fixed S2. RBBB is also often present and
may delay the electrical depolarization of the RV and, hence, RV contraction,
resulting in delayed closure of the pulmonary valve.

* A soft systolic crescendo—decrescendo ejection murmur at the left upper sternal
border, resulting from the increased blood flow passing through the pulmonary
valve. No heart murmur is caused by the ASD because of the low pressure gradi-
ent between the atria and the cardiac cycle.

* An early to mid-diastolic murmur at the left lower sternal border, reflecting
increased blood flow across the tricuspid valve, secondary to the left-to-right shunt.

* No cyanosis with normal SpO..

e The ECG reflects the RV dilatation, which prolongs the RV depolarization time.
The outflow tract of the RV is the last part of the heart to depolarize and, because
of its length, produces a peculiar QRS complex characterized by an rsR' in right
precordial leads, expression of the rightward, superior and anterior direction of
the terminal force of the QRS. This is the ECG hallmark of the ASD, identified
commonly but improperly as incomplete RBBB (Fig. 9.4). The QRS axis is ver-
tical with clockwise depolarization and deviates further to the left when PH
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Fig.9.8 Large ASD with
left-to-right shunt.
Significant enlargement of
the right heart chambers and
the main pulmonary artery.
On the left the typical
phonocardiogram. See text i".—“ —~
for explanation
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develops. Patients with a superior sinus venosus ASD can have an abnormal P
wave axis (outside the normal range of 0-60°). Extreme right or left QRS axis
deviation (superior QRS axis) is seen in patients with a primum ASD (part of the
spectrum of atrioventricular septal defects (AVSDs)).

e The CXR (Fig. 9.9) suggests enlargement of the RA, RV and PA, as well as
an increase in pulmonary vascular markings (plethoric lungs). The left atrium
(LA) may become enlarged but not as much as the RA, because the increased
pulmonary venous return to the LA does not stay within that chamber but is
shunted to the RA. The absence of significant left atrial enlargement, together
with plethora vs. pulmonary venous congestion, are helpful X-ray signs for
differentiating an ASD vs. right heart dilatation secondary to left heart dis-
ease (e.g. long-standing mitral stenosis or LV diastolic dysfunction).

Patients with an ASD may remain asymptomatic through childhood and beyond.
Many may develop PH, which is purely related to the large shunt and is associated
with a normal PVR. Very rarely does PVD develop in patients with an isolated
ASD. Down patients and patients born at high altitude are more prone to develop
PVD in the context of an ASD. In Down patients, other causes for PH, e.g. sleep
apnoea, should be excluded before intrinsic reactivity of the vascular bed is blamed
for the development of PH.
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Fig.9.9 Chest X-ray of a
large pre-tricuspid
left-to-right shunt (ASD);
see text for explanation

If PH develops in a patient with an ASD, the left-to-right shunt decreases in vol-
ume proportionate to the severity of the PH. As a result, the features during clinical
examination change and resemble those of idiopathic PAH:

e A dominant A wave in the jugular venous pressure (JVP).

e A narrow S2.

e The pulmonic component of the S2 is accentuated.

e The systolic murmur shortens or disappears.

e A diastolic murmur due to the shunt can no longer be heard, but PR may develop.

The patient may develop cyanosis, especially during exercise, due to the
reversal shunt across the ASD. In patients with an ASD, it is important to distin-
guish cyanosis due to PVD from a streaming phenomenon within the heart, e.g.
platypnea—orthodeoxia, i.e. desaturation in the upright position, which may be
caused by a prominent Eustachian valve directing flow through an ASD or pat-
ent foramen ovale (PFO).

On CXR, the hypertensive proximal PAs can become aneurysmal with intralumi-
nal (in situ) thrombosis and look strikingly enlarged and possibly calcified. The
remaining peripheral lung fields appear black (pruning).

9.13 Ventricular Septal Defect

A VSD is one of the most common types of CHD. In a heart with normal segmental
anatomy and without significant obstruction to pulmonary blood flow or increased
PVR, a large VSD will allow significant left-to-right shunting. The magnitude of the
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shunt is determined by the size rather than location of the defect, the relative ratio of the
resistances of the pulmonary and systemic vascular beds and the presence and severity
of obstruction in either the right or left ventricular outflow tract. In the case of a large
VSD, the resistance offered by the defect itself is minimal, and the amount of left-to-
right shunt depends largely on PVR: the lower the PVR, the greater the left-to-right
shunt. This type of shunt is called a dependent shunt (as opposed to obligatory shunt).

VSDs can be classified as restrictive (when RV and pulmonary arterial systolic
pressures are significantly lower to those in the LV and aorta) or nonrestrictive
(allowing near equalization of pressures between the LV and RV). Small “restrictive”
VSDs do not usually have haemodynamic or other clinical consequences. They are
associated with a loud holosystolic murmur (evidence of a significant pressure gradi-
ent between the two ventricles) and do not lead to the development of PVD. Generally,
shunting through restrictive VSDs occurs mainly in systole, when the pulmonary
valve is open; thus, they do not cause RV dilatation. However, larger restrictive
VSDs may allow significant left-to-right shunting and volume overload of the LV.

A large, nonrestrictive VSD causes significant left-to-right shunting immedi-
ately after birth, when PVR falls abruptly. The right cardiac chambers and pul-
monary vessels are exposed to a chronic pressure and volume overload, as is the
LA and LV, resulting in enlargement of the main PA, LA and LV as well as an
increase in pulmonary vascular markings. These pathophysiological changes
related with the large left-to-right shunt are translated into the clinical examina-
tion, as follows (Fig. 9.10a):

* A systolic thrill may be present at the left lower sternal border.

* A precordial bulge and hyperactivity are present with a large-shunt VSD.

e The intensity of the P2 is normal with a small shunt, while it is moderately
increased with a large shunt.

e The left-to-right shunt produces a grade 2-5/6 systolic murmur, audible at the
third or fourth intercostal space to the left of the sternum. It may be holosystolic
or early systolic.

e With a moderate-to-large shunt, an apical diastolic rumble may be present
because of increased flow through the mitral valve during diastole.

* With an infundibular VSD, a grade 1-3/6 early diastolic decrescendo murmur of
AR may be audible due to prolapse of an aortic cusp through the VSD.

The ECG shows left ventricular hypertrophy (LVH) of the volume overload type
and sometimes left atrial hypertrophy/dilatation. A large VSD usually results in
biventricular hypertrophy.

When a large left-to-right shunt is present, the CXR shows cardiomegaly of vary-
ing degrees and involves mainly the LA, LV but also the RV due to the rise in RV
pressure. Pulmonary vascularity is increased. The degree of cardiomegaly and the
increase in pulmonary vascular markings directly relate to the magnitude of the left-
to-right shunt.

When a moderate/large VSD is left untreated, irreversible changes take place in
the pulmonary arterioles, producing PVD and, potentially, Eisenmenger
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Fig. 9.10 Pathophysiological and phonocardiogram changes in the presence of VSD, before (a)
and after developing of PAH with Eisenmenger physiology (b)

physiology. PVD may begin to develop as early as 6-12 months of age in patients
with large VSDs (earlier in patients with Down syndrome), but right-to-left shunt-
ing (Eisenmenger syndrome) often does not develop until teenage years.

When Eisenmenger syndrome occurs, striking changes take place in the heart
size, clinical findings and ECG. As the PVR rises, the magnitude of the left-to-
right shunt decreases. As the pressure gradient between the ventricles diminishes,
so does the intensity of the systolic murmur until, in Eisenmenger patients, it
disappears. The P2 is loud and the S2 may appear single. A long decrescendo
diastolic murmur beginning after the S2 is often present, in keeping with PR
(Fig. 9.10b). Note that in patients with no PH, the diastolic murmur of PR becomes
shorter as the severity of the regurgitation increases and often ceases in mid-dias-
tole when RV and PA pressures equalize. In patients with systemic levels of PA
pressure, the murmur is always long as diastolic RV and PA pressures are unlikely
to equalize. When PVR reaches systemic levels, the VSD shunt is small and
becomes bidirectional causing cyanosis. The LV and LA cease to be overloaded
and heart size decreases, but the PAs continue enlarging and RVH is the predomi-
nant feature on ECG.

9.14 Patent Ductus Arteriosus and Aortopulmonary Window

A PDA, most common in preterm infants, is caused by the persistence of the normal
fetal vascular channel between the PA and the aorta. The aortopulmonary window
develops when the septum between the aorta and PA does not fully form.
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The haemodynamics of a PDA are similar to those of a VSD. Both are post-
tricuspid shunts, and the magnitude of left-to-right shunting is determined by the
resistance offered by the ductus (i.e. its diameter, length and tortuosity) and the
PVR (especially when the PDA is large). This is a dependent shunt.

On clinical examination, a characteristic continuous murmur (machinery-like
quality) may be audible due to a significant pressure gradient between the aorta and
the PA in both systole and diastole, with left-to-right shunt occurring in both phases
of the cardiac cycle. Very small PDAs may not be audible (silent duct) and are inci-
dental findings on echocardiography. Moreover, in a small PDA with limited shunt-
ing, the LV and LA overload is minimal; therefore, ECG and CXR findings are
often normal.

In the case of an aortopulmonary window or a PDA with a significant (large)
shunt, a continuous murmur is typically present (described for a PDA above) and
may be associated with an apical diastolic flow rumble, the result of relative stenosis
of the mitral valve (increased transmitral flow due to the shunt). P2 slightly increases
in intensity but may not be heard when there is a loud continuous murmur. The ECG
shows evidence of LVH. Enlargement of the LA and LV, a large ascending aorta and
PA and increased pulmonary vascular markings can be seen on CXR.

When unrepaired or repaired “late”, an aortopulmonary window or large PDA is
complicated by PVD. As PVR rises, the diastolic flow through the ductus (or window)
diminishes and may even cease. This causes the diastolic component of the murmur
to disappear, leaving only a holosystolic murmur. As PVR rises further and reaches
systemic levels, the shunt becomes bidirectional, and cyanosis appears (Eisenmenger
syndrome). Cyanosis affects the entire body in the case of an AP window or is dif-
ferential, i.e. only affecting the lower half of the body in the case of a PDA. On aus-
cultation, the continuous murmur or apical rumble disappears (no significant
left-to-right shunt or pressure gradient between the aorta and PA). The S2 is single and
loud, and other signs of Eisenmenger syndrome (previously described for patients
with a VSD) can be present. The ECG shows pure RVH as the LV is no longer over-
loaded. As there is little shunting in Eisenmenger syndrome, the heart size may return
to normal on CXR, and peripheral pulmonary vascularity decreases, but the central
hilar vessels and the main PA are greatly dilated due to the severe PH.

9.15 AVSD

AVSDs are the result of abnormal development of the endocardial cushions and are
the most common type of CHD in Down syndrome. The haemodynamic implica-
tions of an AVSD depend on the type of AVSD (complete or partial) and specifically
the size of the VSD. The magnitude of the left-to-right shunt through the ASD and
VSD is determined by the level of PVR and the diastolic properties of the RV. In
complete AVSD, the large left-to-right shunt through the VSD causes volume over-
load of the LA and LV (see VSD section). Additional volume overload of the LV
can be due to significant left atrioventricular valve (LAVV) regurgitation. Shunting
through the ASD can also cause volume overload of the RA and RV. Physical exam-
ination is characterized by a hyperactive precordium and systolic murmurs relating
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Fig.9.11 ECG of patients with a complete AVSD, before (a) and after (b) developing significant
PAH

| 25 mgn/sec 1Pmm/n<|vF -1 HJF W: 0P1 -1 Hz

a5 nfwll/“’* MIK‘AJi(‘"{N’MEMMN

to the VSD and LAVYV regurgitation, with a loud and narrowly split S2, apical and/
or tricuspid diastolic rumble and, often, signs of congestive heart failure.

The ECG also reflects these changes as LVH plus RVH and occasional biatrial
hypertrophy. A “superior” QRS axis (QRS axis —20 to —150°) is characteristic of
AVSDs and is often associated with a prolonged PR interval (first-degree AV block)
(Fig. 9.11). The abnormal QRS axis and PR interval are not the result of the haemody-
namic abnormalities mentioned but rather of the position of the atrioventricular node
and bundle of His within the heart: the atrioventricular node area is displaced posteri-
orly and inferiorly, and the bundle branches are more posterior compared to normal.

Biatrial and biventricular enlargement is seen on the CXR in complete
AVSDs.

If not repaired in a timely fashion (within the first few months of life in patients
with Down syndrome), PVD develops (see large VSD or PDA). When PVR reaches
systemic levels, the features of Eisenmenger syndrome appear.
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Box 9.1 Cyanosis

Cyanosis is the bluish discolouration of the skin and mucosas that occurs when
the absolute concentration of reduced haemoglobin in the peripheral blood
exceeds 5 g/100 mL (or 3.4 g/dL in arterial blood). In patients with normal
haemoglobin levels, cyanosis is detectable when arterial saturations fall below
85%. However, as the occurrence of cyanosis depends on the absolute concen-
tration of reduced haemoglobin rather than the ratio between reduced and oxy-
genated haemoglobin, it depends on the concentration of Hb in the blood: for
the same level of oxygen saturations, cyanosis is less obvious in patients with
anaemia and more obvious in patients with high Hb concentration (e.g. polycy-
thaemia or secondary erythrocytosis). For this reason, the clinical evaluation of
cyanosis has to take into consideration Hb concentration (Fig. 9.12).

Cyanosis may occur due to desaturation of arterial blood (secondary to right-
to-left shunting or parenchymal lung disease) or due to increased oxygen extrac-
tion by peripheral tissues (with normal arterial saturation) causing cyanosis of
the fingers and toes (e.g. congestive heart failure, peripheral vasoconstriction).
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Fig.9.12 The relation between capillary deoxyhaemoglobin (reduced haemoglobin) con-
centration and oxygen saturations (SatO,), for various haemoglobin (Hb) concentrations.
Assuming that cyanosis appears at a capillary deoxyhaemoglobin concentration of 50 g/L,
patients with 80% oxygen saturations will be cyanotic when their Hb concentration is at the
expected levels (>180-200 g/L; see Chap. 15). However, when their Hb concentration drops
below 140 g/L, they will not be cyanotic despite having low SatO,. Therefore, lack of cya-
nosis in Eisenmenger patients with saturations in the 80s should raise the alarm of an inap-
propriately low Hb (due to bleeding, iron deficiency, etc.), which results in significantly
reduced oxygen delivery to peripheral tissues. Modified from Martin L, Khalil H: How
much reduced hemoglobin is necessary to generate central cyanosis? Chest 1990;97:182-5
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Cyanosis associated with desaturation of arterial blood is called central cyano-
sis: it is best detected in highly vascularized tissues through which blood flow is
fast, with little arteriovenous difference (e.g. lips and other mucosas). Cyanosis
due to increased oxygen extraction in peripheral tissues and normal arterial
blood saturations is called peripheral cyanosis (Table 9.4). Other more rare

Table 9.4 Central versus peripheral cyanosis

Central cyanosis

Arterial pO, Decreased: <70 mmHg (<95%)

Venous pO, Decreased proportionally with decreased
arterial saturation

Systemic Normal: ~40%

A-V oxygen

difference

Site of Highly vascularized tissue, such as the

detection lips, mucous membrane, through which
blood flow is brisk. The patients’
extremities are warm

Causes e Inadequate alveolar ventilation:

— Central nervous system depression

— Inadequate ventilatory drive (e.g.
obesity, Pickwickian syndrome)

— Obstruction of the airway,
congenital or acquired

— Structural changes in the lungs and/
or ventilation-perfusion mismatch
(e.g. pneumonia, cystic fibrosis,
hyaline membrane disease,
pulmonary oedema, congestive
heart failure)

— Weakness of the respiratory muscles

* Desaturated blood bypassing effective

alveolar units:

— Intracardiac right-to-left shunt (i.e.
cyanotic congenital heart defect)

— Intrapulmonary shunt (e.g.
pulmonary atrioventricular fistula,
chronic hepatic disease resulting in
multiple microvascular fistulas in
the lungs)

— PH with the resulting right-to-left
shunt at the atrial, ventricular or
ductal levels (e.g. Eisenmenger
syndrome, persistent PH of the
newborn)

Positive in the presence of lung disease
Negative in the presence of right-to-
left cardiac shunting lesion

Response to
hyperoxia .
test

Peripheral cyanosis

Normal: >70 mmHg (>95%)
Reduced: <30 mmHg

Increased: >60%

Distal extremities and
circumoral or periorbital areas
where the blood has a sluggish
movement. The extremities are
often cool or clammy
* Increased deoxygenation
in the capillaries:
— Circulatory shock
— Congestive heart
failure
— Vasoconstriction from
cold
— Venous obstruction

— Elevated venous
pressure
Polycythaemia

e Negative
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causes of cyanosis, such as methaemoglobinaemia and sulphaemoglobinaemia,
should be kept in mind. Pseudocyanosis is bluish discolouration of the skin and
mucosas not relating to hypoxemia or vasoconstriction. Examples of pseudo-
cyanosis include exposure to drugs (e.g. amiodarone) or metals (e.g. silver).

When cyanosis is present, the physician should note its severity degree and
distribution (e.g. throughout the body, only on the lower or upper half of the
body). Cyanosis can be detected in various parts of the body including the nail
beds, lips, oral mucosa and conjunctivae. The tip of the tongue is the best
place to look for cyanosis, because the colour of the tongue is not affected by
ethnic background, and the circulation can never become sluggish enough to
cause peripheral cyanosis. When in doubt, pulse oximetry is helpful.

In the presence of central cyanosis, the hyperoxia test is useful in distin-
guishing cardiac from noncardiac causes of central cyanosis (Fig. 9.13),
especially lung (airways) disease [21]. Although it is mostly used in the
paediatric population in the setting of PH, it could help to rule out hypoxia-
related PH.

Hyperoxia test
The patients breathes 100% oxygen for 10 min
PaO, is measured in the right radial artery (preductal) before and after oxygen

v

PaO, improves?

Yes No
(PaO, 150mmHg or 20kPA) (PaO,< 100mmHg or < 13.3kPA)

Cardiac cause of cyanosis (R-L shunt).

Pulmonary cause of cyanosis. Pulmonary venous saturations are
Pulmonary venous desaturation, normal and administration of oxygen
improves with supplemental oxygen has a small effect on peripheral
improving peripheral saturations saturations by increasing dissolved

oxygen in the blood.

Fig. 9.13 The hyperoxia test to distinguish cardiac from pulmonary causes of cyanosis.
Arterial blood gases are required as a pulse oximeter may not detect increases in arterial
partial pressure of oxygen (PaO,)
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Box 9.2 Clubbing and Hypertrophic Osteoarthropathy

Long-standing arterial desaturation results in clubbing of the fingernails and
toenails. When fully developed, clubbing is characterized by a widening and
thickening of the distal phalanges of the fingers and toes and convex finger-
nails with loss of the angle between the nail and nail bed (Fig. 9.3). Reddening
and shininess of the terminal phalanges are seen in the early stages of club-
bing. Clubbing appears earliest and most noticeably in the thumb.

Clubbing is caused by soft tissue growth under the nail bed as a conse-
quence of central cyanosis. The mechanism for the soft tissue growth is
unclear. One hypothesis is that megakaryocytes present in the systemic venous
blood may be responsible for the change. In the normal circulation, platelets
are formed from the cytoplasm of the megakaryocytes by fragmentation dur-
ing their passage through the pulmonary circulation. The cytoplasm of mega-
karyocytes contains growth factors (e.g. platelet-derived growth factor and
transforming growth factor ). In patients with right-to-left shunts, megakary-
ocytes enter the systemic circulation, become trapped in the capillaries of the
digits and release growth factors, which in turn cause clubbing.
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PVOD pulmonary veno-occlusive disease
RA right atrium

RV right ventricle

VSD ventricular septal defect

10.1 Introduction

X-ray imaging remains a key component of the investigation of patients with pulmo-
nary hypertension (PH) and pulmonary arterial hypertension (PAH) with plain chest
radiography and computed tomography (CT) allowing assessment of cardiac and
thoracic pathology. CT has advanced significantly in the last 10-15 years with the
advent of rapid acquisition, multi-detector CT scanners that now enables enhanced
spatial and temporal resolution, which means that cardiac structures can be accu-
rately visualized [1]. This has extended the traditional role of CT beyond that of
assessment of the lung parenchyma and CT angiography has evolved into a modality
that can provide both anatomical and functional cardiothoracic imaging and is of
particular value to patients with congenital heart disease (CHD). This chapter out-
lines the role of plain radiography and CT in the management of patients with PAH,
especially those with PAH related to CHD (PAH-CHD).

10.2 Plain Radiography

At the time of presentation, about 90% of patients with idiopathic PAH have an
abnormal chest X-ray (CXR), although a normal chest radiograph does not
exclude the presence of PH, and in cases in which PAH is secondary to acquired
or CHD or to lung disease, the CXR may assist in the differential diagnosis [2].

The cardinal sign of PAH on the CXR is dilatation of the central pulmonary
arteries (PAs) and relative reduction in size (often referred to as “pruning”) of the
peripheral blood vessels (Fig. 10.1). In cases where there has been long-standing,
severe PAH, calcified atheroma may be visible in the central PAs (Fig. 10.2). Signs
of right heart chamber enlargement may also be seen in advanced cases of PAH
(Fig. 10.3) [3].

When PAH is associated with or is secondary to CHD (PAH-CHD), an unusually
small aortic knuckle suggests a shunt at atrial level, whereas in ventricular and great
vessel-level shunts, the aortic knuckle usually appears normal or prominent. An
additional feature in cases of Eisenmenger due to a patent ductus arteriosus (PDA)
may be visible calcification of the duct [4].

10.3 Computed Tomography

While echocardiography, both transthoracic echocardiogram (TTE) and trans-
oesophageal echocardiogram (TOE), and cardiac magnetic resonance (CMR) imag-
ing remain the first-line modalities for the assessment of cardiac morphology and
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Fig. 10.1 PAH associated
with an atrial septal defect
(ASD). Note the enlarged
central pulmonary arteries
(PAs) and peripheral
pruning. The heart is
mildly enlarged due to
right atrial dilatation and
right ventricular
hypertrophy. Also note that
the aortic knuckle is small,
a typical finding in
so-called Eisenmenger
ASD, possibly reflecting a
long-standing low cardiac
output state

Fig.10.2 ASD with
long-standing severe
PAH. Note the curvilinear
calcification in the central
pulmonary arteries

anatomical localization of a shunt, CT is now able to provide comparable diagnostic
yield as CMR (with the exception of flow and tissue characterization), in addition to
providing the traditional pulmonary parenchymal and vascular data. As with all
imaging modalities, CT is useful, both for determining the underlying aetiology of
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Fig. 10.3 PAH associated
with an ASD. Note the
enlarged central pulmonary
arteries and peripheral
pruning. There is gross
cardiomegaly due to right
atrial dilatation and right
ventricular hypertrophy

PAH, and for the monitoring of known disease, including the assessment of compli-
cations of PAH, disease progression and assessment prior to consideration of inter-
vention (both percutaneous and surgical) or transplantation [5].

The systematic assessment of PAH-CHD should include the assessment of the
PAs (size, ratio with the ascending aorta, detection and quantification of thrombus
or calcification, etc.), bronchial arteries and lung parenchyma, in addition to specific
detailed assessment of the right heart, cardiac and extra-cardiac shunts, cardiac and
coronary morphology.

The comprehensive assessment of both cardiac and thoracic structures with
CT requires adaptation of traditional cardiac acquisition protocols to ensure suf-
ficient contrast opacification of both left- and right-sided cardiovascular struc-
tures. However, with simple modifications to contrast bolus composition and
timing, a single, comprehensive cardiothoracic assessment is relatively easy to
achieve [1].

10.4 Pulmonary Artery Assessment

The main indicator of raised PA pressure on contrast-enhanced thoracic CT is dilata-
tion of the main, branch and segmental PAs (Fig. 10.4a). A specific cut-off for defin-
ing PA dilatation, which is indicative of PAH remains uncertain in the literature. A
pulmonary artery (PA) diameter of 29-30 mm has traditionally been quoted as the
upper limit of normal; however, more recent literature would suggest 33 and 36 mm
are more specific cut-off values. Normalizing for body surface area does not appear to
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add value to these measurements in adults. Branch and segmental PAs should also be
assessed, and values of >22.5-25 mm are often quoted for branch PAs (Fig. 10.4a —
yellow lines), while segmental PA diameter exceeding that of the associated bronchus
in >3 lobes and an artery—bronchus ratio of >1.25 are both used. Clinically, these are
seen as the “inverse signet ring sign”.

In addition to the size of the PA, other markers of potential PAH include a raised
PA-aortic ratio (Fig. 10.4a black—white line ratio). It is argued that this ratio cor-
rects for distensibility throughout the cardiac cycle, patient size and cardiac output,
all of which may influence PA size. Again a definitive cut-off is debatable; how-
ever, a ratio of >1.0 is suggestive of PAH, while values >1.1 may be more specific.
Finding a main PA that is conspicuously larger than the aorta is usually suggestive
of PH, and measuring the ratio of the two diameters is of limited additional value.
Finally, the so-called “egg and banana sign” (Fig. 10.4b) may be a marker for PH,
although this may also be seen in patients with high BMI, with or without PAH.

CT pulmonary angiography (CTPA) is the gold standard test for the assess-
ment of thromboembolic disease, which may be a cause of PH or occur as a result
of PH. Eccentric mural thrombus is often associated with calcification of the PA
in established chronic PH (Fig. 10.5a). Massive PA dilation may also cause left
main coronary artery compression, while increasing the risk of PA dissection.
Both of these conditions may present with acute onset chest pain in patients with
otherwise low likelihood of significant coronary atheromatous disease. Current
guidance from the UK National Institute of Healthcare Excellence (NICE) rec-
ommends CT as the first-line investigation in these patients.

Bronchial artery assessment is also important in the assessment of PH, with
enlarged and hypertrophied bronchial arteries often developing as a result of the
chronically raised PA pressures, and may predispose to hemoptysis (Fig. 10.5b).

Fig. 10.4 (a) CTPA shows enlarged branch pulmonary arteries (yellow lines) and increased PA—
aortic ratio (black—white line ratio). (b) CTPA shows the transverse aortic arch and (dilated) MPA
on same transaxial CT section, mimicking an egg and a banana
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Fig. 10.5 CTPA showing dilated branch PAs with extensive mural thrombus and calcification in
the left pulmonary artery (a), hypertrophied bronchial arteries (b) and dilatation of the IVC and
hepatic veins due to tricuspid regurgitation (c)

10.5 LungParenchyma Assessment

High-resolution CT (HRCT) of the chest (without intravenous contrast medium)
provides excellent demonstration of the lung parenchyma, and in cases of PH
secondary to lung disease (such as emphysema, bronchiectasis and diffuse
fibrosis), it may reveal the underlying diagnosis. There are also specific lung
abnormalities that are suggestive of PH regardless of the underlying cause. The
most common is a mosaic attenuation pattern, characterised by areas of
decreased attenuation adjacent to areas of increased attenuation (Fig. 10.6a),
reflecting relative differences in perfusion. A similar appearance may be caused
by patchy areas of air trapping, as is seen in various forms of obstructive air-
way disease. However, in these cases, the mosaicism increases on expiratory
scans (Fig. 10.6b).
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Fig. 10.6 CT scans showing mosaic attenuation of the lung parenchyma due to idiopathic PAH
(a) and due to air trapping (b)

Centrilobular ground-glass nodules are a well-recognised but less common find-
ing on HRCT in all types of PH (Fig. 10.7). Their precise cause is uncertain, but the
combination of ground glass, nodules, thickened interlobular septa and possibly
pleural effusions in the presence of PH should raise the possibility of pulmonary
veno-occlusive disease (PVOD) or pulmonary capillary haemangiomatosis as the
possible underlying cause (Figs. 10.8a, b).

Small, serpiginous intrapulmonary vessels related to centrilobular arterioles have
been described in Eisenmenger syndrome and idiopathic PAH and are probably due
to neovascularity.

10.6 Cardiac Assessment

Traditional cardiac assessment in PH has focussed on morphological changes asso-
ciated with the increased PA pressure, namely, the size of the right-sided chambers,
the degree of right ventricular hypertrophy (RVH) and the presence of hepatic vein
dilatation (indicative of severe tricuspid regurgitation) (Fig. 10.5c). However, with
the advent of robust cardiovascular CT, this is increasingly used to assess intra- and
extra-cardiac shunts (septal defects and PDA), pericardial effusion and coronary
anatomy.

10.6.1 Congenital Heart Disease Assessment

Cardiovascular CT is able to match the ability of CMR in CHD, with the exception
of flow data and tissue characterization [6]. Of course, the main disadvantage of
cardiovascular CT, when compared to CMR, is radiation exposure. However, in
patients in whom other imaging modalities have provided insufficient information
on cardiovascular anatomy (e.g. the increasing number of CHD patients with pace-
makers or defibrillators either for arrhythmia or heart failure, who cannot undergo
CMR), claustrophobic patients and patients with underlying conditions that may
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Fig. 10.7 HRCT of patient
with idiopathic PAH showing
small centrilobular ground-
glass nodular opacities

Fig. 10.8 Two cases of pulmonary veno-occlusive disease (PVOD). The first case (a) shows pre-
dominantly centrilobular nodules, and the second case (b) shows a combination of ill-defined
nodules and thickened interlobular septa
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significantly reduce life expectancy, cardiovascular CT remains an important and
valuable tool.

10.6.2 Right Atrial (RA) and Right Ventricular (RV) Assessment

Both the RA and RV may dilate as a result of raised PA pressures (Fig. 10.9a), and
most CT signs are largely extrapolated from non-PH patient cohorts. An RV diame-
ter of >45 mm is often quoted as indicative of dilation, with an RV-LV ratio of >1.0
suggestive of significant dilatation, but >1.2 being more specific. Deviation or flat-
tening of the ventricular septum may be seen on either dynamic (multiphase) CT
imaging or single-phase analysis. Simple analysis of the RV diameter, however, is
fraught with difficulty (due to the lack of a universally accepted method for measure-
ment on axial CT, poor reliability and significant interobserver variability) and is less
able to predict the presence of PH when compared to the diameter of the main
PA. The interobserver variability is likely to be more pronounced on non-ECG-gated
thoracic acquisitions. RV hypertrophy may also be seen on CT with a cut-off >3mm
often used to define true RV hypertrophy (Fig. 10.9b). Finally, significant hepatic
vein dilatation (Fig. 10.5¢) is suggestive of severe tricuspid regurgitation and, in
conjunction with other suggestive findings, may indicate significantly raised PA
pressures.

Fig. 10.9 Right atrial and right ventricular dilatation and flattening of the ventricular septum (a),
right ventricular hypertrophy in a patient with a complete atrio-ventricular septal defect and
Eisenmenger syndrome (b)
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10.6.3 Shunt Assessment

Cardiovascular CT allows full morphological assessment of cardiac shunts,
whether a patent foramen ovale (PFO) (Fig. 10.10a), atrial septal defect (ASD)
(Fig. 10.10b), ventricular septal defect (VSD) or atrioventricular septal defect
(AVSD) (Fig. 10.10c), PDA (Fig. 10.10d) or rarer entities such as aortopulmo-
nary window or more complex CHD (e.g. transposition of great arteries or univen-
tricular circulation). CT also allows full assessment of (anomalous) pulmonary
venous return.

10.6.4 Coronary Assessment

CT coronary angiography has, nowadays, become a well-established technique for
the exclusion of significant coronary atheromatous disease and is the gold standard
investigation for coronary artery anomalies. Indeed, there are several causes of
acute chest pain in PAH-CHD, and CT coronary angiography is able to exclude or
confirm most of these, including significant coronary atheromatous disease, coro-
nary compression (Fig. 10.11a), aberrant coronary anatomy (which is both common
and often complex in patients with CHD, Fig. 10.11b) and other congenital coro-
nary malformations [6].

Fig. 10.10 CT showing a patent foramen ovale with right-to-left shunting (a), secundum ASD
(b), complete AVSD (c), PDA (d)
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Fig. 10.11 Compression of left main stem coronary artery by a dilated PA (a), aberrant origin of
left circumflex artery from the right aortic sinus (b)

10.6.5 Extended Assessment with Cardiovascular CT

If CMR is contraindicated (due to previous pacemaker insertion, claustrophobia)
and biventricular functional assessment is required, this can be delivered by cardio-
vascular CT, although at increased ionizing radiation dose due to the requirement
for retrospective ECG-gated acquisition. Using a tri-phasic contrast protocol, accu-
rate biventricular ejection fractions and volumetric data can be acquired with suit-
able left and right heart opacification (Fig. 10.12a, b). It should be noted, however,
that although calculated ejection fractions are comparable to those obtained by
CMR, due to differences in spatial and temporal resolution as well as volumetric
analysis techniques, volumetric data are not interchangeable between CT and CMR,
with CT systematically overestimating ventricular volumes compared with
CMR. Sequential volumetric analysis, therefore, requires the use of one technique
only, and this is not routinely performed with CT due to concerns with regard to the
cumulative radiation exposure.

10.7 Novel CT Assessment in PH

With novel CT technologies increasingly becoming embedded within clinical prac-
tice, a number of additional tools are emerging from within the research field. These
include CT assessment of pulmonary distensibility, which appears to have a good
inverse relationship with pulmonary capillary wedge pressure, direct assessment of
left atrial function and extrapolated CT wedge pressure assessment. Automated
fractal analysis of the pulmonary vasculature has been shown to correlate with func-
tional parameters, such as the 6 min walk distance, with both PA tortuosity and the
degree of “pruning” correlating with rising PA pressures. Finally, the use of dual
energy CT for the assessment of pulmonary perfusion is becoming more
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Fig. 10.12 Left (a) and right (b) ventriculography from CT datasets
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established, with increased main PA enhancement and reduced parenchymal
enhancement reflecting the degree of perfusion/ventilation mismatch. This may be
of particular value in improving the detection of small emboli and in the follow-up
of individuals on therapy.

10.8 Summary

Plain radiography remains a cheap and effective first-line investigation in PH. The
role of cardiovascular and thoracic CT has expanded significantly in the last
5-10 years, both in the diagnosis and follow-up of PAH. In patients with CHD,
cardiovascular CT is particularly valuable for the comprehensive assessment of
both the PH and underlying congenital malformations, effectively replacing CMR
in those patients who have pacemakers or other contraindications to magnetic
assessment. Several automated novel technologies are emerging and are being
incorporated into clinical practice, and the role of cardiothoracic CT is likely to
increase as the technology improves and the radiation dose falls, thanks to advances
in scanner technology.
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Echocardiography is a widely used tool for the assessment of patients with congeni-
tal heart disease (CHD), especially those with pulmonary hypertension (PH), both
in terms of diagnosis and follow-up. This investigation has the advantage of being
cost-effective, non-invasive and widely available, even though significant training
and expertise is required for performing and interpreting echocardiograms in com-
plex CHD and PH. Two-dimensional transthoracic echocardiography is able to
demonstrate the intracardiac anatomy and underlying cardiac defects, such as atrial,
ventricular or atrioventricular septal defects, a patent ductus arteriosus or aortopul-
monary window or more complex conditions. Beyond anatomical features, echocar-
diography provides information on cardiovascular physiology, which is invaluable
when assessing patients with pulmonary arterial hypertension related to CHD
(PAH-CHD). In this chapter, we provide an overview of the role of echo in the
management of patients with PAH-CHD.

11.1 Classification and Diagnosis of PAH Associated
with CHD

PH is defined as an increase in mean pulmonary artery pressure (PAP) to >25 mmHg
at rest [1], while PAH requires a normal pulmonary wedge pressure and a pulmonary
vascular resistance (PVR) >3 Wood units [2]. While the diagnosis of PAH-CHD
should be confirmed by cardiac catheterization in most cases, echocardiography is
essential in raising the suspicion of PH. PAH-CHD consists of an anatomically and
phenotypically heterogeneous group (see also Chap. 2). Recent PH guidelines classify
these lesions into four major groups: (1) Eisenmenger syndrome; (2) PAH-CHD with
left-to-right shunting; (3) PAH with possibly coincidental, small congenital defects
(idiopathic PAH-like physiology); and (4) postoperative PAH-CHD persisting after
repair or developing later in life despite timely repair of the congenital heart abnor-
mality [2]. In addition, there are patients with unilateral or segmental PAH and patients
with a Fontan-type repair, although these do not fulfil standard criteria for PAH (mean
PAP typically <25 mmHg) while having a raised PVR. All CHD patients undergoing
routine echocardiography should be thoroughly assessed in terms of underlying car-
diac anatomy, physiology and the presence and severity of PH.

Recent PH guidelines provide clear criteria for defining the echocardiograpic
probability of PH in symptomatic patients, based on the peak velocity of the tricuspid
regurgitation (TR) jet. Moreover, they suggest a series of supporting echocardio-
graphic signs relating to the ventricles, pulmonary arterial Doppler, inferior vena
cava (IVC) and right atrium (RA) (Table 11.1). These criteria should be applied with
caution in PAH-CHD, as they may not apply to patients with complex anatomy or
associated lesions (e.g. right ventricular outflow tract (RVOT) obstruction or atrio-
ventricular valve disease).

11.1.1 Tricuspid Regurgitation

Establishing the cardiac anatomy, especially the atrioventricular and ventriculo-
arterial relations, is an essential first step before using the TR Doppler to estimate
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Table 11.1 Echocardiographic probability in symptomatic patients, according to International
Pulmonary Hypertension Guidelines

Echo probability of PH Peak TR velocity (m/s) Other echo signs”
Low <2.8 or non-measurable None
Intermediate <2.8 or non-measurable Present
2.9-34 None
High 29-34 Present
>3.4 Not required
“Echo signs of PH
Signs from at least two categories (columns A, B or C) are required
A. Ventricles B. Pulmonary artery (PA) C.IVC and RA
RV/LV basal diameter = RVOT Doppler acceleration ~ IVC diameter > 21 mm and decreased
ratio > 1 time < 105 ms inspiratory collapse (<50% sniff,

RVOT Doppler acceleration ~ <20% quiet inspiration)
mid-systolic notch
LV eccentricity index ~ Early PR velocity >2.2 m/s  RA area > 18 cm? in end-systole
(systolic or diastolic)  PA diameter > 25 mm
>1.1
The above criteria apply to most non-PAH-CHD and some PAH-CHD patients, depending on
underlying cardiac anatomy, direction and severity of shunting and associated lesions (e.g. con-
genital valve disease). Care and expertise in CHD is, thus, required when applying the above cri-
teria in PAH-CHD patients
PH pulmonary hypertension, 7R tricuspid regurgitation; PA pulmonary artery; RV right ventricle;
LV left ventricle; RA right atrium; /VC inferior vena cava; RVOT right ventricular outflow tract; PR
pulmonary regurgitation

PAP. Moreover, care should be taken to exclude or account for obstruction within the
right ventricle (RV) (e.g. double-chambered RV), the RV outflow tract or pulmonary
arteries, all conditions that can raise TR Doppler velocity in the absence of PH. In
patients with biventricular circulation and a sub-pulmonary RV, the systolic PAP
(PAPyqic) can be assessed by measuring peak TR velocity (V,, " ) using the modi-
fied Bernoulli equation (Fig. 11.1a):

ax.

_ _ 2
gradientgy_p, PsystolicRV - PsystolicRA =4x VmaxTR
P Af:ystolic = Pgradient,w, R4 + P RA

where P, ., ., 1S the peak pressure gradient in systole between the RV and RA
and Py, is the estimated RA pressure.

The TR jet should be appreciated from multiple views, always ensuring that the
ultrasound beam is parallel to the jet. Py, can be estimated based on the diameter
and respiratory variation in diameter of the IVC [3, 4]: An IVC diameter below
2.1 cm that collapses more than 50% with a sniff manoeuvre suggests a normal Py,
of 3 mmHg. An IVC diameter above 2.1 cm that collapses less than 50% with a
“sniff” or <20% on quiet inspiration suggests a high Py, of 15 mmHg. In scenarios
in which the IVC diameter and response to a “sniff” or inspiration do not fit any of
the previous situations, an intermediate value of 8 mmHg can be used. In CHD
patients with agenesis of the IVC (e.g. left atrial isomerism with azygos continua-
tion of the IVC), other parameters should be used, such as evidence of right heart
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Fig. 11.1 Echocardiographic signs of PH. In (a), estimation of the systolic PAP using the Doppler
signal of the tricuspid regurgitation (TR) and the modified Bernoulli equation in patients with
Eisenmenger syndrome and a large atrial septal defect. A peak TR velocity of 5 m/s equates with a
RV-RA gradient in systole of 100 mmHg. Adding the estimated RA pressure (in this case
15 mmHg), the systolic PAP is calculated at 115 mmHg. In (b), estimation of the mean PAP using
the pulmonary regurgitation (PR) Doppler. The peak early gradient plus the RA pressure provides
an estimate of the mean PAP (in this case 58 mmHg + 15 mmHg = 73 mmHg). In (¢), an example
of severe deviation of the ventricular spectrum towards the LV, with a diastolic eccentricity index of
3.7.1In (d), a four-chamber view of the same patient, demonstrating the large secundum atrial septal
defect, severely dilated atria. The RV is dilated and hypertrophied, while the ventricular septum is
deviated towards the small underfilled LV. In (e), the Doppler of the RV outflow tract, with a short
acceleration time (dotted line) and a systolic “notch” (arrow). In (f), the tricuspid annular plane
systolic excursion (TAPSE). LV, left ventricle; LA, left atrium; RV, right ventricle; RA, right atrium
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failure on physical examination (adding 5 mmHg to right atrial pressure for each
sign) or the tricuspid valve E/e’ ratio [5]. Of course, Pra can also be estimated by
clinical assessment of the jugular venous pressure.

Errors in the estimation of systolic PA pressure are often due to overestimation
of Py, with echo, explaining why international guidelines use cut-offs based on TR
velocity alone and also why the gold standard for the estimation of PAP remains
right heart catheterization. In fact, while estimates of PVR can also be provided
with echocardiography using the ratio ¥, to pulmonary artery Doppler velocity
time integral [6], these formulas make assumptions on left atrial pressure and are
generally unreliable in CHD.

11.1.2 Pulmonary Regurgitation

The mean PAP can be estimated from the early peak velocity of the pulmonary
regurgitation (PR) Doppler using the following formula (Fig. 11.1b) [7].
PAP, =4xV, *+P,

mean max pp

This method is extremely useful in patients with undetectable TR.

11.1.3 Other Echocardiographic Signs of Pulmonary
Hypertension

Echocardiographic variables, beyond TR or PR velocities, that may reinforce the
suspicion of PH include [4]:

¢ Flattening of the ventricular septum (Fig. 11.1c). A left ventricular eccentricity
index in systole or diastole >1.1 is suggestive of high RV pressures.

e Dilatation of the RA (RA area > 18 cm?) or the RV (RV/LV basal diameter
ratio > 1) (Fig. 11.1d). This sign and the previous signs are of limited use in
patients with significant left-to-right shunting at atrial level (or partial anomalous
pulmonary venous return), which may also cause RA and/or RV dilatation and
cause flattening of the RV septum in the absence of PH. Moreover, RA dilatation
may be caused by associated lesions of the tricuspid or right atrioventricular
valve, or pulmonary stenosis.

e RV hypertrophy and dysfunction. RV hypertrophy has been defined as RV free
wall thickness >0.5 cm measured from the subcostal four-chamber view. It is an
indirect sign of chronic increase in RV afterload (not only PH).

e Pulmonary artery Doppler profile and measurements. A spiky (acute, with short
time from onset to peak) pulmonary artery Doppler is a sign of severe PAH
(Fig. 11.1e). A short PA acceleration time has been shown to correlate reversely
with mean PAP [8]. Moreover, a mid-systolic “notch” is a common finding in
significant PH, even though not ubiquitously present, and is felt to be the result
of waves reflected by the pulmonary circulation.
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Fig. 11.2 Pericardial effusions in PH. In (a) a pericardial effusion (arrow) in a patient with severe
idiopathic PAH and a very dilated and impaired (failing) RV. In (b), a long-standing pericardial
effusion (arrow) in a patient with Down syndrome and Eisenmenger syndrome, who has a hyper-
trophied RV with preserved function and no signs on RV failure. LV, left ventricle; RV, right
ventricle

e Tricuspid annular plane systolic excursion (TAPSE) is probably the most repro-
ducible measure of (longitudinal) RV function (Fig. 11.1f). Even though not
included as a marker of PH and RV function in recent guidelines, it remains one
of the most widely used parameters in clinical practice.

¢ Right-to-left (R-L) shunting. R-L shunting at ventricular (or patent ductus arterio-
sus) level is evidence of severely raised RV (or PA) pressures, at systemic or supra-
systemic levels. For this reason, a low-velocity bidirectional shunt at ventricular,
ductal or aortopulmonary window level in cyanotic patients, in the absence of pul-
monary stenosis, is deemed diagnostic of Eisenmenger physiology.

e Pericardial effusion. A pericardial effusion is often present in patients with
advanced idiopathic PAH and is a sign of RV failure and adverse prognosis
(Fig. 11.2a). A pericardial effusion may also be present in advanced PAH-CHD,
but its prognostic role may be confounded by comorbidity, especially the pres-
ence of Down syndrome (Fig. 11.2b). In fact, many patients with Down syndrome
may have small or larger pericardial effusions in the absence of RV failure.

The echocardiographic assessment of PA pressures in PAH-CHD is, thus, both
qualitative and quantitative.

11.1.4 Echocardiographic Assessment of PH in Complex CHD

Significant expertise is required when assessing a patient with complex CHD using
echocardiography (e.g. univentricular physiology or a systemic RV), as “standard”
echocardiographic parameters may not apply.

In patients with a systemic RV, e.g. those with transposition of the great arteries
after atrial switch (Mustard or Senning) repair, the sub-pulmonary ventricle is
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Fig.11.3 PH in complex CHD. In (a), a patient with transposition of great arteries and a previous
Mustard (atrial switch) procedure. Note the dilated and hypertrophied systemic RV, small sub-
pulmonary LV and pulmonary venous pathway (arrow) directing flow from the pulmonary veins
towards the systemic RV and the systemic circulation. In (b), a patient with similar anatomy but
severe PH. The sub-pulmonary LV is severely dilated and impaired. In (¢), the Doppler signal of a
modified Blalock—Taussig shunt (connecting the right subclavian artery to the right pulmonary
artery). The low peak velocity suggests that pressures in the systemic (subclavian) artery and right
pulmonary artery are similar; hence, there is PH in the territory fed by the shunt. In (d), Doppler
signal from a Waterston shunt (between the ascending aorta and pulmonary artery). The peak
velocity is 3.2 m/s, and according to the modified Bernoulli equation, the peak pressure gradient
between the aorta and pulmonary artery is approximately 40 mmHg. This is a clear, albeit indirect
sign of raised PAP

morphologically left and, in the absence of PH, often appears small, crescent-like
and hyperdynamic (Figs. 11.3a and b). PH is not uncommon in this population and
may be pre- or, most often, post-capillary. While cardiac catheterization is manda-
tory for a correct diagnosis (with measurement of a pulmonary wedge and RV end-
diastolic pressure), certain echocardiographic changes raise the suspicion of PH. In
this situation, the mitral, rather than tricuspid, regurgitation Doppler can be used in
a Bernoulli equation to estimate PAP,;;.. Care should be taken to account for any
pulmonary stenosis or Left ventricular outflow tract (LVOT) obstruction. The PR
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Doppler estimation of PAP,,.,, can be extremely useful. Moreover, estimation of
systemic venous atrial pressure is difficult, and any technique used should account
for possible stenosis of the systemic venous pathways.

In patients with unrepaired univentricular circulation, e.g. double inlet left ven-
tricle (LV) or tricuspid atresia, atrioventricular valve regurgitation Doppler does not
provide an estimate of PAP;, but rather systemic ventricular pressure. In these
cases, it is particularly important to understand the anatomy and especially define
ventriculo-arterial relations. Once the PA and aorta are identified, one should focus
on quantifying any degree of pulmonary and sub-pulmonary stenosis. Indeed, severe
pulmonary stenosis is likely to have protected the pulmonary circulation from
developing pulmonary vascular disease, while mild or moderate Doppler gradients
across the pulmonary valve (peak <60 mmHg) should always raise the suspicion of
PH. In adult patients with no pulmonary stenosis, systemic levels of PH can be reli-
ably diagnosed with echo in all patients with discordant ventriculo-arterial connec-
tion (PA arising from the LV) and patients with concordant ventriculo-arterial
connection and a non-restrictive ventricular septal defect (VSD).

When surgical shunts (e.g. Blalock—Taussig shunts) are present, the peak Doppler
velocity of the shunt may be used to estimate the pressure difference between the
aorta and pulmonary artery fed by the shunt, providing the ultrasound beam is well
aligned to the shunt (Fig. 11.3c and d). This is particularly useful in patients with
unrepaired pulmonary atresia and major aortopulmonary collateral arteries
(MAPCAs), in whom pulmonary vascular disease often develops in areas fed by
large collaterals or large surgical shunts (e.g. the Waterston shunt, see also Chapter
6). While invasive catheterization of individual collaterals is the only reliable way to
measure pressures in individual lung segments, echocardiography can provide indi-
rect evidence of raised PA pressures: Doppler interrogation through MAPCAs feed-
ing normotensive regions will demonstrate continuous flow with high peak velocities
(well above 4 m/s, depending on aortic pressure), while velocities will be substan-
tially lower in significantly hypertensive areas, reflecting the reduced pressure gradi-
ent between the aorta and the pulmonary arteries feeding these areas. Obviously, the
TR Doppler velocity cannot be used to estimate PAP; in patients with unrepaired
pulmonary atresia, as the RV is disconnected from the pulmonary circulation.

Finally, patients with a Fontan circulation form a unique and challenging sub-
group, in whom standard criteria of detecting PH do not apply. In the Fontan circu-
lation, pulmonary blood flow is driven passively from the systemic venous
circulation to the lungs without the interposition of a sub-pulmonary ventricle.
Hence, even the slightest increase in PAP and PVR can lead to significant haemody-
namic compromise. Accurate estimation of PAP and PVR is impossible by echocar-
diography in Fontan patients. However, when a surgical fenestration between the
Fontan circulation and the left atrium (LA) remains, the Doppler flow velocity of
the shunt can be used to approximate the pressure difference between the central
venous (Fontan) system and the LA. In the presence of normal left atrial pressures,
a flow velocity of the fenestration shunt >1.8 m/s suggests raised pressures in the
Fontan circuit:

Central venous (Fontan) pressure = 4V? + LA pressure
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Even mild increases in LA pressure can result in a significant rise in central
venous pressure, hence compromising the Fontan circulation. Therefore, careful
assessment of the systolic and diastolic properties of the systemic ventricle and the
function of the cardiac valves is also essential when investigating for post-capillary
causes of a “failing Fontan” circulation.

11.2 The Assessment of Right Ventricular Function

Once the presence of PH is established in a CHD patient, echocardiography plays
an important role in assessing RV (sub-pulmonary ventricular) function at baseline
and during follow-up. Indeed, the adaptation (or maladaptation) of the RV to the
increased and increasing afterload significantly influences the functional status and
prognosis of PH patients (see also Chapter 1). RV function influences management
decisions, with regard to the type and intensity of treatment. Of course, when RV
hypertrophy and dysfunction are encountered in a CHD patient, other causes of RV
pressure overload should be excluded, such as RVOT/pulmonary stenosis.

RV remodelling occurs as a response to the increase in afterload and ranges from
adaptive hypertrophy (homeometric adaptation) to RV dilatation and dysfunction
(heterometric adaptation) [9]. RV function and the response to pressure overload
may also be affected by congenital abnormalities of the RV or previous surgery that
might affect myocardial deformation and contractility.

Despite limitations in the assessment of right ventricular dimensions and function
by transthoracic echocardiography, guidelines from the American Society of
Echocardiography and European Association for Cardiovascular Imaging [10] pro-
vide standards of good practice and normal values. Most parameters rely on mea-
surements obtained in the apical four-chamber view, although this provides a
two-dimensional view of a more complex anatomical structure. RV function can be
appreciated using various parameters, mainly tricuspid annular plane excursion
(TAPSE), tissue Doppler imaging peak velocity of the “s” wave at the lateral tricus-
pid annulus and right ventricular fractional area change.

Three-dimensional transthoracic echocardiography can overcome some of the limi-
tations of two-dimensional assessment (Fig. 11.4) and provide a volumetric assessment
of the RV. However, only few studies have validated three-dimensional tools in PH [11,
12], and their applicability to PAH-CHD patients needs further exploring.

A wide range of RV responses to PH can be observed in various types of PAH
and even within the adult Eisenmenger cohort (Fig. 11.5). In the latter, the ana-
tomical location of the shunt (pre- vs. post-tricuspid) appears to influence RV
adaptations to systemic PA pressures. Patients with pre-tricuspid defects (i.e. atrial
septal defects) typically present with a phenotype resembling that of severe idio-
pathic PH, with a heterometric response manifesting as significant RV dilatation
and dysfunction. Eisenmenger patients with a post-tricuspid shunt and especially
those with a ventricular or atrioventricular septal defect, on the other hand, often
demonstrate better RV adaptation with significant RVH but little RV dilatation and
preserved systolic function [13]. It appears that in patients with an unrestricted
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Fig. 11.4 Three-dimensional right ventricular volumetric quantification in a patient with PAH—
CHD related to an atrial septal defect

Fig. 11.5 The spectrum of RV adaptation in Eisenmenger syndrome. In (a), an Eisenmenger
patient with a large ventricular septal defect (arrow, outlet with inlet extension) and a severely
hypertrophied RV with preserved systolic function and mild—-moderate dilatation. The patient is in
functional class 2. In (b), an Eisenmenger patient with a large patent ductus arteriosus and a mal-
adapted, hypertrophied but severely dilated and impaired RV. The RA is also severely dilated, and
there is a pericardial effusion (arrow). The patient in severely symptomatic despite PAH therapy.
In (c¢), a patient with Down syndrome and Eisenmenger syndrome due to complete atrioventricular
septal defect. The RV is not dilated but severely hypertrophied, with a preserved systolic function.
Note the single atrioventricular valve (arrow). The patient is mildly symptomatic. For an example
of an Eisenmenger patient with a pre-tricuspid defect (atrial septal defect), see Fig. 11.1d (note the
hypertrophied but severely dilated and impaired RV)



11 Echocardiography in PAH-CHD 173

post-tricuspid shunt, both ventricles are working as one contractile unit, ejecting
into both the systemic and pulmonary circulations, hence responding better to the
elevated RV afterload. RV and LV remodelling, as assessed by speckle-tracking
imaging, differ between patients with pre- and post-tricuspid shunt [14]. These dif-
ferences, especially in RV adaptation, between Eisenmenger patients with pre- and
post-tricuspid lesions do appear to influence prognosis and should be taken into
account when deciding on their management.

In PAH-CHD patients with more complex anatomy, most of the above consider-
ations do not apply. In patients with systemic RVs and PH, the sub-pulmonary LV
and mitral valve may adapt to the high afterload better than a morphological RV and
tricuspid valve, with LV dilatation and dysfunction, and mitral regurgitation often
developing late. Attention must be paid to changes in the LV shape and dimensions,
as well as increases in pulmonary artery size, in order to avoid a delay in the diag-
nosis of PH. In this situation, the early pulmonary valve regurgitation velocity,
which is often detectable even when very mild, is extremely useful in identifying a
raised PAP. The complex ventriculo—ventricular interaction between a hypertensive
sub-pulmonary LV and a systemic RV makes echocardiographic interpretation dif-
ficult, requiring high levels of expertise and careful longitudinal assessment to
detect changes over time.

In patients with a univentricular circulation, a rise in PAP is unlikely to have a
major, detectable effect on the systemic ventricle. However, ventricular function
significantly influences outcome in these patients, and careful monitoring is
required. Close monitoring of systemic ventricular function is especially important
when PAH therapies are used, in order to detect changes in ventricular size and
function relating to additional volume loading secondary to the increase in pulmo-
nary blood flow. In fact, the systemic ventricle is, by default, chronically volume
loaded in an unrepaired univenticular heart, as it receives and supplies blood to both
the systemic and pulmonary circulation.

11.3 Identifying Undiagnosed CHD in Patients with PH

In patients with known PH, echocardiography is crucial for excluding CHD, espe-
cially given the difference in prognosis and management between idiopathic PAH
and PAH-CHD. Moreover, the presence of a large left-right shunt has significant
implications with regard to the method used to estimate cardiac output and pulmo-
nary blood flow during right heart catheterization (Fick method rather than thermo-
dilution). This impacts significantly on haemodynamic calculations (especially
PVR) and hence the management of the patient.

Two-dimensional echocardiography with colour Doppler can, in experienced
hands, detect most CHD and document the direction and velocity of shunting across
a defect. Moreover, significant RV dilatation with normal or hyperdynamic RV func-
tion and preserved velocity time integral across the pulmonary valve (an indicator of
normal or increased pulmonary blood flow) are in support of CHD rather than
significant PH. In such cases, if the defect is not obvious with transthoracic
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echocardiography, other imaging is indicated to exclude an intra- or extra-cardiac
shunt (e.g. contrast echocardiography, transoesophageal echocardiography, com-
puted tomography, cardiac magnetic resonance or cardiac catheterization with full
oximetry run). Indeed, the diagnosis of CHD may be difficult in adults due to poor
acoustic windows, especially in patients with systemic levels of PAP, in whom near
equalization of pressures in the systemic and pulmonary circulations results in low-
velocity bidirectional shunting that may be difficult to visualize on transthoracic
echocardiography. For example, a large patent ductus arteriosus or aortopulmonary
window may easily be missed on echocardiography in Eisenmenger patients.

11.4 Patients with Left Heart Disease

Post-capillary PH, i.e. PH related to left heart disease, is likely the most common
type of PH in CHD. Left-sided obstructive congenital lesions (e.g. cor triatriatum,
supramitral membrane, congenital mitral or aortic stenosis), as well as regurgitant
lesions and systemic ventricular dysfunction, can result in a rise in PA pressure.
Moreover, systolic or severe left ventricular diastolic dysfunction is not uncommon
in older CHD patients who underwent surgical repair of left heart obstructive
lesions, tetralogy of Fallot or other CHD “late” in life and those who were operated
during the early era of CHD surgery, when myocardial preservation may have been
less than optimal. A restrictive cardiomyopathy phenotype can be encountered in
patients with Noonan syndrome or endocardial fibroelastosis, while systolic and
diastolic dysfunction of the LV is encountered in severe forms of left ventricular
non-compaction. Post-capillary PH related to CHD has now been recognized as an
entity and classified in group 2 of the PH classification, according to the latest
international guidelines: it should not be treated with PAH therapies.

Echocardiography can provide direct and indirect signs of raised left ventricular
filling pressures in the setting of structurally heart [15]: left ventricular hypertrophy,
dilatation of the LA, changes in the mitral valve Doppler E/A ratio and deceleration
time (DT) of early filling velocity, mitral E/e’ and pulmonary venous Doppler
parameters. In patients with CHD and previous surgery and those with a morpho-
logic RV in the systemic position, the above-mentioned parameters may not be as
reliable and should be interpreted with caution and in the context of the clinical
presentation.

11.5 Echocardiography for Prognostication and Follow-Up

Several clinical and biological parameters [16-21] have been linked to prognosis
in Eisenmenger syndrome patients (see Chap. 21) [22]. RV dilatation and dysfunc-
tion, rather than the severity of the PAH, has been closely related to functional
class, exercise capacity and survival in PAH [23, 24]. Recent publications have
shown that echocardiographic parameters relating mainly to right ventricular func-
tion are associated with outcome in Eisenmenger syndrome [25-28]. A TAPSE
below 16 mm identified patients at high risk of adverse outcome in a Belgian
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Fig. 11.6 The concept of the systolic-to-diastolic ratio on the tricuspid regurgitation Doppler.
Two examples of the systolic-to-diastolic ratio (S/D ratio): a mildly symptomatic (a) and a severely
symptomatic (b) patient with Eisenmenger syndrome. Progressive RV dilatation and dysfunction
is associated with a prolongation of the RV systole and shortening of diastole. A reduced filling
time contributes to the low cardiac output. This phenomenon is exacerbated by the onset of supra-
ventricular tachycardias, which severely reduce filling time and can be fatal to patients with severe
PAH

cohort and was also associated with the presence of pulmonary artery thrombosis.
In a large Eisenmenger cohort from the Royal Brompton Hospital (patients with
biventricular circulation), a TAPSE below 15 mm identified Eisenmenger patients
with a fivefold increased risk of death. Other parameters linked to prognosis
included RA area, increased RA/LA area ratio and the ratio of right ventricular
effective systolic to diastolic duration (SD,,;,), as assessed on the tricuspid valve
Doppler (Fig. 11.6):

_ TR duration
Time from end of TR to the onset of subsequent 7R signal

S / D ratio

An echocardiographic composite score, attributing one point to each of the fol-
lowing, TAPSE <15 mm, S/D,,;, > 1.5, right atrial area > 25 cm? and right atrial/left
atrial arearatio > 1.5, was strongly related to mortality. A study in paediatric patients
with PH, including idiopathic, repaired CHD and other causes of PAH, has shown
that simple RV to left ventricular diameter ratio at end-systole (RV/LV ratio) mea-
sured in the standard parasternal short-axis view was significantly related to inva-
sive haemodynamic measures of PH. A RV/LV ratio > 1 was associated with an
increased risk of adverse events (need to initiate intravenous prostacyclin therapy,
atrial septostomy, death or transplantation) [29].

The role of speckle tracking in CHD is currently expanding. Advanced echocar-
diographic imaging with 2D and 3D speckle tracking can measure intrinsic myocar-
dial contractility and appears to be less load-dependent than other parameters.
Speckle-tracking estimates have been shown to relate to mortality in patients with
PH [30, 31]. Few studies have reviewed the ability of speckle tracking to evaluate
ventricular function in complex CHD. Using speckle-tracking, cardiac remodelling
differs between CHD-PAH patients and other PAH aetiologies: the presence of
Eisenmenger syndrome seems to be associated with increased RV free wall
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transverse strain and better survival [32]. Further studies are needed to determine its
role in the routine assessment of the RV in PAH-CHD.

11.6 The Echocardiographic Follow-Up of PAH-CHD Patients

PAH therapies can have major beneficial effects on RV physiology, paralleling
improvements in exercise capacity and quality of life. In a study on 23 Eisenmenger
patients, the clinical benefits from treatment with bosentan were more obvious in
patients who demonstrated a measurable improvement in their RV myocardial per-
formance index by at least 12% [33]. Moreover, bosentan leads to an improvement
in RV systolic function assessed by tissue Doppler imaging (peak tricuspid S wave)
as well as diastolic RV function, as assessed by the tricuspid valve E/e’ ratio. In
another study, bosentan improved left and right ventricular longitudinal strain, as
well as right atrial strain, after 24 weeks of therapy [34]. Despite being single-centre
studies with a small sample size, the results of these studies help us comprehend the
possible underlying mechanisms by which clinical improvement occurs after treat-
ment with PAH therapies and underline the importance of echocardiographic fol-
low-up in Eisenmenger syndrome patients.

11.7 Future Perspectives

Echocardiography can provide extremely useful information in the diagnosis,
prognostication and follow-up of PAH-CHD patients. However, as echocardio-
graphic assessment is subject to variability (relating to the acoustic window, intra-
operator and inter-operator variability, load dependency of right ventricular
function indices), many PH centres consider echocardiography as having a second-
ary role in the management of PH. This is not so for PAH-CHD patients, in whom
echocardiography (together with cardiac catheterization) is fundamental for the
diagnosis, management and follow-up. Standard echocardiography, combined with
novel techniques such as two-dimensional speckle-tracking imaging, three-dimen-
sional quantification of the RV and three-dimensional myocardial tracking, can
provide invaluable information on cardiac physiology and merit further investiga-
tion [35, 36].
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12.1 Introduction

The assessment of pulmonary hypertension in congenital heart disease (CHD) is
challenging, partly because this group may have elevated pulmonary pressure
caused by a range of haemodynamic mechanisms (sometimes coexisting), including
increased pulmonary flow (left-to-right shunts), elevated pulmonary vascular resis-
tance (PVR) or elevated pulmonary venous pressure. Furthermore, prognosis in pul-
monary hypertension is strongly influenced by the adaptation of the sub-pulmonary
ventricle to increased load — which may also be influenced by coexisting congenital
abnormalities or their postsurgical residua. This complexity necessitates careful
haemodynamic assessment for which cardiovascular magnetic resonance (CMR) is
particularly well suited.

In this chapter, the role of CMR in the assessment of pulmonary hypertension in
patients with CHD will be discussed, both in its role in combination with cardiac
catheterization and part of multimodality noninvasive imaging.

12.2 Haemodynamic Assessment

As discussed elsewhere in this book, any large intra- or extra-cardiac shunt that allows
unrestricted pressure and volume loading of the pulmonary circulation can lead to the
development of pulmonary vascular disease and pulmonary arterial hypertension
(PAH). PAH is characterized by increased afterload due to pulmonary vasoconstric-
tion and vascular remodelling, the haemodynamic consequences of which are
increased vascular resistance, reduced arterial compliance, elevated characteristic
impedance and abnormal wave reflections. Early repair of such lesions in childhood
aims to prevent this, but occasionally patients present late or develop pulmonary vas-
cular disease after complete repair (See Table 1.1 for Types of PAH associated CHD).

12.3 CMR-Augmented Cardiac Catheterization

Assessment of patients with intra- or extra-cardiac, left-to-right shunts must criti-
cally differentiate pulmonary hypertension due to increased pulmonary blood flow
from increased PVR due to pulmonary vascular disease.
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The mean pressure drop across the lungs (mean pulmonary artery pressure
[PAP] — mean left atrial pressure [LAP]) is related to mean pulmonary blood flow
(Qp) and PVR by Ohm’s law:

(PVRxQ, )+ LAP = PAP

Consideration of this equation demonstrates that raised PA pressure can occur
through elevation of PVR, flow or LAP. Each of these factors, alone or in combina-
tion, can cause pulmonary hypertension (mean PA pressure > 25 mmHg).

The importance of accurate haemodynamic assessment can be illustrated using an
example of a large sinus venosus atrial septal defect (ASD) with partially anomalous
pulmonary venous drainage: mean PAP, 35 mmHg and LAP 5 mmHg (transpulmo-
nary gradient, TPG 30 mmHg). If Q, is 10 L/min/m~2, the PVR index is 3 Wu x m?
and PAH is secondary to increased flow, but if Q, is 3 L/min/m~2, the patient has an
elevated PVR index of 10 Wu x m? and, therefore, pulmonary vascular disease.

While determination of mean PA and LA pressure (or pulmonary capillary wedge
pressure, PCWP) is usually straightforward by right heart catheterization (RHC), the
assessment of flow based on Fick or thermodilution is problematic (shunts/valvar
regurgitation makes dilution techniques inaccurate, while indirect Fick uses assumed
oxygen consumption introducing error). CMR is considered the gold standard for the
assessment of great vessel flow. One novel use of CMR is MR-augmented cardiac
catheterization, whereby patients undergo RHC followed immediately by CMR with
a balloon-tipped catheter (Swan—Ganz) in the branch pulmonary arteries (for mean
PA and PCWP measurement) during simultaneous acquisition of CMR flow [1].
Vasodilator testing can also be performed using inhaled nitric oxide (with or without
oxygen) with PVR changes easily and reliably assessed.

This approach is particularly useful in patients with combinations of shunts (e.g.
ASD and patent ductus arteriosus (PDA)), multiple sources of pulmonary blood
flow (systemic to pulmonary collaterals) or valve regurgitation in which conven-
tional techniques are prone to significant errors. However, this approach can be
considered in any patient in whom accurate calculation of PVR is critical. While
most units do not have the luxury of combined CMR cardiac catheter laboratories,
it is feasible to transfer patients from catheter laboratories to CMR suites using a
strict operating procedure and safety protocol for this purpose.

12.4 CMR Assessment in Subtypes of CHD-Associated PAH
12.4.1 Eisenmenger Syndrome

Eisenmenger syndrome occurs when elevation of PVR exceeds systemic vascular
resistance (SVR), with resultant intra- or extra-cardiac shunt reversal. The presence
of net right-to-left shunt can be determined qualitatively using Doppler echocar-
diography. However, phase-contrast flow imaging by CMR can accurately quantify
both pulmonary and systemic blood flow and, therefore, track serial changes in the
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ratio of pulmonary-to-systemic cardiac output (Q,:Q,) over time or in response to
therapy.

As with other forms of PAH, the function and adaptation of the right ventricle
(RV) can be assessed by calculating its ejection fraction (EF), which may impart
prognostic information and indicate response to therapy. Jensen et al. [2] have
recently demonstrated that impaired ventricular function (either right or left
impaired EF) was associated with increased mortality in this population (Fig. 12.1).
Furthermore, biventricular impairment was associated with worse prognosis in this
study; patients with right ventricular ejection fraction (RVEF) and left ventricular
ejection fraction (LVEF) in the lowest quartile had significantly higher mortality
(hazard ratio = 8.0 [95% CI 2.5-25.1], p = 0.0004). An important negative finding
of this study was that, apart from EF and resting oxygen saturation, no other clinical
parameters (including echocardiographic, laboratory or functional) had prognostic
value. It may be that CMR EF was more sensitive than other important parameters
when tested with this smaller sample size. It is well understood that the high repro-
ducibility of CMR measures lends itself to the study of rare diseases [3].

Predictive Value of no, single or biventricular impairement
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Fig. 12.1 Kaplan—Meier survival curves with the survival distributions of patients with LV or RV
impairment (defined as lower quartile EF) versus both RV and LV impairment, adapted from
Jensen et al. [2]



12 Cardiovascular Magnetic Resonance 183

These data are also consistent with those from studies of other forms of PAH. In
idiopathic PAH, CMR-derived right ventricular end-systolic volume (RVESV),
right ventricular end-diastolic volume (RVEDV) and RV mass have been shown to
have prognostic value [4, 5]. In children with PAH, including those with CHD, RV,
EF and left ventricle (LV) stroke volume index have prognostic value [6].

The study by Jensen et al. [2] highlights the importance of the LV in this condi-
tion. In contrast to other forms of PAH, Eisenmenger patients will also often have
important abnormalities of this ventricle; for example, if the underlying lesion is an
atrioventricular septal defect (AVSD). This necessitates careful assessment of both
right and left ventricles. Cine images of the RV and LV long axes and a four-chamber
view are acquired to plan a short-axis “stack” covering both ventricles (9—12 slices).
RV and LV end-systolic volume (ESV) and end-diastolic volume (EDV) are calcu-
lated by Simpson’s rule following manual segmentation of the endocardial contours
at end diastole and end systole. From these volumes, stroke volume and EF are
calculated. Ventricular mass is calculated as the difference between the epicardial
and endocardial contours, multiplied by the slice thickness and specific gravity of
the ventricular myocardium of 1.05 g/mL. When combined with great vessel flow,
volumetric data can also provide accurate quantification of both left and right atrio-
ventricular valve regurgitation. Because the approach incorporates whole-heart cov-
erage, no geometrical assumptions need to be made, which is particularly relevant
where there is complex ventricular architecture related to adaptation or maladapta-
tion and, potentially, previous surgery.

The observation of improved survival in Eisenmenger syndrome compared to
other forms of PAH is intriguing and remains largely unexplained. However, patients
with Eisenmenger syndrome commonly have correspondingly greater RV mass at
similar levels of PVR than patients with idiopathic PAH. It is possible that RV adap-
tation in this condition is a major determinant of increased survival.

The ability to track disease progression and response to therapy may also have
value in this population, as previously shown in other forms of PAH. Van de
Veerdonk et al. [5] showed that, not only does RVEF predict mortality in PAH, but
improvement in RVEF at follow-up is associated with improved outcome, indepen-
dent of PVR. Further studies on the use of interval CMR in Eisenmenger syndrome
are pending.

Chronic cyanosis in Eisenmenger syndrome can contribute to abnormalities in
coagulation, which predispose to thrombosis [7]. A site at particular risk of in situ
thrombosis is the main pulmonary artery and its branches. Gadolinium-enhanced
MR angiography using a coronal 3D fast-field-echo sequence can be used to
define pulmonary artery anatomy, which is typically dilated. In patients in whom
intravenous (I'V) access cannot be obtained or in whom IV gadolinium contrast is
contraindicated (e.g. due to renal dysfunction, common in this population), 3D
anatomy can be obtained using a diastolic “whole-heart”, magnetization-prepared,
3D, balanced, steady-state free precession (SSFP) sequence with navigator respi-
ratory gating. Selected cine images in the pulmonary trunk and branch pulmonary
arteries can also be helpful when targeted in response to findings in preliminary
imaging. “Whole-heart” data also provides important delineation of intracardiac
morphology.
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Late gadolinium enhancement (LGE) imaging is a technique whereby
T1-weighted, inversion recovery, gradient echo images are acquired approximately
10-15 min following IV injection of gadolinium contrast. Abnormal myocardium
(e.g. scar, increased interstitial space, fibrosis) is permeable to contrast and retains
it longer than normal tissue. Areas of abnormal myocardium appear bright on LGE
imaging, and this has proven useful for the prediction of clinical events in several
forms of adult CHD. Common sites of LGE in pulmonary hypertension include the
insertion points of the interventricular septum. However, a recent study did not find
that LGE provided prognostic information in a large group of mixed aetiology
pulmonary hypertension patients, including a small number with CHD-associated
PAH [8]. A small study comprising only of Eisenmenger syndrome patients showed
that LGE, additional to that at insertion points, was a common finding, but no prog-
nostic value was demonstrated [9]. There is still limited understanding of the role
of myocardial fibrosis in these patients, with little data on the use of more modern
high-resolution LGE techniques [10]. Further work is needed to apply new intersti-
tial fibrosis CMR measures to the RV [11-14].

12.4.2 Pulmonary Arterial Hypertension Associated
with Moderate Systemic-to-Pulmonary Shunts

Some patients with an intra- or extra-cardiac shunt and PAH, due to mild/moderately
elevated PVR, will have no cyanosis at rest and maintain a net left-to-right shunt, as
SVR still exceeds PVR. Accurate diagnosis in this patient group is challenging and
requires a high index of suspicion to identify patients in whom the PAH is dispropor-
tionate to the amount of left-to-right shunt, i.e. PVR is raised. Clinical management of
this group is difficult, and decisions to close shunts rely on precise estimation of PVR;
for this reason, these patients are ideal candidates for CMR-augmented cardiac
catheterization.

CMR assessment of this group is similar to that described above, and assessment
should concentrate on LV and RV function. Following diagnosis, CMR assessment
of 0,:Q; (measurement of systemic mean arterial blood pressure (BP) and calcula-
tion of SVR can help interpretation) is a valuable way to track progression of pul-
monary vascular disease.

12.4.3 Pulmonary Arterial Hypertension with Small Defects or
After Repair

Patients with pulmonary hypertension and small cardiac defects, most commonly
a small ASD, which would not be expected to produce PAH, are often considered
to have idiopathic PAH with a coexistent defect. Although the disease processes
and physiology are almost indistinguishable, the presence of an ASD may be
beneficial, as it allows maintenance of cardiac output by right-to-left shunting in
the presence of a profoundly elevated PVR. Elevated PVR and PAH may also
occur in patients many years after repair of CHD defects, even if normal
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pulmonary pressures had been confirmed before and early after repair. These
patients also tend towards the pattern of idiopathic PAH.

CMR assessment in these patients can, therefore, be modelled on idiopathic
PAH. This group of patients should undergo thorough evaluation for other common
causes of pulmonary hypertension, in particular group 2 (left heart disease), group
3 (lung disease/hypoxia) and group 4 (chronic thromboembolic pulmonary hyper-
tension, CTEPH). Indeed, CMR contrast-enhanced angiography may be particu-
larly useful for the latter [15-17].

Serial CMR assessment after diagnosis necessarily focuses on biventricular vol-
ume and function, which independently predict mortality and treatment failure in
idiopathic PAH. RV function can also be used to guide treatment with advanced
therapies. Indeed, recent data indicates that changes in CMR volumetric data precede
clinical deterioration; worsening RV indices could, therefore, be used as a reason to
escalate therapy [18]. However, the impact of such a strategy is yet to be tested.

12.4.4 Pulmonary Arterial Hypertension in the Fontan
Circulation

In the Fontan circulation, systemic venous return is directed to the lungs without
an interposed sub-pulmonary ventricle. Haemodynamics in the Fontan circula-
tion are interesting: the pulmonary circulation is uniquely exposed to flow with
absent or at least severely attenuated pulsatility. Pulsatility of blood flow is
important for the shear stress-mediated release of nitric oxide, which lowers
PVR and also recruits capillaries. PVR may be elevated in patients following
Fontan-type palliation, and, in this setting, even a relatively minimal increase in
PVR can have major adverse clinical effects on the pulmonary circulation and
cardiac output.

An important element of the Fontan circulation is that systemic function is
strongly determined by the inherent preload, limited by the absence of a sub-
pulmonary ventricle. CMR, through quantification of pulmonary venous flow and
ventricular volumes, can provide valuable information. CMR allows accurate serial
quantification of the systemic ventricular function, whether the primary ventricle is
morphologically left or right. Cardiac output can be measured directly from flow in
the aorta. Atrioventricular valvar regurgitation can be quantified by the difference in
volumetric stroke volume and aortic forward flow. CMR is also excellent for detect-
ing intracavitary thrombosis, an important complication of the Fontan circulation.
Thrombi can form in the right atrium of an atriopulmonary Fontan circulation or in
the blind-ended pulmonary artery after total cavopulmonary connection. Flow mea-
surements in the inflow to the Fontan circulation (superior and inferior vena cava)
and outflow (pulmonary veins) also allow quantification of shunting through sys-
temic to pulmonary collateral vessels [19], which can also be imaged by contrast-
enhanced angiography. These collaterals have been shown to influence the very
short-term outcome (such as length of hospital stay) following total cavopulmonary
connection, but their role long term or in the context of the “failing Fontan” remains
uncertain.
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12.4.5 PAH Secondary to Unexpected Congenital Heart Disease
or Left-Sided Disease

Patients may be referred for CMR as part of the diagnostic workup for invasively
documented pulmonary hypertension or for dilated pulmonary arteries incidentally
diagnosed by other imaging modalities. Unexpected, previously undiagnosed sinus
venosus atrial septal defects are not uncommon incidental findings at CMR, and
their management is significantly influenced by pulmonary vascular haemodynam-
ics (when PVR is low and surgical repair is possible) and, hence, prognosis
(Fig. 12.2).

The presence, severity and underlying cause of left-sided heart disease can also
be assessed by CMR, which is the gold standard for quantification of left ventricular
volumes, mass and function. Tissue characterization is excellent by CMR and aids
greatly in diagnosing the aetiology of left-sided disease [20] (Fig. 12.3).

Fig.12.2 An anomalous right upper pulmonary vein (red arrow) is seen passing horizontally and
entering the superior vena cava on a transaxial white blood image (a). The pulmonary trunk and
right pulmonary artery are clearly dilated compared with the aorta; (b) the entry of the right pul-
monary artery into the superior vena cava is seen in a coronal image. A pericardial effusion can
also be noted. The communication, i.e. the sinus venosus atrial septal defect, is seen in the trans-
axial orientation (c), and the yellow line represents the orientation of the image required to achieve
the image of the sinus venosus atrial septal defect in (d)
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Fig. 12.3 Late gadolinium enhancement (LGE) in non-ischaemic cardiomyopathy. Classic LGE
CMR findings in hypertrophic cardiomyopathy (a), dilated cardiomyopathy (b), arrhythmogenic
cardiomyopathy (ARVC) with LV involvement (c¢) and amyloid cardiomyopathy (d) are shown in
four-chamber (i) and short-axis (ii) views with areas of LGE arrowed (figure adapted from Babu-

Narayan [20])
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12.5 Noninvasive CMR Biomarkers of Pulmonary
Hypertension

Noninvasive assessment of central pulmonary haemodynamics using CMR is attrac-
tive, as it could facilitate both noninvasive diagnosis and ongoing assessment of
disease after diagnosis of PAH.

12.5.1 Markers of Raised Pulmonary Artery Pressure
and Vascular Resistance

One promising marker is quantification of the curvature of the interventricular sep-
tum. The position of the interventricular septum is determined by the instantaneous
RV-LV pressure gradient. In health, the LV pressure exceeds RV pressure through-
out the cardiac cycle, thus, giving the LV a circular conformation. However, in PAH,
this pressure gradient is reduced or even reversed, causing the septum to become
either flattened or bow into the LV (Fig. 12.4) [21]. The sensitivity of this marker to
acute changes in RV load has been demonstrated by its ability track PA pressure
changes during vasodilator testing in children. A similar approach using a multivari-
able linear regression equation, incorporating septal angle and RV mass, has also
been shown to closely approximate PA pressure in adults [22]. These simple
approaches are appealing, as they are based upon routinely acquired short-axis cine
imaging with simple post-processing. However, the effects of coexisting outflow
tract lesions (pulmonary or aortic stenosis), the presence of patch material or bundle
branch block must be borne in mind when generalizing to CHD.

b — Septum — Lateral wall — Ratio
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Fig. 12.4 (a) Regions of interest applied to the lateral free wall and septum during left ventricular
bowing. (b) Curvature across one cardiac cycle in the septum (red line), lateral wall (green line)
and curvature ratio (blue line). The minimum point of curvature ratio (blue line) is strongly associ-
ated with the mean pulmonary artery pressure (figure adapted from Pandya et al. [21])
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Indices of pulmonary artery flow, such as average flow velocity, have been
shown to correlate with PAP [23]. 4D phase-contrast flow imaging has been used
to image pulmonary artery vortices, which have also been shown to correlate with
PAP [24]. 4D flow imaging may also be used to estimate tricuspid regurgitation
velocity.

PVR represents the mean, non-pulsatile component of afterload; the additional
pulsatile components of afterload include compliance, characteristic impedance
(pulse wave velocity (PWV)) and wave reflections.

12.5.2 Compliance

Compliance is defined as a change in volume (AV) for a given change in pressure
(AP). In PAH, the pulmonary arteries are stiffer and compliance is reduced, which
contributes to increased afterload. Noninvasive assessment of compliance has been
attempted using the relative cross-sectional area change of the pulmonary arteries
using CMR. This metric only crudely approximates compliance, as it neglects the
AP component; however, it has been shown to correlate with PVR and predicts
clinical events [25, 26].

12.5.3 Characteristic Impedance and Pulse Wave Velocity

When the RV ejects, it must accelerate blood into the pulmonary artery, overcoming
a combination of inertance and vessel compliance. This is the characteristic imped-
ance (Z.) of the vessel, and governs ventricular load in early systole. The Z. is
directly related to PWV (c) as follows: Z. =pc/A4 where A, is vessel diastolic area,
and p is blood density. As can be seen from this equation, ventricular load in early
systole is increased in vessels with smaller areas and elevated PWV. Given a stable
PWYV, a dilated pulmonary artery would decrease load in early systole. PWV relates
to the material properties of the vessel: it is the relationship between pulsatile pres-
sure and pulsatile flow measured at the same site in an artery, in the absence of wave
reflections. One method that can be used to calculate pulmonary artery PWV is the
QA (flow-area) method. This is based upon solution of the water hammer equation
and involves measurement of the flow (Q) and cross-sectional area (A) in the pul-
monary arteries (ideally branch pulmonary arteries due to the through-plane motion
of the pulmonary trunk) using phase-contrast CMR:
PWV = a0
AA

This method relies upon measurement during the reflection-free part of early
systole (with PWV in m/s, AQ in m*/s and AA in m?). This is a very short interval
at the onset of ejection and may last less than 30 ms; therefore, high temporal reso-
lution imaging is required. A proposed implementation measures the gradient of Q
against A by linearly regressing the first three unfiltered and uninterpolated points of
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Fig. 12.5 Flow (blue) and area (red) curves from a phase-contrast MR acquisition in a patient
with idiopathic pulmonary arterial hypertension. There is a characteristic notch of the flow curve
(arrow, panel a), which is caused by a negative wave reflection (arrow, panel b) travelling back-
wards towards the heart (backwards compression wave, BCW)

the Q and A curves in the first 30 ms of systole [27, 28]. PWV is higher in patients
with pulmonary hypertension than in controls [29]. However, the role of this metric
in the detection, screening and monitoring of patients is still unknown, and data on
pulmonary arterial hypertension related to congenital heart disease (PAH-CHD) is
lacking.

12.5.4 Wave Reflections

Arterial wave reflections are caused by abrupt changes in vessel area or compliance
and also contribute to RV load. As PAH is characterized by widespread vascular
changes, it has been postulated that abnormal wave reflections may be an additional
source of increased RV afterload. The influence of wave reflections can be observed
qualitatively by inspection of a PAH patient’s pulmonary artery flow curve, which
shows a typical mid-systolic “notch”; this represents early wave reflections (result-
ing in reduced peak velocity and earlier time to peak velocity [acceleration time])
[23] (Fig. 12.5). It has recently been shown that CMR can be used to noninvasively
quantify wave reflections in the pulmonary circulation using a technique called
wave intensity analysis. This method has been shown to differentiate between health
and disease and can also identify certain subtypes of PAH [29].

12.5.5 Pitfalls

Pulmonary blood flow is usually measured in the main pulmonary artery. However,
in PAH, this is usually dilated. It has been observed that measurements in this loca-
tion can often be associated with overestimation of blood flow. This can be over-
come by measurement of flow in the branch pulmonary arteries (which has the
added advantage of providing data for individual lungs). It is also important to
acquire additional data to internally validate measurements of pulmonary artery
flow (e.g. pulmonary venous flow). Arrhythmia is not infrequent in patients with
CHD-associated PAH and can cause difficulties with cardiac gating.



12

Cardiovascular Magnetic Resonance 191

Conclusion

CMR is the gold standard for the assessment of ventricular function, volume and
great vessel flow. This is founded upon the low intra- and interobserver variabil-
ity when using these techniques and its avoidance of ionizing radiation. This
precision and reproducibility means that, in clinical trials requiring ventricular
indices, fewer patients need to be imaged by CMR than by transthoracic echocar-
diography [3, 30]. The ability of CMR to simultaneously assess intra- and extra-
cardiac anatomy is of vital importance in patients with CHD. The proven
prognostic value of many CMR markers of PAH is very exciting, and CMR will
undoubtedly grow in importance for patients with CHD-related PAH.
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VD Dead space

VE Ventilation

VO, Oxygen consumption
VT Tidal volume

WR Work rate

13.1 Introduction

Cardiopulmonary exercise testing (CPEX) and six-minute walk testing (6MWT)
have been available for many decades and are used for diagnosis and prognostic
assessment in many cardiology settings including heart failure, quantitation of car-
diorespiratory function, preoperative assessment and monitoring of treatment effi-
cacy or symptom deterioration [1]. CPEX/6MWT have been used both separately
and in combination in the assessment of pulmonary hypertension (PH) secondary to
congenital cardiac disorders [2]. Compared to static lung function tests or a standard
treadmill exercise test, CPEX can evaluate dynamic changes in cardiorespiratory
function and can obtain functional information on apparently minor lesions at rest,
which lead to profound symptoms on exercise. In this chapter, we will look at the
background physiology of exercise, the organisation and performance of the test
and the use of CPEX/6MWT in diagnosis and prognosis when assessing PH in adult
congenital heart disease (PH-ACHD).

13.2 Background Physiology

At the heart of exercise physiology testing is the assessment of two key processes at
rest followed by dynamic aerobic exercise and recovery:

e Oxygenated blood delivery to the tissues from the heart
e CO, removal from blood through the lungs

These two key processes involve:

e Ventilation of the lungs

e Pulmonary capillary diffusion of O, and CO,

e Movement of oxygenated and deoxygenated blood around the body
e Exchange of O, and CO, between blood vessels and working muscle

The normal cardiovascular response to exercise is to increase heart rate substan-
tially with an increase in myocardial contractility and shift in the Frank—Starling
effect to the left [3]. This leads to an increase in cardiac output and left atrial pres-
sure with transmission of this increased pressure to the pulmonary vasculature.
There is also vasoconstriction of arterioles to non-important organs and increased
venous return through large muscle groups acting as a pump return. These processes
are designed to increase oxygen delivery to metabolically active tissue, in particular,
skeletal muscle.
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The normal ventilatory response to exercise, in tandem with increased oxygen
consumption requirements, is to increase respiratory rate and tidal volume. At
higher levels of exercise, the dominant change is an increase in respiratory rate. This
increase in rate is accomplished through reduced inspiratory and expiratory times,
made possible by activating expiratory muscles and reducing end expiratory lung
volume [4]. Exercise also induces an increase in pulmonary capillary recruitment
and oxygen diffusion [5]. In the normal patient, unused pulmonary blood vessels
dilate on exercise and the ventilation/perfusion ratio falls (from 0.8 at rest to 0.5).
The diastolic pulmonary artery pressure changes little, with no major change in
pulmonary resistance, but the systolic pulmonary pressure increases significantly
(x3 in the normal heart). Thus, the work of the sub-pulmonary ventricle is much
greater than that of the systemic ventricle. This can be of major importance in con-
genital heart disease.

13.2.1 Physiological Response to Exercise in Pulmonary
Hypertension

It is difficult to summarise a single set of exercise responses that apply to the wide
spectrum of congenital heart conditions associated with PH. In congenital heart
patients, there may be restrictions of ventricular filling due to systemic or pulmo-
nary venous anomalies or as a consequence of previous cardiac surgery. A good
example of this is seen in patients who have undergone an atrial switch procedure
for transposition of the great arteries (Mustard or Senning operation). These
patients have an intra-atrial baffle which can constrict at either the systemic or
pulmonary venous site. In turn, this can restrict ventricular filling and reduce
exercise-related cardiac output. If the pulmonary venous baffle (pathway) is
obstructed, this can cause pulmonary venous hypertension which may be cor-
rected by surgical revision of the baffle or transcatheter stent implantation.

During long-term follow-up, around 7% of patients with a Senning or Mustard
correction of transposition of the great arteries have PH secondary to pulmonary
vascular disease [6]. The precise cause of this is uncertain but may relate to a delay
in corrective surgery and the concomitant effect of prolonged cyanosis on the devel-
oping pulmonary vasculature. Similarly, patients with a small VSD may present
with raised pulmonary vascular resistance. The size of an intracardiac shunt can be
difficult to interpret during a resting assessment and a “small” ventricular septal
defect detected in an adult may have been much larger in early childhood with par-
tial closure during somatic growth. There may be residual changes to the pulmonary
vasculature, which are easily missed during a resting evaluation but may detected
during CPEX.

Congenital conditions with even more complex response to exercise include
complex pulmonary atresia and the Fontan circulation. In pulmonary atresia,
some regions of the lung are subjected to systemic pressure with consequent pul-
monary vascular changes, but other regions have stenosed arterial supply and pul-
monary resistance is low or normal (see also Chapter 6). Pulmonary vascular
disease in the Fontan circulation (see Chapter 7) is yet another unique situation in
congenital heart patients where the absence of a sub-pulmonary pump and
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dependence on the skeletal muscle pump and systemic ventricular function can
make interpretation of the CPEX/6MWT much more complex. In this situation,
the pulmonary vascular resistance may be elevated despite the pulmonary artery
pressure remaining at a level that would be low in a biventricular circulation. This
“relative” PH can be accentuated by environmental factors such as living at high
altitude. Consequently, the interpretation of CPEX/6MWT tests in congenital
heart patients must be preceded by a detailed echocardiogram and, possibly,
haemodynamic assessment to fully assess anatomy and detect any residual
anatomic or postsurgical disease.

Despite the above, there are some changes, which are common to many PH-
ACHD patients that provide informative data in a CPEX. Due to changes in the
pulmonary vasculature, there may be increased pulmonary vascular resistance and
pulmonary arterial pressure (PAP) with failure to perfuse alveoli. This leads to
increased V/Q mismatch and an increase in dead-space ventilation. There is also a
reduction in cardiac output and reduced pulmonary capillary diffusion of oxygen. In
comparison to normal controls, there may be an increase in breathing frequency and
volume with reduced partial pressures of CO, due to respiratory compensation of
the metabolic acidosis, which occurs as a consequence of cyanosis and hypoxia.

These changes can be detected in measurements generated during the CPEX. A clear
understanding of the physiology of each measurement enables the observer to under-
stand their usefulness in the assessment of the congenital cardiac patients with PH. This
list is not exhaustive and many departments include additional measures of assessment.
It is essential for each CPEX lab to have a clear understanding of the normal ranges,
sensitivity and utility of individual measures used in their own laboratory. Often, a single
measurement is of little value, but an analysis of the pattern of changes combined with
the sequential changes that occur over time can be highly informative.

13.2.2 Measurements

13.2.2.1 Oxygen Uptake: Peak VO,

Oxygen uptake is the volume of oxygen (VO,) metabolised by the body during
exercise. The three stages of oxygen uptake and utilisation include a respiratory
stage (ventilation, alveolar-capillary diffusion and binding to haemoglobin), a car-
diovascular stage with delivery of oxygen to the skeletal muscles and a muscular
stage (diffusion of oxygen from erythrocytes to mitochondria to respiratory chain).
VO, is a measure of the body’s ability to deliver oxygenated blood to the large
muscle groups required for exercise and is defined by the Fick equation as the prod-
uct of stroke volume multiplied by heart rate multiplied by the arteriovenous oxy-
gen (A-V0O,) differential [7]. During exercise in healthy individuals, this value has
a linear relationship until it reaches a plateau near maximum exercise capacity
although, in clinical practice, maximum exercise capacity may never be reached and
the peak VO, value is quoted. VO, is influenced by age, gender and, to a lesser
extent, height. VO, is often quoted in mL/kg/min but, in oedematous or obese
patients, a dry (or lean) weight should be estimated.
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VO, during exercise is mainly increased through an increase in cardiac output,
which in healthy individuals can be increased by a factor of six [7], but is also due
to diversion of blood flow to large muscle groups, pulmonary vasodilation and
increased O, extraction from muscles (widening the A-VO, difference). VO, max is
the maximum quantity of oxygen, which can be taken up by an individual, but often
this level of exercise is not reached, and VO, peak (the maximum VO, achieved dur-
ing the exercise) is used. Peak VO, will often be reduced in congenital cardiac
patients due to their underlying condition at rest, and when PH is present, this will
worsen their left ventricular filling/right ventricular performance, thus, suppressing
their peak VO,.

13.2.2.2 Oxygen Pulse

O, pulse is calculated by dividing VO, by heart rate (VO,/HR). This reflects the O,
taken up by the lungs for every heart beat and can be used as a surrogate for stroke
volume. In the healthy individual, O, pulse rises during the initial phase of exercise
before plateauing with the increasing heart rate providing any further rise in cardiac
output [8]. O, pulse is reported in mL/beat. In the presence of a right-left intracar-
diac shunt, the O, pulse will be reduced reflecting diversion of deoxygenated blood
to the systemic circulation rather than severity of disease. Thus, pulse oximetry
saturations must be monitored for O, pulse to be interpreted correctly. AO, pulse
can be a useful parameter to assess prognosis in PH. This is calculated as the change
in VO,/HR from rest to maximal exercise.

13.2.2.3 VCO,

This is the amount of CO, expired and normally reported in L/min. Most CO, is
produced through respiration, but at higher workloads with increasing lactate pro-
duction, some is produced as a response in cell buffering reflected in the equation:

[H]+[HCO,] > [H,C0,] +>[CO,]+[H,0].

This is important as CO, is much more soluble than O,, and so there is an assump-
tion that not all measured CO, reflects all that is produced during the test assessed
using gas analysis.

13.2.2.4 PetCO,
This is the end tidal CO, measurement.

13.2.2.5 Minute Ventilation (V)

This is the volume of gas exhaled per minute and reflects tidal volume and respira-
tory frequency. Vi does not normally limit exercise and values >80% of predicted
normally imply there is a pulmonary component to exercise limitation.

13.2.2.6 Maximum Voluntary Ventilation (MVV)
This is the maximum amount of air that can be exhaled over 12 s during rapid deep
breathing.
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13.2.2.7 Anaerobic Threshold (AT)

The stage at which oxygen supply to muscles can no longer be met by increased
ventilation is the anaerobic threshold. At this point, the muscles revert to anaero-
bic metabolism, resulting in lactate production. During a CPEX, the AT can be
determined when the VE rises exponentially compared with failure or a very
slight rise in VO, [9]. In congenital cardiac patients and especially those with PH,
the AT may be achieved early due to reduced cardiac output and high ventilatory
effort.

13.2.2.8 Physiological Dead-Space-to-Tidal Volume Ratio (Vy/Vy)

One of the most important measurements of lung gas exchange efficiency is the
Vo/Vy, which measures the fraction of each breath used to ventilate the anatomical
dead-space and non-perfused alveoli (physiological dead space).

Vp/ V7 is calculated using the Bohr equation, where PaCO, is the partial pressure
of CO, in blood measured directly or estimated using Jones formula [10], and
PeCO, is the partial pressure of CO, in expired air. This is normally calculated using
Ve/VCO, ratio.

PaCO, —PeCO
2 2

o /Vr= PaCO
2

During exercise, several processes affect the V,/Vy including an increase in tidal
volume, bronchodilatation and increased lung perfusion [11]. In normal individuals,
these factors tend to lead to a reduction in the Vp/Vr. In PH, recruitment of the vas-
cular bed is near maximal at rest, and so the physiological dead space can’t be
reduced through extra recruitment, and so Vp/Vy increases in PH.

13.2.2.9 Work Rate (WR)

This is normally described when using cycle ergometers, which use graded resis-
tance measurements and ramp protocols are used to increase the WR gradually. It is
normally reported in watts.

13.2.2.10 Respiratory Exchange Ratio (RER)
This is the ratio (VCO,/VO,) of carbon dioxide output to oxygen uptake and, pri-
marily, a noninvasive way of assessing the food store being used by the body for
energy production with:

RER = 0.7 - metabolism primarily of fats and carbohydrates

RER = 0.8 - metabolism primarily of proteins and carbohydrates

RER = 1.0 and above - metabolism primarily of carbohydrates

Most centres also use this measurement to determine whether a patient has exer-
cised sufficiently (good effort): an RER greater than 1.1 indicates an effective (max-
imal) exercise stress [1].

13.2.2.11 Alveolar-Arterial Gradient (A-a0,)

When CPEX or 6MWT is undertaken with blood gas analysis, then a measurement
of A-a0O, may be made, which assesses the difference in alveolar and arterial oxy-
genation and may give a clue to the cause of hypoxaemia.
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A-a0, is calculated using arterial blood gas analysis and the following
equation:

((F10,%/100)% (P, =By ))=(Prco, /08— P, ).

13.2.2.12 Ventilatory Reserve
A measure of ventilatory demand and capacity is assessed using the equation below:

(V.peak / MVV)x100.

13.2.2.13 Ventilatory Efficiency Slope V/VCO,

This is the amount of air required to eliminate 1 L of CO,. Traditionally a high Vi/
VCO;, slope is associated with poor outcome in heart failure and non-cyanotic con-
genital heart disease. In cyanosed patients, this has to be interpreted with caution
due to the increased ventilatory drive in cyanosis. The normal Vi/VCO, slope is
<30, but this may be elevated in both heart failure and PH and should be interpreted
in the context of the patient’s underlying congenital diagnosis.

13.2.2.14 Oxygen Uptake Extraction Ratio (OUER)
This measurement is a ratio of the amount of oxygen consumed, VO,, to its delivery,
DO,. This measurement can be very useful for assessing oxygen consumption/
delivery: to maintain aerobic respiration in the setting of either increased demand or
reduced supply, the OUER will increase normally to a maximum of around 70%,
with obligatory anaerobic respiration after this.

This can be calculated using the formula:

Sa0, - SvO,
Sa0,

A high OUER is normally a sign of oxygen delivery problems or increased
demands. Unfortunately this value does require a central venous catheter for mea-
suring central venous oxygen content, SvO, [12].

13.2.2.15 Oxygen Uptake Efficiency Slope (OUES)

The OUES reflects the effectiveness of oxygen extraction and utilisation and is
derived from the logarithmic relation between VO, and minute ventilation [13]. It is
effort-independent and is of particular value in the assessment of changes in exer-
cise performance in individuals who are unable to complete a maximal exercise test.
It has been shown to correlate with outcome in PH patients [14].

13.3 Diagnostic Utilities of CPEX/6MWT in Congenital
Cardiac Patients with Pulmonary Hypertension

In the current UK guidelines, the baseline investigation of choice for PH is a 6MWT,
while functional baseline assessment of the patient with CPEX is recommended more
specifically for prognostication [15]. We discuss the performance of the two tests below.
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13.3.1 6MWT

6MWT is a simple test that can be performed in most outpatient departments and
requires a measured distance of 15-30 m, which a patient can walk in a shuttle
fashion over 6 min, with total distance recorded by a member of staff (Fig. 13.1). In
addition to the distance covered, pre and post blood pressure, heart rate and oxygen
saturations should be recorded [16].

Aside from the recordings noted above, the patient should have their level of
breathlessness recorded pre- and post-test, using the modified BORG scale (see also
Chapter 20):

Score Level of breathlessness
0 Nil

! U

5 Strong breathlessness
! U

10 Maximum

The 6MWT is cheap, simple and reproducible, with very few technical require-
ments. The walk area should be clearly marked and free from obstruction for the
patient. If supplemental oxygen is needed during the test, the distance at which this
is required, time and oxygen saturation should be noted. An example of a supervised
test is shown in Fig. 13.1.

13.3.2 Cardiopulmonary Exercise Test

CPEX in congenital cardiac patients with PH has several indications. The most
common of these include:

e Assessment of disease severity

e Serial monitoring/assessment of intervention response

e As part of exercise training prescriptions

e Recognition of undiagnosed PH prior to other investigations

* Assessing the contribution of different disease processes to exercise limitation

13.3.3 CPEX Protocol

CPEX studies are performed using a combination of ECG, blood pressure, oxygen
saturation monitoring and breath-to-breath gas analysis while exercising on a tread-
mill or on cycle ergometer. Blood gas and lactate analysis may be added to the list
of parameters analysed, but are usually not essential and are unpopular with patients.
In a small numbers of mainly research-based papers, a cycle ergometer CPEX has
been performed with right heart catheterisation [17].
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Fig.13.1 A patient
performing a supervised
6MWT

13.3.3.1 Risks of CPEX

Standard exercise treadmill testing has been reported to have a risk of myocardial
infarction or death of 1 per 2500 tests [18]. Compared to this, in the only published
safety analysis of CPEX, from the HF-ACTION study, it has been shown that, in
2037 tests, there were no deaths and <0.5 per 1000 major cardiovascular events
[19]. Moreover, there are no reported deaths or serious morbidity reported in asso-
ciation with exercise testing in several studies of children and adults with PH and
congenital heart disease [20-22].

Absolute and relative contraindications to testing from the American Thoracic
Society (ATS) and American College of Chest Physicians (ACCP) position paper
are listed in Table 13.1 [23].

There are specific additional features in a congenital population which may pose
particular safety concerns and these include:
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Table 13.1 Absolute and relative contraindications to CPEX redrawn from the ATS/ACCP posi-
tion paper

Absolute contraindications Relative contraindications

Acute myocardial infraction Left main coronary disease
Unstable angina Moderate stenotic valvular disease
Uncontrolled arrhythmias with symptoms or ~ Severe untreated hypertension, e.g. systolic BP
compromise greater than 200

Unexplained syncope Hypertrophic cardiomyopathy
Active endocarditis Significant pulmonary hypertension
Active myocarditis Electrolyte imbalances

Severe symptomatic ventricular outflow Advance or complicated pregnancy
obstruction

Uncontrolled heart failure Arrhythmias

Acute pulmonary embolus High-grade atrioventricular block

Lower limb thrombosis

Aortic dissection

Inability to cooperate

Respiratory failure

Uncontrolled asthma

Oxygen saturation less than 85% without
available oxygen for test

Disorders aggravated by exercise, e.g.
infection

e Patients with repaired coarctation of the aorta may develop significant exercise-
induced hypertension, which may make completion of the test difficult.

e Some patients may have significant intracardiac shunts and may become symp-
tomatic on exercise.

13.3.3.2 CPEX Equipment

It is beyond the scope of this short chapter to explain all the equipment used in the
CPEX test and the appropriate calibration and maintenance required, but informa-
tion on this is found in the ATS/ACCP position statement [23].

13.3.3.3 Treadmill Exercise Testing

Treadmill-based exercise tests are familiar to most physicians due to their tradi-
tional use in ischemia testing using the Bruce protocol [24]. Moreover, they can be
useful for patients who are unable to cycle. In most departments, treadmill CPEX
will involve a modified Balke protocol (or similar) where the treadmill speed is kept
constant with a constant incremental increase in gradient which is usually well tol-
erated and allows the patient to approximate their maximum exercise potential [25].

13.3.3.4 Cycle Ergometer

Cycle ergometry is both our own preferred method and the preferred method for most
CPEX testing centres worldwide and particularly in PH, where there are very few
treadmill CPEX papers [26]. Similar to treadmill testing, incrementally increasing
workloads can be introduced. With modern machines, one can utilise an unloaded
stage at the start, whereby motor assistance can remove the internal resistance of the
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chainset to allow for a very easy first stage for severely limited patients. This may be
important in some complex congenital syndromes with skeletal abnormalities and in
obese patients. Compared to treadmill testing, cycle ergometry tends to result in a VO,
maximum value that can be up to 20% less than that achieved using the treadmill [27];
particularly in the PH setting, a variety of measurements were lower during cycle
ergometry compared to a treadmill test [26]. One hypothesis for this is that, at higher
levels of exercise, the V-Q gap increases [26].

In cases where there are lower limb problems that preclude a treadmill or stan-
dard cycle ergometry test, a hand cycle test can be used, though with the knowledge
that it is likely that only a peak 70% of VO, max will be reached [28].

A comparison of cycle ergometry and treadmill CPEX testing is shown in
Table 13.2 highlighting some of the reasons that make cycle ergometry dominant in
clinical practice [23].

13.3.3.5 The CPEXTest

Prior to the CPEX test, the physician ordering the test should make clear whether
they want the test conducted on or off medications that may affect the patient’s per-
formance such as beta-blockers or amiodarone. In our centre, we tell patients to
have eaten at least 2 h prior to the test a light meal and to arrive in comfortable loose
clothes and flat shoes for cycling (Fig. 13.2).

Table 13.2 A comparison of cycle ergometry versus treadmill CPEX

Treadmill Cycle ergometry

VO, Max Higher Lower

Work rate measurement No Yes

Blood gas measurement Hard Easier

Noise and artefacts More Less

Safety Less Safe Safer

Weight bearing for obese patients Higher Less

Leg muscle strength needed Higher Less

Fig. 13.2 A member of staff demonstrating the setup of our paediatric treadmill CPEX area
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Table 13.3 Reasons to consider stopping a CPEX early

Ischaemic ECG changes with chest pain

Ventricular arrhythmias

Arrhythmias causing symptoms

High-grade atrioventricular block

Respiratory failure

Dizziness with pre-syncope

Confusion

Fall in BP greater than 20 mmHG

Severe hypertension greater than 220 mmHG systolic
Severe desaturation less than 80% with distress

Prior to the commencement of the test, a haemoglobin value should be noted, and full
lung function testing should be performed at rest, including gas transfer; a blood gas
may be taken with or without an arterial line being placed for sequential analysis.

Ideally, a CPEX protocol should be selected that allows for 8—12 min of exercise
and leads to the test being stopped by the patient for whatever reason they describe
(which can often be a valuable insight into the cause of their symptoms). Reasons to
consider prematurely stopping a CPEX must be adapted to the clinical history of the
patient and can include the reasons listed in Table 13.3.

The test should record continuous BP, oxygen saturations, ECG and all the mea-
surements referenced above at exercise and into the recovery period. Many of the
measurements will be compared to age-predicted values. The patient should be
observed after the test, until their observations have returned to normal and they feel
well enough to leave the department.

13.3.4 Maximal CPEX Tests in Patients with Congenital Cardiac
Disease and Pulmonary Hypertension

To interpret the test, it is important to know that the patient has objectively given their
best effort and, while no one value can demonstrate this, several features grouped
together can help guide the physician; especially as we may not expect a patient with
complex congenital cardiac disease to reach their age-predicted maximal values:

e RER greater than 1.1.

e Maximum predicted WR achieved.

e Maximum predicted heart rate achieved.

e Ventilatory limitation evidenced by a V,/MVYV greater than 20% or marked desat-
uration - greater than 5%.

e Peak predicted VO, reached.

An example of the typical nine panel report produced at the end of a CPEX test
and post processed using commercially available software is shown in Fig. 13.3.
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Fig. 13.3 A typical nine panel report used in most CPEX centres

134

Interpretation of CPEX/6MWT

Before undertaking a CPEX test or a 6MWT test, it is important to know that the
exercise capacity of ACHD patients, even asymptomatic, may be reduced. This var-
ies by diagnosis, with simple coarctation of the aorta having on average nearly twice
the peak VO, of patients with congenitally corrected transposition of the great arter-
ies [20]. In congenital heart disease, it is important to provide as much clinical
information as possible to enable an accurate interpretation of the test results by the
reporting physiologist.
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13.4.1 Assessment of Disease Severity and Prognostication

One of the most common reasons for the performance of a CPEX in congenital
cardiology and PH is assessment of disease severity, both from a prognostic point of
view and as a functional assessment of the patient. There are very few studies on
CPEX in PH-ACHD, and most of the prognostic information discussed below
refers to PH studies, which have included congenital cardiac patients.

Probably the best known and most widely investigated marker of prognosis in
PH secondary to congenital cardiac disease is peak VO,. Peak VO, is reduced in
congenital heart disease with PH and there is a well-established relationship between
reduced peak VO, and reduced long term survival. Groepenhoff and colleagues
have evaluated the use of CPEX to gain additional prognostic information above
that available from 6MWT [29]. They found that CPEX parameters did predict sur-
vival in PH, but with only a marginal benefit over and above 6MWT. PH patients
with a Vi /VCO, slope < 48, VO, peak > 13.2 ml/kg/min, AO, pulse > 3.3 ml/beat,
or a 6BMWT distance of 400m or above had a higher cumulative survival (p< 0.05).
However, multivariable regression analysis demonstrated that only AO, pulse
improved the univariate 6GMWT prediction model [29]. We, like many centres, advo-
cate the use of VO,/WR plots, which have been shown to be clearly related to sur-
vival, with a suggested cut-off of 5.5 mL/min/watt [30].

The Vi/VCO, slope can be a useful prognostic marker in PH-ACHD as, with
increasing PH, there is an increase in the V-Q mismatch, which leads to reduced
arterial oxygen saturations and earlier lactate formation, triggering an increased
ventilatory response and an elevation in the Ve/VCO, slope. This slope is calculated
using linear regression of the Vi plotted against the VCO,. Proposed cut-offs for the
slope associated with a worse prognosis vary in PH-ACHD, with a figure of 51
reported in a paediatric study [31] and 55 for adults [30]; indeed, a markedly ele-
vated slope seems to be associated with worse PH and a worse prognosis. In the
overall congenital cardiac population (not just patients with PH), there is a strong
link between Vi/VCO, slope and survival and has been found to be the most power-
ful single exercise predictor of mortality [32].

One of the newer markers of reduced survival in a series of patients with PH,
including those with congenital cardiac disease, was a reduction in the inspiratory
capacity (total lung capacity-functional residual capacity) at rest and during exer-
cise of less than 89% of predicted [33]. This leads to a reduction in the ability of the
patient to increase their V; during exercise, reducing their ventilatory efficiency and
increasing the Vp/Vr ratio.

Similarly, OUES in a mixed cohort of PH patients, has been shown to predict
outcome with a cut-off of <0.56 L min~! per log V, [14].

The 6MWT is a much simpler investigation to perform than CPEX. Although
the 6MWT has been used extensively for many years in patients with PH, most data
have been derived from primary (now idiopathic) PH or studies of mixed aetiology,
as opposed to just congenital heart disease. However, useful markers of disease
severity have included:

e A 6MWT distance <322 m is associated with reduced survival [34]; a distance
less than 165 m is associated with a low 1-year survival [35, 37].
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e Arterial desaturation of greater than 10% is associated with a threefold increase
in mortality [36] — though the validity of this in the context of ACHD with shunt-
ing is not known.

In a more recent study, Groepenhoff and colleagues found that a failure to
improve 6MWT with treatment, failure to improve maximum heart rate by at
least four beats, a failure of peak VO, to increase by 0.3 mL/min/kg or failure of O,
pulse to increase by 1 mL/beat is associated with a poorer prognosis [38].

Overall, CPEX and 6MWT are very important in the assessment of disease sever-
ity and prognosis for patients with PH and form a key part of the assessment of patients
with PH-ACHD. Prognostication is discussed in more detail in Chapter 21.

13.4.2 Serial Monitoring and Assessment of the Response
to Treatment

After assessment of disease severity, serial monitoring of disease state and the response
to treatment forms the greatest proportion of our CPEX/6MWT workload.

Serial monitoring by 6MWT is a simple task and is often incorporated into
the outpatient visit and documented in our institution alongside other observa-
tions, such as blood pressure and pulse rate. Analysis of the trend in 6MWT
distance provides a clinician with an easy way to monitor exercise capacity over
the years and alert them early to deterioration, and an increased mortality risk in
the PH-ACHD cohort [39]. Shunting can also be assessed using the 6MWT,
assessing resting and peak exercise saturations in Eisenmenger patients, which
relate to symptoms and survival [32]. One of the most common indications of
the 6MWT is to assess the response to treatment and help diagnose objectively
whether a patient is responding adequately. 6MWT can be used to both assess
formally the distance achieved by the patient on treatment and also their level of
breathlessness while exercising; these trends have proved very valuable in many
PH trials [40].

CPEX testing can also be used for trend analysis, but in a more detailed fashion,
assessing changes in physiology or response to treatment. Changes in peak VO,
[41] and reduction in the steepness of the Vi /VCO, slope have been used to indicate
reduced PAP [42].

13.4.3 Diagnosis of Unrecognised Pulmonary Hypertension
in ACHD

Although it is not possible to make a precise diagnosis of PH solely on the basis of
data obtained from CPEX or 6MWT, information can be gleaned from these tests,
which may suggest PH. Indeed, PH may be missed in noninvasive testing, such as
echocardiography, due to poor image quality or when a patient is not known to have
congenital cardiac disease.

When compared to normal controls, patients with congenital heart disease often
have a reduced peak VO, , VO,/dWR, O, pulse, anaerobic threshold and an increase
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in the heart rate-VO, slope. A variety of factors may suggest superimposed
PH. These may be linked to impaired gas exchange, left-sided filling and red cell
transit time, though differentiating reduced cardiac output due to the primary car-
diac abnormality from PH-related impairment can be impossible.

When the PAP rises, there is an elevation in the Vi/VCO, due to an increase in
physiological dead space and a reduction in the PetCO,, both of which may sug-
gest PH. This can be assessed quantitatively by measurement of PAP and pulmo-
nary vascular resistance using right heart catheterisation. As compensatory
mechanism in PH, there is often an increase in respiratory frequency, with a cor-
responding reduction in tidal volume and poor gas exchange, reflected in an
increase in Vp/Vr.

OUER has been shown to be valuable in assessing exercise intolerance
in heart failure with a preserved ejection fraction (HF-PEF) [43]. In PH,
calculation of OUER may prove useful when the cause of breathlessness is
unclear, as it tends to be lower compared to systolic and diastolic heart failure
patients [12].

If the CPEX is being undertaken using arterial blood gas analysis, then A-aO,
can be calculated and may be significantly increased due to increasing ventilation/
perfusion mismatch; this can again suggest PH in the setting of ACHD. As PH
worsens, there is a decrease in the transit time of red cells through the pulmonary
vasculature; this leads to hypoxaemia and may show up in a CPEX or 6MWT as
desaturation [44].

Finally, exercise-induced PH or progressive PH may be uncovered in ACHD
patients with known or unknown atrial communications because exercise increases
venous return and leads to an increase in right atrial pressure, which can exceed left
atrial pressure due to increasing pulmonary vascular resistance. This leads to right
to left shunting and desaturation, which in turn leads to a sharp fall in PetCO, and a
more rapid rise in V./VO, compared to V./VCO, due to shunting of deoxygenated
blood to the systemic circulation [45].

All these factors need to be assessed in context in a patient with PH-ACHD, as
interpretation of a single value in patients who can have multiple level shunts
and both pulmonary vascular and airways disease can be extremely difficult, even
for experts.

13.4.4 Differentiating the Cause of Exercise Limitation: Other
Causes of Limitations

Patients with PH-ACHD may have reduced exercise tolerance for many reasons,
including their underlying primary cardiac disorder, PH and associated complica-
tions or simple physical deconditioning. Exercise testing can help guide the physi-
cian in their assessment and help to identify which factor may be amenable to
modification and, thus, improvement in the patient’s quality of life. Above, we have
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discussed some of the specific changes seen in PH, and we will now look at some
other common conditions, which may coexist in the PH-ACHD patient and may
cause exercise limitation.

13.4.4.1 Deconditioning

One area where exercise testing utilising CPEX has proven of immense value is
when assessing patients (including PH-ACHD) for deconditioning as an important
component of their exercise intolerance. Indeed, we know that ACHD patients exer-
cise less than their peers, and so deconditioning is a very real problem for many
[46]. Using CPEX, there a variety of factors which may help identify decondition-
ing, such as:

e Poor effort, as evidenced by RER less than 1.1
 Failure for VO, to plateau and reach max

e Leftward shift in the HR-VO, curve

e Reduced O, pulse

e Low anaerobic threshold

Some of these features, such as low anaerobic threshold, may be seen in mild
disease states, and it may be that deconditioning can only be confirmed with an
appropriate exercise programme and repeat testing. This has proved very useful for
many of our ACHD patients.

13.4.4.2 Obesity

Obesity is common in congenital heart disease and can be a major cause of exer-
tional limitation. The exercise consequences of obesity may be observed on CPEX
as an increased VO, at a relatively low WR in combination with an elevated body
mass index. It can be helpful to interpret low or low normal peak VO, in light of
both actual and ideal (lean) weight. This can help clarify the underlying influence of
obesity.

13.4.4.3 Thoracic Disease

In congenital cardiac patients, there are a wide variety of associated syndromes, which
may be associated with abnormal lung function, e.g. due to interstitial lung disease or
skeletal/thoracic deformities causing restrictive lung defects. This includes the effect
of previous cardiac surgery, especially previous thoracotomy. Thoracotomy in early
childhood (for the creation of a systemic to pulmonary artery shunt, arterial duct liga-
tion or repair of aortic coarctation), can lead to the development of scoliosis, with
consequent respiratory compromise. Some forms of cardiac surgery can also be com-
plicated by damage to the phrenic nerve with unilateral diaphragmatic paralysis. The
first step in assessing these patients, as part of the CPEX, is for them to have full lung
function testing with gas analysis, whereby restrictive and obstructive lung defects
and gas diffusion abnormalities can be identified.
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During exercise, VO, and VO,/dWR will be reduced in the context of PH-ACHD;
moreover, many of the changes described in other forms of PH are also present in
PH-ACHD, such as an increase in V./VCO, and V,/V; ratio, and are consistent with
poor ventilatory efficiency. One parameter that can be helpful in distinguishing
between the effect of PH and that of thoracic abnormalities is the Ventilatory
Threshold (also known as the anaerobic threshold). This is often reduced in thoracic
disease and is less affected by PH.

13.4.5 Exercise Training

CPEX is a useful tool for assessing the effects of exercise training. This is also cov-
ered in Chapter 20. The benefits of exercise training can also be evaluated quantita-
tively using sequential GBMWT distance measurement in PH-ACHD patients. CPEX
is also extremely valuable in recommending exercise training and should be used to
demonstrate an improvement in functional ability and prognostic markers, such as
peak VO, [22].

Conclusion

Exercise testing using CPEX and the 6MWT is extremely useful in the diagnosis
of PH-ACHD, is assessing disease severity and response to treatment, as well as
identifying other factors contributing to exercise limitation. While CPEX can
provide valuable information on the presence and severity of PH, it should be
interpreted in the context of the clinical picture and other non-invasive and inva-
sive investigation in patients with congenital heart disease.
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Massimo Chessa

Abbreviations

PH Pulmonary hypertension
RHC Right heart catheterisation

14.1 Introduction

Right heart catheterization (RHC) is required to confirm the diagnosis of pulmonary
hypertension (PH) and pulmonary arterial hypertension (PAH), to assess the sever-
ity of the haemodynamic impairment and to test the vasoreactivity of the pulmonary
circulation (Table 14.1) [1-3].

Hoeper et al. [4] reported on a multicentre 5-year retrospective and 6-month
prospective evaluation of serious adverse events in patients with PH undergoing
right heart catheterization, with or without pulmonary vasoreactivity testing or pul-
monary angiography. When performed in experienced centres, RHC in patients with
PH appears to be associated with a low morbidity (1.1%) and mortality (0.055%).
Full right and left cardiac catheterization is usually required in patients with con-
genital heart disease (CHD) and can be more challenging due to anatomic issues
and multiple previous procedures.

The variables that must be recorded and calculated during RHC are summarized
in Table 14.2.
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Table 14.1 Recommendations for right heart catheterization, according to the international pul-
monary hypertension guidelines [1]

Class of Level of
Statement recommendation evidence
RHC is indicated in all patients with pulmonary arterial I C
hypertension to confirm the diagnosis and to evaluate the
severity and when PAH specific drug is considered
RHC should be performed for confirmation of efficacy of  Ila C
pulmonary arterial hypertension-specific drug therapy
RHC should be performed for confirmation of clinical IIa C

deterioration and as baseline for the evaluation of the effect
of treatment escalation and/or combination therapy

RHC right heart catheterization

Table 14.2 Essential data to be acquired/calculated during invasive haemodynamic assessment

Parameters * Heart rate, haemoglobin concentration, height and weight
measured e Oxygen saturations (high and low SVC, IVC, RA, RV, PA, SA)
e When the patient is on oxygen with an FiO, > 30%, pO, is also
required in some or all of the above sites
* Oxygen consumption (VO,): measured or extrapolated from
nomograms
e Right atrial pressure
e Right ventricular pressure
* Pulmonary artery pressure
e Pulmonary arterial wedge pressure, or left atrial pressure, or left
ventricular end-diastolic pressure
e Systemic arterial blood pressure
* Response to acute vasodilator, when indicated (in iPAH or
PAH-CHD with a L-R shunt to assess operability)
Parameters e Body surface area
calculated * Mixed venous saturations
* Cardiac output/index or pulmonary (Q,) and systemic (Q;) blood
flow in patients with a shunt
*  Q/Qratio
e Pulmonary vascular resistance (PVR)
* Systemic vascular resistance (SVR)
e Pulmonary-to-systemic resistance ratio (PVR/SVR)
IVC inferior vena cava, PA pulmonary artery, RA right atrium, RV right ventricle, SA systemic
artery, SVC superior vena cava, iPAH idiopathic pulmonary arterial hypertension

14.1.1 How to Perform a Cardiac Catheter

Cardiac catheterization in CHD patients is usually performed in the catheter lab,
under local anaesthesia. The most frequent venous access is the femoral, jugular,
arm (basilica or cephalic) or, less frequently, subclavian vein. Vascular access prob-
lems are not infrequent in adult congenital heart disease (ACHD), due to multiple
previous catheterization procedures or anatomy (e.g. left atrial isomerism with azy-
gos continuation of the inferior vena cava (IVC)). Therefore, unusual or multiple
vascular accesses may be needed in certain patients [5].
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Different catheters can be used to reach the heart chambers and blood vessels,
where blood samples can be taken and pressures can be measured. Ideally, all blood
samples should be obtained simultaneously; if contaminated by an air bubble or not
immediately analysed, errors in measurement may occur. It is important to remem-
ber that oximeters become less accurate in measuring oxygen saturations when hae-
moglobin concentration is above 20 g/dL; in this situation, it may be better to send
samples to blood gas analysis [5, 6].

Blood samples are best acquired with the patient breathing spontaneously
room air, or ventilated with air or a gas mixture containing no more than 30%
oxygen (FiO, < 30%). If oxygen-rich gas is being given (>30% oxygen), then
the saturations alone are not enough to provide an accurate estimation of pul-
monary blood flow, as a significant amount of oxygen may be present in dis-
solved form, especially in the pulmonary venous sample. The arterial and
pulmonary saturations are estimated by direct collection of samples. If the pul-
monary veins cannot be reached (e.g. through an atrial septal defect), they may
be assumed to have oxygen saturation values of 98% (if the patients is not
receiving supplemental oxygen and has no significant parenchymal lung dis-
ease or intrapulmonary shunts). The left atrial saturation can be assumed to be
equal to that in the pulmonary veins, provided there is no right-to-left shunt at
atrial level causing systemic desaturation [5, 7]. The calculation of systemic
blood flow (systemic cardiac output, Q) requires the measurement of mixed
venous saturation (MVS). A value intermediate between superior vena cava
(SVC) and IVC may be used to estimate MVS. The following formula is often
utilized:

MVS = 3><SVC+1><IVC.

The right atrial saturations may be used as a surrogate of MVS in the absence of
an atrial septal defect. Pulmonary arterial saturations may be used as a surrogate of
MVS if there is no evidence of a shunt. It is important to remember that [IVC satura-
tion varies depending on where the sample is obtained: the ideal sampling site is at
the level of the diaphragm, to ensure that hepatic venous blood is taken into account.
In the presence of a shunt and/or tricuspid regurgitation causing regurgitation of
blood into the IVC, many operators will use high SVC saturations as MVS, because
it has been demonstrated that MVS approximates more closely SVC than IVC satu-
rations [5, 7].

14.1.2 Estimation of Pulmonary Blood Flow and Cardiac
Output [6-10]

When all the saturations have been collected, systemic (Q) and pulmonary flow
(Qp) and their ratio (Q,/Q;) can be calculated. The most common methods for
obtaining these are thermodilution and the method conceived by Adolph Fick (Fick
method). Both are based on assumptions and have limitations.
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14.1.2.1 The Thermodilution Method

First introduced in the 1950s, the principle of thermodilution determines the rate
and extent of thermal changes in the bloodstream after upstream injection of a fixed
volume of fluid at a set temperature. This method is valid when no shunt is present.
A special balloon-tipped floatation catheter is placed in the pulmonary artery, which
has a thermistor mounted on its distal end and a proximal port opening into the right
atrium. A small, predefined amount (10 cm?) of normal saline or dextrose solution
is injected rapidly into the right atrium. A cardiac chamber (right ventricle) should
be interposed between the injection site and the sampling site to allow complete
mixing of the solution with blood. Changes in blood temperature are recorded by
the thermistor, and the rate and extent of temperature change is proportional to the
blood flow within the right heart. The procedure should be repeated several times,
and three consecutive estimates should be taken and averaged. There should be less
than a 10% variation between the three samples [5].

14.1.2.2 The Fick Method

The most commonly used method for calculating Q, and Q; in congenital cardiology
is the one described by Adolph Fick in 1870. The basic principle of the Fick method
is that flow is proportional to the difference in concentration of an indicator (in our
case oxygen) in the blood that enters and leaves an organ (in our case the lungs) during
steady state. Therefore, by calculating pulmonary arterial and pulmonary venous oxy-
gen content, together with oxygen consumption, one can calculate pulmonary blood
flow using the following formula called the Fick equation. Flow calculations based on
Fick’s principle can be applied to both pulmonary and systemic blood flows:

o)

min ) PVO, content— PAO, content

SO

min ) AoO, content—MVO, content

where VO, = oxygen consumption, PVO, content = pulmonary venous oxygen
content, PAO, content = pulmonary arterial oxygen content, AoO, content = aortic
oxygen content and MVO, content = mixed venous oxygen content.

Oxygen consumption (VO,) can be measured directly (direct Fick method) or
extrapolated from readily available tables (indirect Fick method, Appendix 1). Indirect
Fick is significantly less accurate than direct Fick, but despite this, it is widely used. In
the ideal setting, VO, should be measured rather than assumed. VO, can be measured,
using a traditional hood: the process involves a gas pump that extracts all exhaled air
and passes it through a mixing system, which measures oxygen content. The difference
between inhaled oxygen content and exhaled oxygen content, with a known flow by the
pump, enables estimation of VO,. This assumes that no exhaled air is lost, that mixing
is effective and that volume of exhaled air equals volume of inhaled. There are modern
indirect calorimeters that can be used for this purpose (e.g. CCM Express®) [10].
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The denominator of the Fick equation is the arteriovenous oxygen content differ-
ence across an organ (the lung or systemic circulation). To calculate the arterial and
venous oxygen content (mL O,/L), we need to know the blood’s oxygen-carrying
capacity: this is the maximum amount of oxygen that either an arterial or venous
sample can bind and can be calculated using the following formula:

. .. (mL O g mL O
O, carrying capacit 2 |\=Hp| & |x1.39] —==
 CHTVINE AP y( L j (Lj ( gHb )

Alternative values of 1.34 and 1.36 instead of 1.39 have also been used.
The oxygen content of the blood is the amount of oxygen in that specific sample
(either arterial or venous) and can be estimated by the following formulas [9, 10]:

mL O, mL O,

Arterial O, content[

j =0, carrying capacity( )xSatOz weriat (70)

mL O,

L O . .
Venous O, content ( ~ L - J =0, carrying capacny( jx SatO, o (%)

where SatO, i 18 arterial O, saturation and SatO; e, 1S Venous O, saturation.
Finally, the effective pulmonary blood flow (Q.,) is the amount of deoxygenated
blood pumped to the lungs:

vo, [L)
0 (L] _ min
“\min) PVO, content—MVO, content
0., = VO,/(pulmonary venous O, content — mixed venous O, content).
In a biventricular heart with no shunting, Q., is equivalent to Q,.
Calculation of the pulmonary-to-systemic flow ratio (Q,/Q;) can estimate the
magnitude of shunts, using the following equation:

010 - SatO, ,, —SatO, ,,,
SatO, ,, —SatO, ,,

where SatO, 4., SatO, vy, SatO, py and SatO, p, are aortic, mixed venous, pulmo-
nary venous and pulmonary arterial oxygen saturations.

A Q,/Q; between 1 and 1.5 is considered a small left-to-right shunt and of rela-
tively small clinical consequence. A Q,/Q, > 1.8 indicates a large left-to-right shunt,
while a Q,/QO, < 1 indicates a net right-to-left shunt [5].

14.1.3 Pressure Evaluation and Waveforms
Pressure changes within the cardiac chambers and vessels are generally recorded

through membrane transducers transforming the pressure signal into an electrical
signal, which is filtered, amplified, and displayed as a change in pressure over time.
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The pressure transducer is outside the body, and the pressure waveform is transmit-
ted to it through a column of fluid within the intravascular catheter and circuit.
Table 14.3 contains tips for the accurate acquisition of intracardiac pressures

(Fig. 14.1) [5].

Table 14.3 Tips for accurate pressure acquisition [5]

Step 1: check
setup

Step 2:
acquisition

mmHg

mmHg

Check transducer levelling, zeroing and calibration

Select appropriate fluid-filled catheter (short, large bore, stiff, with side holes
or end hole)

Ensure connections are tight between catheter(s) and transducer(s); avoid
fluid leakage

Remove all air bubbles from the circuit

Assess the morphology of the acquired waves, closely correlating to the
ECG. Remember to consider the patient’s rhythm when you examine your
waveforms Non-sinus rhythm can drastically alter not only atrial waveform
morphology but also absolute ventricular pressures and systolic flows

Check for artefacts that can distort waveform tracing (e.g. over- or
under-damping)

Check an arterial blood gas to confirm normocapnia and a normal pH and rule
out respiratory pathology

Measure pressures at end expiration

Obtain pressure waveform data before injecting contrast or giving fluids.
Avoid dehydrating the patient prior to the procedure

20

10

20

10

0

Fig. 14.1 Top panel, ECG and right atrial pressure waveform. Bottom panel, right ventricular
(red) and pulmonary artery (yellow) waveforms. See text for explanation of annotation. Courtesy
of Dr. K. Dimopoulos
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14.1.3.1 The Right Atrium
Normal right atrial (RA) pressure is 2—-8 mmHg.

The normal waveform has two major positive waves (a and v) and two negative
descents (x and y). The a wave is generated from the pressure rise following atrial
contraction and, hence, follows the P wave on the ECG by approximately 80 ms. It
is normally the dominant wave but is absent in patients with atrial fibrillation. High
a waves can occur when atrial emptying into the ventricle is restricted, e.g. with
tricuspid (or right atrioventricular) valve stenosis or with a noncompliant right ven-
tricular chamber.

The x descent occurs due to atrial relaxation and the downward motion of the
atrioventricular junction during the early phase of ventricular systole. A ¢ wave may
occasionally be observed as a small positive deflection during early ventricular sys-
tole and interrupts the x descent, following the a wave by a time that equals the PR
interval on the ECG. Accordingly, patients with first-degree atrioventricular block
may have increased ¢ waves. As right atrial relaxation continues and pressure
declines after the ¢ wave, the x descent is now termed x’ [5, 6].

The positive v wave deflection is generated by passive venous filling of the
atrium, while the tricuspid valve is closed, the peak of the wave occurring at the end
of ventricular systole, which corresponds to the end of the 7 wave in the ECG. The
y descent that follows reflects the fall in RA pressure when the atrioventricular valve
opens and rapid emptying into the ventricle occurs.

Breathing affects the waveforms, especially in patients with lung disease: during
inspiration, the chest expands and intrathoracic pressure becomes negative. This
negative pressure is transmitted to the RA, and RA pressure falls during inspiration.
Right atrial pressures are best taken at end expiration, avoiding Valsalva manoeu-
vres [5, 6].

14.1.3.2 The Right Ventricle
Normal right ventricular systolic pressure is 20-30 mmHg and end-diastolic
2-8 mmHg.

When the RV contracts and pressure within it exceeds that in the pulmonary
artery (Fig. 14.1, point 1), the pulmonary valve opens and blood exits the chamber.
This occurs in most instances immediately after the onset of the QRS complex on
the ECG. Thereafter, pressure begins to fall, and when below the pulmonary arterial
pressure, the pulmonary valve closes (Fig. 14.1, point 2). In diastole, there is an
early and late ventricular filling positive deflection (Fig. 14.1, points 3 and 4), and
when atrial contraction occurs, an a wave is visible on the ventricular waveform
(Fig. 14.1, point 5). The end-diastolic pressure (Fig. 14.1, point 6) is the pressure
just prior to ventricular contraction and falls within the QRS complex [5, 6].

14.1.3.3 The Pulmonary Artery

The normal PA systolic pressure is 17-32 mmHg, diastolic pressure is 4—13 mmHg
and mean PA pressure ranges between 12 and 16 mmHg. International PH guide-
lines define PH as a mean PAP > 25 mmHg and provide a classification of all the
reasons for an elevated PAP pressure (see Chap. 2, [2, 5, 6]).
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Fig.14.2 Pulmonary artery to pulmonary capillary wedge pressure. Courtesy of Dr. K. Dimopoulos

14.1.3.4 The Pulmonary Capillary Wedge Pressure
Mean pulmonary capillary wedge (PCWP) values normally range between 2 and
12 mmHg.

The PCWP pressure approximates left atrial pressure. In the absence of pulmo-
nary venous obstruction or mitral valve disease, PCWP reflects end-diastolic LV
pressure.

Remember that an adequate recording of PCWP is essential for the diagnosing of
PH due to left heart disease (post-capillary PH). To measure the PCWP, a balloon-
tipped end-hole catheter is manoeuvred into a distal pulmonary artery and, with bal-
loon inflation, occludes the vessel and blocks flow distal to the balloon (Fig. 14.2).
When assessing the PCWP, the operator should be careful to avoid balloon overinfla-
tion, which can cause “overshooting” or “overwedging” and a falsely high PCWP
pressure. Similar to RA pressure, the PCWP varies during the respiratory cycle [3, 5].

14.1.3.5 The Left Atrium
Normal mean left atrial pressure ranges between 5 and 12 mmHg.

The left atrial pressure waveform has essentially the same shape as that described
for the right atrial pressure waveform, but the pressure is normally slightly higher,
with a dominant v wave.

14.1.3.6 The Left Ventricle
Normal LV pressure is between 90 and 140 mmHg during systole and 5-12 mmHg
at end-diastole.

The peak systolic pressure should equal that of the ascending aorta, unless there
is subvalvular, valvular or supravalvular aortic stenosis: in this case, LV pressure
exceeds that of the aorta. The LV end-diastolic pressure (LVEDP) is a simplified but
valuable marker for LV diastolic function. When LVEDP is elevated (>12 mmHg),
it suggests poor diastolic ventricular properties and/or LV failure. When a reliable
PCWP or direct LA pressure cannot be obtained during RHC, operators should
proceed to an arterial access and measure LVEDP [5, 10].

14.1.3.7 The Aorta
Normal aortic systolic pressure is 90—140 mmHg and diastolic pressure is 60-90 mmHg.
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Fig. 14.3 Aortic (red) and left ventricular (light blue) pressure waveforms. Courtesy of Dr.
K. Dimopoulos

The waveform has a rapid upstroke and a presystolic rise in pressure just before
the aortic valve opens (anacrotic notch; see Fig. 14.3, point 1). Peak aortic pressure
and a clear dicrotic notch (Fig. 14.3, point 2) caused by the closure of the aortic
valve occur as pressure decays. Under normal conditions, peak LV and aortic pres-
sure are equal. In older patients, increased systolic aortic pressure results from stiff-
ness of the aorta and large arteries, whereas increased stroke volume may raise
aortic pressure in adolescents and young adults [5].

14.1.4 Pulmonary and Systemic Vascular Resistance

Resistance calculations [3, 5, 6, 10] are most important when performing a cardiac
catheter in a patient with PH, and especially patients with congenital heart defects.

The first concept we must remember is that resistance in a vascular circuit is
equal to the difference in pressure between the two ends of the circuit, divided by
the flow running through the circuit. For the right heart, the pulmonary vascular bed
determines pulmonary vascular resistance (PVR) and can be calculated by the fol-
lowing equation:

mean PAP —mean LAP
o

where PAP means pulmonary artery pressure, LAP means left atrial pressure and Q,
means pulmonary blood flow. When a direct mean LAP cannot be obtained, PCWP
or LVEDP should be used instead.

Similarly, systemic vascular resistance (SVR) can be calculated as follows:

PVR =

_ mean AoP —mean RAP

o

SVR
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where AoP means aortic pressure, RAP means right atrial pressure and Q, means
systemic blood flow.

Resistance units are commonly expressed as mmHg/L/min, also referred to as
Wood units (WU).

Resistance units can also be expressed as dyne x s x cm™. To convert WU to
dyne x s X cm, one must multiply by 80. if Q, and Q; are indexed for body surface
area, indexed resistance is calculated and expressed as WU x m?,

Haemodynamic definitions of pulmonary hypertension are reported in Part 1,
Chap. 2.

14.1.5 Response to Acute Vasodilator

During cardiac catheterization in a patient with idiopathic PAH, heritable PAH and
PAH associated with anorexigen use, vasoreactivity testing should be performed, to
identify patients who may benefit from long-term therapy with calcium channel
blockers (CCBs). Recommendations for vasoreactivity testing for this purpose are
summarized in Table 14.4. Acute vasodilator challenge should only be performed
with short-acting, safe and easy-to-administer drugs, with no or limited systemic
effects (Table 14.5). A positive acute response (positive acute responder) is defined
as a reduction of mean PAP > 10 mmHg to reach an absolute value of mean
PAP < 40 mmHg with an increased or unchanged cardiac output (Q,) [1, 3].

Table 14.4 Recommendations for vasoreactivity testing for the purpose of identifying patients
with idiopathic PAH who may be candidates for calcium channel blocker therapy [1]

Class of Level of
Statement recommendation evidence
Vasoreactivity testing is indicated in patients with IPAH, I ©

heritable PAH and PAH associated with anorexigen use to

detect patients who can be treated with high doses of a CCB

A positive response to vasoreactivity testing is defined asa I ©
reduction of mean PAP > 10 mmHg to reach an absolute

value of mean PAP < 40 mmHg with an increased or

unchanged CO

Vasoreactivity testing should be performed only in referral  Ila C
centres

Vasoreactivity testing should be performed using nitric IIa C
oxide as vasodilator

Vasoreactivity testing may be performed in other types of  IIb C
PAH)

Vasoreactivity testing may be performed using i.v. IIb C
epoprostenol or i.v. adenosine

The use of an oral or i.v. CCB in acute vasoreactivity testing III C
is not recommended

Vasoreactivity testing to detect patients who can be safely  III ©

treated with high doses of a CCB is not recommended in
patients with other PH groups (groups 2, 3, 4 and 5)
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Table 14.5 The most commonly used agents for pulmonary vasoreactivity tests [1]

Half-
Drug Route life Dose range® Increments” Duration®
Epoprostenol Intravenous 3min 2-12 ng/kg/min 2 ng/kg/min 10 min
Adenosine Intravenous 5-10s 50-350 mg/kg/min 50 mg/kg/min 2 min
Nitric oxide Inhaled 15— 10-20 p.p.m - 5 min¢
30s

Initial dose and maximal tolerated dose suggested (maximal dose limited by side effects such as
hypotension, headache, flushing, etc.)

Increments of dose by each step

‘Duration of administration on each step

dFor NO, a single step within the dose range is suggested

Vasoreactivity testing is also performed in patients with CHD with border-
line PVR, to assess reversibility and aid in the decision to repair or not a car-
diac defect. Unfortunately, evidence-based thresholds for deciding operability
are still lacking, and the value of vasoreactivity testing in this setting remains
controversial and is extensively discussed elsewhere in this book (Chapters 1,
4 and 17).

Appendix 1

Charts of estimation of oxygen consumption [6]

Male patients

Age Heart rate (bpm)

50 60 70 80 90 100 110 120 130 140 150 160 170
155 159 163 167 171 175 178 182 186 190

149 152 156 160 163 168 171 175 179 182 186

141 144 148 151 155 159 162 167 171 174 178 181

8 136 141 144 148 152 156 159 163 167 171 175 178

10 130 134 139 142 146 149 153 157 160 165 169 172 176
12 128 132 136 140 144 147 151 155 158 162 167 170 174
14 127 130 134 137 142 146 149 153 157 160 165 169 172
16 125 129 132 136 141 144 148 152 155 159 162 167

18 124 127 131 135 139 143 147 150 154 157 161 166

20 123 126 130 134 137 142 145 149 153 156 160 165

25 120 124 127 131 135 139 143 147 150 154 157

30 118 122 125 129 133 136 141 145 148 152 155

35 116 120 124 127 131 135 139 143 147 150

40 115 119 122 126 130 133 137 141 145 149

AN B W
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Female patients

Age Heart rate (bpm)

50 60 70 80 90 100 110 120 130 140 150 160 170

3 150 153 157 161 165 169 172 176 180 183

4 141 145 149 152 156 159 163 168 171 175 179

6 130 134 137 142 146 149 153 156 160 165 168 172

8§ 125 129 133 136 141 144 148 152 155 159 163 167

10 118 122 125 129 133 136 141 144 148 152 155 159 163
12 115 119 122 126 130 133 137 141 145 149 152 156 160
14 112 116 120 123 127 131 134 133 143 146 150 153 157
16 109 114 118 121 125 128 132 136 140 144 148 151

18 107 111 116 119 123 127 130 134 137 142 146 149

20 106 109 114 118 121 125 128 132 136 140 144 148

25 102 106 109 114 118 121 125 128 132 136 140

30 99 103 106 110 115 118 122 125 129 133 136

35 97 100 104 107 111 116 119 123 127 130

40 94 98 102 105 109 112 117 121 124 128
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ACE Angiotensin converting enzyme
ARB Angiotensin receptor blocker
ASD Atrial septal defect

BNP B-type natriuretic protein

CHD Congenital heart disease

CI Cardiac Index

CO, Carbon dioxide

CPET Cardiopulmonary exercise test
CT Computed tomography

CTCA Computed tomography coronary angiogram
CTPA Computed tomography pulmonary angiogram

CVE Cerebrovascular events

DCCV Direct current cardioversion

ECG Electrocardiogram

ERCP Endoscopic retrograde cholangiopancreatography
ES Eisenmenger syndrome

ET Exercise training

ICD Implantable cardioverter defibrillator
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ID Iron deficiency

INR International normalized ratio

iPAH Idiopathic pulmonary arterial hypertension
LA Left atrium

LV Left ventricle

MCH Mean corpuscular haemoglobin

MCV Mean corpuscular volume

PA Pulmonary artery

PAH Pulmonary arterial hypertension

PH Pulmonary hypertension

PRV Polycythemia rubra vera

PVR Pulmonary vascular resistance

QoL Quality of life

RA Right atrium

RAAS Renin-angiotensin-aldosterone system
RAP Right atrial pressure

RV Right ventricle

RVAD Right ventricular assist device

SVR Systemic vascular resistance

TAPSE Tricuspid annular plane systolic excursion
TOE Transesophageal echocardiogram

VE Minute volume

VF Ventricular fibrillation

vO2 Volume of oxygen

VSD Ventricular septal defect

VT Ventricular tachycardia

WHO FC World Health Organization functional class
6MWT 6 minute walk distance

15.1 Introduction

The incidence of pulmonary arterial hypertension (PAH) in congenital heart disease
varies geographically, but, overall, up to 10% of adults with CHD may eventually
develop PAH. PAH-CHD is a disease process that is the result of numerous
pathomechanistic pathways affecting the pulmonary vascular bed and leading to a
rise in pulmonary vascular resistance (PVR), right heart failure and premature death
[1, 2]. Depending on the type of underlying defect or previous repair (timing and
method used), patients can present with diverse anatomy and pathophysiology [3].
On one end of the spectrum are PAH patients who have small, insignificant shunt
lesions and those with previous surgical or interventional repair of cardiac defects.
These patients share clinical similarities to idiopathic PAH (iPAH). At the other end
of the spectrum is Eisenmenger syndrome (ES). ES is characterized by pulmonary
arterial pressure elevated to near-systemic levels with shunt reversal and cyanosis
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[3, 4]. It is a multisystem disorder driven by slow progressive chronic hypoxemia
and the persistence of a shunt, resulting in coagulation disorders, iron deficiency
(ID) anaemia, renal dysfunction, hypertrophic osteoarthropathy, paradoxical emboli
and heart failure. Differences between various types of PAH-CHD are not purely
academic, but significantly impact on presentation, treatment and outcome [3, 5, 6].

There is growing evidence on the benefits of PAH therapies in the PAH-CHD
population, which are now widely used by specialist services [7]. Despite the
advances in pharmacotherapy, the morbidity and mortality of PAH-CHD remain
high [2]. Moreover, the PAH-CHD population is quite heterogeneous with various
subgroups posing different management challenges [3]. For example, patients with
Down syndrome make up a large proportion of the Eisenmenger population and
often present with early and more aggressive disease than their non-Down counter-
parts with equivalent lesions yet are underrepresented in the literature and tend to be
more challenging in their management [8, 9].

Supportive measures, anticipation of potential systemic complications and
avoidance of old unproven practices are as important as specific pharmacological
therapy in PAH-CHD. Current guidelines recommend regular consultations with
experienced physicians in the area of CHD and pulmonary hypertension (PH) [6,
10]. Routine considerations include adequate contraception, importance of endo-
carditis prophylaxis and up-to-date immunization against influenza and pneumo-
coccal infections [11]. Pregnancy is contraindicated in women with PAH and is
discussed in more detail in Chap. 19 [12]. Drug treatment, up until the era of PAH
therapies, largely consisted of medication such as diuretics, anti-arrhythmics,
digoxin, p-blockers and aldosterone antagonists, which will be discussed later in
this chapter [7].

This chapter will cover the approach to conservative management of PAH-CHD,
with a specific focus on ES.

15.2 Systemic Complications in PAH-CHD

The complications of PAH-CHD are variable and depend on the underlying heart
defect, age, repair status and degree and direction of shunting (Fig. 15.1) [6].
Those who develop ES are typically cyanosed; the chronic hypoxemia, together
with slow cardiac output and PAH, has significant multisystem effects (see also
Chap. 3) [13-19]. A vast spectrum of signs and symptoms are encountered,
including dyspnoea, fatigue, dizziness and headaches, with a high morbidity and
mortality compared to the general population and CHD patients without PH [6, 15].
Cardiac arrhythmias and heart failure are important late complications and a
frequent cause of death in these patients. While lung transplantation with shunt
closure (if this is still present) or heart and lung transplantation is considered the
definitive treatment for PAH-CHD, few patients are transplanted due to the scar-
city of donors and multi-organ failure, which is common in later stages of the
disease [20]. Therefore, alternative therapeutic options are needed to address the
complications of PAH-CHD [7, 21].
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Fig. 15.1 Systemic complications of Eisenmenger syndrome. The vast spectrum of signs, symp-
toms and systemic complications encountered in Eisenmenger syndrome are related, not only to
the presence of severe pulmonary hypertension but also the coexistence of significant cyanosis and
the cardiac defect, which may be simple or complex [5]

15.2.1 Haematological Disorders

15.2.1.1 Erythrocytosis and Venesections
Secondary erythrocytosis due to increased erythropoietin production is a physiological
response to chronic hypoxemia. The degree of cyanosis is inversely related to the red
cell count: the lower the oxygen saturation, the higher the red cell count and haemato-
crit in iron-replete patients [13]. While an increase in haematocrit increases blood vis-
cosity, the latter depends on several factors, which include red blood cell mass and
morphology, aggregation and dispersion of blood cells, plasma viscosity, temperature
and shear stress [22]. Erythrocytosis also leads to increased shear stress, which affects
the balance between circulating vasodilators and vasoconstrictors [23]. Secondary
erythrocytosis is an appropriate, adaptive response to chronic hypoxemia, and in turn
results in increased blood viscosity, but rarely causes hyperviscosity symptoms. The
symptoms of hyperviscosity in ES include headache, dizziness, visual disturbances,
altered mental status, tinnitus and fatigue. They are non-specific and may overlap with
other conditions, such as ID anaemia, heart failure and cerebral infection.
Prophylactic or routine venesections to maintain a haematocrit level within an
arbitrary predetermined level (haematocrit <65%) for the prevention of cerebro-
vascular events or reduction of symptoms presumed due to hyperviscosity are
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rarely required. Indeed, this is one of the major misconceptions in the manage-
ment of patients with cyanotic CHD [24, 25]. Routine venesections can result in
significant ID anaemia, impaired oxygen transport capacity and reduced exercise
tolerance [22]. ID anaemia is common among patients with ES. If there is evi-
dence of ID, especially when haemoglobin concentration is well below the level
expected for the oxygen saturations, it should be treated with close monitoring of
blood count to avoid an excessive increase in red cell count, which is, however,
rare [26].

Distinction should be made between the secondary erythrocytosis encountered in
Eisenmenger patients and the primary erythrocytosis typical of polycythemia rubra
vera (PRV). The association between the latter and cerebrovascular events is well
established, and treatment guidelines recommend routine venesections and/or the
use of cytoreductive therapy to maintain a haematocrit below 45%, hence reducing
the risk of thrombosis in patients with PRV. The risk of cerebrovascular events in
patients with PRV is increased because of multiple factors, including thrombocyto-
sis, impaired fibrinolytic activity, platelet activation, leukocyte activation, endothe-
lial damage and increased whole blood viscosity [27]. In contrast to PRV,
erythrocytosis in patients with cyanotic congenital heart disease is typically associ-
ated with a low (or low-normal) platelet count and a predisposition to bleeding.
There is, as yet, no clear association between secondary erythrocytosis in ES and the
risk of major cerebrovascular events (CVEs) [26, 28].

Adults who undergo repeat venesections are at risk of developing ID and
microcytic circulating erythrocytes. These microcytic erythrocytes resist defor-
mation in high shear rates in the microcirculation, which in turn can increase the
risk of hyperviscosity symptoms and CVEs in adults with cyanotic heart disease
and secondary erythrocytosis [29, 30]. Therefore, the short-term potential benefit
of venesections in lowering haematocrit may result in chronic ID, with an
increased risk of hyperviscosity symptoms and CVEs. Dehydration can rapidly
increase the haematocrit level and precipitate or aggravate the symptoms of
hyperviscosity. In such cases, initial treatment is volume replacement, not
venesection.

Bearing in mind potential hazards, the indications for venesection are limited to
two circumstances: (1) in patients with moderate-to-severe hyperviscosity symp-
toms due to secondary erythrocytosis, in the absence of dehydration or ID anaemia.
(2) Venesection may be considered preoperatively for autologous blood donation
and for boosting platelet production [23]. When indicated, venesection should be
performed following certain safety measures, in an experienced setting. At the off-
set, baseline vital signs should be documented and repeated every 15 min for the
first hour after the procedure. While the venesection is taking place, the volume
removed should be replaced simultaneously with isotonic saline to avoid sudden
shifts in volume status, which can reduce preload and cause syncope or decompen-
sation. Air filters should be used to avoid air emboli. The procedure should be
stopped immediately if the patient experiences hypotension, desaturation, palpita-
tions/arrhythmias or pre-syncope/syncope. If hyperviscosity symptoms persist
beyond 24 h from venesection, other causes for the symptoms should be
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investigated, such as reassessment of volume status or the presence of a cerebral
abscess (when neurological symptoms are present). If symptoms persist, in the
absence of other causes, a second venesection can be performed within 48 h, but is
rarely required and should be avoided [23].

15.2.1.2 Haemostatic Abnormalities

Haemostatic abnormalities extend beyond compensatory erythrocytosis and are
common and complex in cyanotic patients. These include dysregulation in platelet
production and the coagulation cascade.

Thrombocytopenia is very common in cyanotic patients. There is a positive cor-
relation between platelet count and oxygen saturation and an inverse relationship
with haemoglobin/haematocrit levels [31]. Four pathogenetic mechanisms are
potentially responsible for the thrombocytopenia encountered in cyanotic patients:
(1) decreased platelet production, (2) decreased megakaryocyte production, (3)
increased platelet destruction and (4) increased platelet activation. In 1893, Aschoff
proposed that megakaryocytes, originating in the bone marrow, migrate into the
bloodstream and, because of their size, lodge into the pulmonary capillary bed
where maturation takes place, leading to platelet production. In patients with a
right-to-left shunt, megakaryocytes can bypass the lung and, hence, circumvent this
maturation process [31].

Abnormal coagulation has also been described in ES patients. Vitamin
K-dependent clotting factors (factors II, VII, IX, X) and factor V are reduced.
Increased fibrinolytic activity and depletion of von Willebrand factor, which is
acquired, contribute to the bleeding tendency seen in these patients [32]. Acquired
von Willebrand disease is usually associated with prolonged bleeding times, but in
cyanotic patients bleeding times are paradoxically shorter and may not reflect an
underlying bleeding disorder, a phenomenon that is not completely understood.

15.2.1.3 Bleeding, Thrombosis and Anticoagulation

Given the abnormalities described above, patients with ES are at risk both for bleeding
and thrombosis. Haemoptysis is common among ES patients, usually of minor vol-
ume and, fortunately, not a common mode of death nowadays. It is an external mani-
festation of an intrapulmonary haemorrhage and does not reflect the extent of bleeding.
Major haemoptysis is a medical emergency and always requires urgent evaluation by
a multidisciplinary team, following an ABC protocol (protecting airway, breathing
and circulation). General diagnostic and therapeutic aspects include hospital admis-
sion, discontinuation of pharmacotherapy that may induce bleeding, appropriate
imaging to identify the site and source of bleeding and volume repletion [33]. Rupture
of large bronchial arteries, aortopulmonary collateral or an aneurysm of the pulmo-
nary artery (PA) is often fatal (Fig. 15.2). As bleeding is not uncommon in ES, strate-
gies to prevent its occurrence should be considered (Table 15.1).

Other common sources of bleeding (Table 15.2) include epistaxis, menorrhagia
and gastrointestinal blood loss, all of which require a multidisciplinary approach
and may require investigations (e.g. endoscopy) that should be performed in a ter-
tiary PH and CHD centre to minimize complications.
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Fig. 15.2 Computed tomography images of patients with Eisenmenger syndrome due to a large
ASD (a) demonstrating significant pulmonary artery (PA) dilatation when compared to the aorta
and in situ thrombus (black arrow) in the PAs (b). The chest radiograph (c) shows large PAs in a
patient with Eisenmenger syndrome due to an ASD and PA calcification (white arrow). PA dilata-
tion can result in pulmonary artery rupture and haemorrhage (d)

Thrombosis is also common in patients with ES [34, 35]. Contributing factors
include coagulation abnormalities, stasis of blood in dilated chambers and vessels,
atherosclerosis, endothelial injury, pro-thrombotic material (artificial valves, con-
duits, pacemaker leads) and atrial arrhythmias. The factors contributing to an
increase in bleeding tendency do not appear to protect patients from thrombus for-
mation. Laminated thrombi in large, partially calcified and aneurysmal pulmonary
arteries are common and occur in up to 30% of patients with ES (Fig. 15.2) [36, 37].
A retrospective analysis of 34 patients with ES by Silversides et al. found 21% of
patients with proximal PA thrombus. These patients were more likely to be female
and have lower oxygen saturations [34]. In a different study, in situ thrombosis in
pulmonary arteries was related to older age, biventricular dysfunction, poor
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Table 15.1 Strategies .
for preventing bleeding

Limit the use of anticoagulation to the following
indications:

— Atrial arrhythmia

— Thromboembolic events

— Mechanical valve prosthesis

— In situ thrombosis

— Advanced heart failure

Meticulous surveillance of anticoagulation

— Maintain INR within a prespecified therapeutic range
— Monitor regularly

— Citrate adjusted sample*

Prompt treatment of respiratory tract infections
Up-titration of PAH therapies

Bronchial artery embolization for recurrent haemoptysis

Suggested strategies for preventing bleeding in patients with
Eisenmenger syndrome

*Citrate-adjusted samples are required in patients with high hae-
matocrit levels; otherwise INR levels can be underestimated

Table 15.2 Types of .
bleeding in patients

with Eisenmenger

syndrome

PA

Minor bleeding
— Skin bruising
— Mucocutaneous bleeding (gingival)
— Epistaxis (can become major)
— Menorrhagia (can become major)
— Mild haemoptysis (due to respiratory tract infection)
Major bleeding
— Haemoptysis, can be due to:
PA dissection or rupture
Bronchial artery rupture
Tatrogenic/surgical bleeding
Endoscopy (upper and lower GI)
Endoscopic interventions (e.g. ERCP/
sphincterotomy)
Cardiac catheterization resulting in PA dissection/
rupture
— Spontaneous gastrointestinal bleeding
— Cerebral bleeding (e.g. secondary to abscess)

pulmonary  artery, ERCP  endoscopic retrograde

cholangiopancreatography

functional class and dilatation of pulmonary arteries, with concomitant “sluggish”
pulmonary blood flow. In this study, the degree of cyanosis or coagulation parame-
ters did not differ between patients with and without thrombus formation in the
central pulmonary arteries [35].

Current guidelines suggest that patients with ES with coexisting conditions, such
as atrial fibrillation or intrapulmonary thrombi, in the absence of haemoptysis,
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should be anticoagulated [10]. With the use of warfarin, the narrow therapeutic
index requires meticulous and regular monitoring. In ES patients, particularly those
with higher haematocrit levels, the amount of sodium citrate in the test tubes needs
to be adjusted to the haematocrit for accurate INR measurements. There are, how-
ever, currently no clinical data to support the routine use of anticoagulation or aspi-
rin in this population. Oral anticoagulants are associated with an increase in ID
anaemia in this group, and patients should be routinely assessed and treated when
iron deficient [38]. There are no data on the use of novel oral anticoagulants in ES,
and the limited availability of direct reversing agents has limited their use in these
patients who are prone to bleeding.

15.2.1.4 Iron Deficiency Anaemia

There is no universally accepted definition of ID in this patient group. Tay
et al. defined ID in their study a serum ferritin <30 pg/L or a serum ferritin
<50 pg/L and a transferrin saturation of <15%. However this definition of ID
was derived from acyanotic patients [39]. Earlier, Spence et al. suggested a
threshold of serum ferritin <15 pg/L and a transferrin saturation <15% as their
definition for ID in cyanotic patients [40]. In patients with left ventricular failure,
ID was defined as serum ferritin <100 pg/L or serum ferritin 100-299 pg/L and
a transferrin saturation <20%, possibly to account for a chronic inflammatory
state [41].

The causes of ID anaemia in cyanotic patients are multiple: hematologic disor-
ders, bleeding or extrinsic factors such as dietary intake or medication. ID is com-
mon in ES and other cyanotic CHD, found in 20-37% of patients [13]. Anaemia is
often not recognized in cyanotic patients, as haemoglobin levels, which should be in
the range of 18-24 g/dL, may drop to levels that are normal for the general popula-
tion but not for patients with chronic cyanosis [24]. The typical microcytosis of ID
(mean corpuscular volume (MCV) <80 fl) is often absent in cyanotic patients with
ID [42]. Haemoglobin concentration, MCV and mean corpuscular haemoglobin
(MCH) are, hence, not reliable for the diagnosis of ID in this cohort, and parameters
reflecting iron metabolism should be used, including ferritin and transferrin satura-
tion. Soluble transferrin receptor assay, when available, is also extremely useful for
identifying ID [42].

ID can have a multitude of deleterious effects on cyanotic CHD and ES. Reduced
oxygen carrying capacity and delivery to peripheral tissues may impair exercise
tolerance [43, 44]. In a review of 162 patients, Ammash et al. sought to determine
the frequency of spontaneous cerebrovascular events in cyanotic congenital heart
disease and possible contributing factors. In their study, 41 patients had ID with
microcytosis (MCV < 82 fl), and among these, 11 had a cerebrovascular event
(p = 0.004), thereby demonstrating the strong association between ID anaemia,
microcytosis and cerebrovascular events [28].

Data on the management of ID in cyanotic CHD and ES is limited, but there is
evidence to support iron supplementation. In a study of 25 patients, replenishing
iron stores lead to an improvement in quality of life (QoL) and exercise capacity
expressed as 6-min walk distance (6MWT) [39]. Current guidelines recommend
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that iron supplementation should be considered in patients who are iron deficient,
but do not provide a clear indication on how aggressively this should be pursued.
Tay et al. used a protocol in their study incorporating a dosing strategy (mainly oral,
with IV supplementation only when patients were intolerant to oral supplements)
that is used in many PH centres (Fig. 15.3) [39]. While gradual oral iron replace-
ment is preferred, gastric absorption is often impaired in PAH and side effects are
common; hence intravenous iron administration should be considered. Refractory
secondary erythrocytosis, precipitating or aggravating symptoms of hyperviscosity,
is a concern, but is very rare in our experience. Van De Bruaene et al. suggested
close monitoring of patients with resting oxygen saturations <83% receiving iron
supplementation [38].

Overall, ID is strongly related to adverse outcomes, particularly in patients on
anticoagulants and those receiving routine venesections. In view of the high preva-
lence of ID in patients with PAH, annual (or more frequent) testing is recommended
and iron supplementation (oral or intravenous) should be considered in accordance
to local policies [10, 40].

15.2.2 Oxygen Therapy and Air Travel
Oxygen is a strong pulmonary vasodilator and has been shown to reduce PVR in

patients with PAH; yet there are no randomized data to suggest that long-term
oxygen therapy is beneficial in ES. While low resting saturations (below 85%) are

Screening of patients with ES

v
Serum ferritin <30 ug/mL
OR
Serum ferritin <50 pg/mL and
transferrin saturation <15%

|

History of severe iron

intolerance
A \
| Yes | | No |

Oral iron therapy with
[V Iron thera If intolerant treat ferrous fumarate
with IV
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*Iron sucrose 200 mg e mg

(reassess at 1 month and repeat; if still Week 2: 200 mg BD

iron deficient, repeat treatment) Week 3: 200 mg TDS
(reassess in 3 months and treat if still iron deficient)

Fig. 15.3 Suggested protocol for treatment of iron deficiency anaemia in patients with
Eisenmenger syndrome. *Alternative intravenous infusions can be used, such as ferric carboxy-
maltose (Adapted from Tay et al. [24])
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associated with an adverse outcome in ES [45], this is likely to reflect disease sever-
ity, and long-term oxygen therapy in the setting of ES remains controversial. Indeed,
hypoxemia in ES is the result of right-left shunting (intra- or extra-cardiac) and
cannot be corrected by oxygen supplementation. There is only one prospective ran-
domized controlled study evaluating the effects of nocturnal oxygen in 23 adults
with ES. These patients received tailored doses of oxygen for at least 8 h per day
and were followed up for 2 years. The authors concluded that oxygen therapy in this
cohort had no impact on exercise capacity, haematology variables, quality of life or
survival [46]. Some patients may benefit symptomatically from oxygen supplemen-
tation, and it remains at the physicians’ discretion to prescribe oxygen, as long as it
does not limit the patient’s ability to remain physically and socially active. In
patients with intense hypoxemia and dyspnoea at rest and loss of vital capacity or
those awaiting transplantation, oxygen therapy may provide some symptomatic
benefit. The risks of oxygen therapy should, of course, be taken into account and
include desiccation of nasal mucosa, epistaxis, sleep disturbance and the burden of
the oxygen cylinder when traveling/walking.

Unnecessary restrictions to air travel impact on an individual’s quality of life.
Concerns on the safety of travel in commercial aircraft for ES patients are not based on
any strong evidence. A Dutch group addressed this concern by designing a study of
cyanotic and healthy individuals assessed during simulated and actual flights [47].
Commercial air travel was well tolerated, and the decrease in oxygen saturation during
ascent was similar in both cyanotic and healthy controls. They concluded that atmo-
spheric pressure changes during air travel were not detrimental to patients with cyanotic
heart disease. Broberg et al. confirmed that ES patients tolerated travel on commercial
aircrafts well in a retrospective study [48]. Therefore, it does not appear that ES patients
should be advised against air travel. There is also little evidence on the use of in-flight
supplemental oxygen, even though this could be made available in an as-required basis.
It is worth noting that the low humidity in commercial aircrafts can cause dehydration,
which can be pro-thrombotic; therefore patients are advised to remain well hydrated,
keep their legs extended and periodically walk on long-haul flights.

Travel to high altitude in a non-pressurized cabin, such as cable cars or other
transport, may be safe, but a gradual ascent on land is important and a time for
acclimatization may be wise. Exercise at high altitude must be limited and is usually
restricted by symptoms. Some patients who are not acclimatized may not tolerate
long stays in high altitude [23].

15.2.3 Gout

Hyperuricemia is another complication of ES and is the result of increased produc-
tion of uric acid and reduced renal clearance. Renal hypoperfusion, reinforced by a
high filtration fraction, enhances urate reabsorption and causes secondary hyperuri-
cemia [49]. Uric acid levels rise in proportion to the haemodynamic severity in ES,
and hyperuricemia is independently associated with an adverse outcomes.
Administration of uricosuric or uricostatic agents is indicated in patients with
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recurrent gouty arthritis. In the acute phase, symptoms can be relieved by oral col-
chicine or intra-articular corticosteroids, where indicated. Asymptomatic hyperuri-
cemia is not an indication for routine drug therapy [50].

15.2.4 Cholelithiasis

There are two types of gallstones: cholesterol and pigment or bilirubinate. In ES,
there is an increased turnover of heme due to the erythrocytosis, resulting in
increased concentration of unconjugated bilirubin in the bile. This, in turn, contrib-
utes to a higher incidence of calcium bilirubinate gallstones in this cohort.

If complicated by an infection, acute cholecystitis is a serious complication for ES
patients, as it can be further complicated by bacteraemia, acute abdomen and haemo-
dynamic instability. It is recommended that ES patients with cholecystitis/symptomatic
cholelithiasis be referred to a specialist centre where they can be managed by a multi-
disciplinary team experienced in managing ES. If surgery is unavoidable, a cardiac
anaesthetist experienced in PAH and ES should perform the anaesthesia. As general
anaesthesia carries significant risks in ES, minimally invasive procedures are often pre-
ferred: endoscopic retrograde cholangiography (ERCP) and papillotomy should be
attempted, where possible. A laparoscopic approach with insufflation of carbon diox-
ide (CO,) in the abdomen and reduction in venous return may not be tolerated in ES
patients. With open cholecystectomy, adequate postoperative pain management is
important to minimize haemodynamic instability, but may prove difficult (see below).

15.2.5 Noncardiac Surgery and Endocarditis Prophylaxis

PAH, CHD and ES are known risk factors for perioperative complications [51].
Patients with PAH are often counselled against elective surgery because of the risk
of early and sudden postoperative deaths. In PAH, the right ventricle (RV) cannot
accommodate large alterations in preload or afterload induced by fluid shift, anaes-
thetic medication, insufflation of gas in the abdomen during laparoscopic proce-
dures or autonomic changes precipitated by hypoxia or hypercapnia, which are
magnified by stress or pain. RV ischemia, resulting in worsening RV function, can
be precipitated by systemic hypotension and arrhythmias during surgery [52].
Therefore, the choice of anaesthetic is crucial for patients with PAH. The same
principles of risk management apply to ES.

The two main principles of perioperative risk management are the prevention of
systemic hypotension and avoidance of an increase in pulmonary arterial pressure
(PH crisis). Specific risks during surgery include arrhythmias, thromboembolism,
bleeding and sudden changes in systemic vascular resistance. Close monitoring,
optimization of systemic blood pressure, pain control, oxygenation and ventilation,
avoidance of exacerbating factors and use of vasopressors and pulmonary vasodila-
tors, as necessary, are essential elements of perioperative management. In a study of
33 ES patients undergoing general or regional anaesthesia, 26% experienced
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profound hypotension and 17% a drop in oxygen saturation. The authors found that
vasopressor agents given during induction significantly reduced the incidence of
hypotension [53].

Patients with an underlying cardiac condition, which includes any cyanotic
CHD, are at higher risk of infective endocarditis and should receive prophylaxis.
This, however, only applies to high-risk procedures, which are mainly invasive den-
tal procedures, and not for respiratory tract procedures, gastrointestinal/urogenital
or skin/soft tissue procedures [11].

15.2.6 Exercise Training

This subject will be discussed in greater detail in Chap. 20. Exercise intolerance is
a common feature of ACHD, affecting approximately one third of patients [54].
Those with cyanosis or PH are among the most limited, as demonstrated by 6-min
walk testing [55, 56]. During exercise endothelial nitric oxide production rises pro-
portional to ventilation, and PVR declines to limit elevation in mean PA pressure
[57]. PH patients are unable to sufficiently increase their pulmonary blood flow on
exercise, while right-to-left shunting may boost the systemic cardiac output, but at
the expense of further systemic desaturation and physiological dead space
[58-60].

Exercise training (ET) should not be discouraged in ES. In patients with severe
heart failure, regular training improves endothelial function in systemic vessels and
improves long-term outcome [61, 62]. Impaired skeletal muscle function has been
described in CHD and is a potential target for rehabilitation/ET [63]. Mild to moder-
ate aerobic activity and low-level resistance exercise can be performed safely in most
clinically stable patients. The recommendation for patients with ES is low dynamic
sport leisure activities with a low isometric (static) component, while competitive
sports are contraindicated (see also Chapter 20). Highly isometric exercise (e.g.
weight lifting) should be avoided. Patients with a persistent shunt should avoid scuba
diving [64].

15.2.7 Heart Failure, Diuretics and Cardiovascular Drugs

RV failure is a major determinant of morbidity and mortality in PAH (see Chapter 1
on RV adaptation to PAH). RV maladaptation to the high afterload caused by PAH
often results in RV distension and dysfunction, with an inability to adapt to large
fluid shifts [65]. Moreover, ventricular interdependence, myocardial ischemia and
tricuspid regurgitation further impact on cardiac output and central venous pres-
sures, leading to reduced oxygen delivery and multi-organ failure. Decreasing oxy-
gen saturation in patients with cyanotic CHD further exacerbates organ failure [66].

The management of RV failure in patients with PAH, and especially ES, is chal-
lenging. Genetic studies have confirmed that, during cardiac morphogenesis, the RV
and left ventricle (LV) originate from different progenitor cells at different sites [67].
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It may be for this reason that drugs routinely used for non-congenital heart failure
patients, such as pB-blockers, have no proven benefit in RV failure due to PAH.

Patients presenting in acutely decompensated heart failure should be managed in
a critical care environment with the appropriate initial investigations (Table 15.3)
and monitoring, with the aim of identifying and reversing precipitating factors, such
as alveolar hypoxia, hypercapnia, acidaemia and sepsis (Table 15.4, Fig. 15.4) [68,
69]. Additionally adverse prognostic indicators in acute RV failure should be identi-
fied and addressed (Table 15.5) [10, 14, 33, 68-71].

The mainstay of treatment is optimal fluid balance, and neither hypovolaemia
nor hypervolaemia is well tolerated and can contribute to a low cardiac output. Loop
diuretics can be used to reduce RV preload and distension, which in turn improves
RV function, RV-LV interdependence and LV compliance, thereby improving car-
diac output [66]. RV distension activates the renin—angiotensin—aldosterone system
(RAAS) and may cause secondary hyperaldosteronism; thus, the use of an aldoste-
rone antagonist, such as spironolactone, may be helpful [72]. Increasing doses of
pulmonary vasodilators can reduce RV afterload and improve RV function and car-
diac output. In patients who are severely decompensated, intravenous (prostanoids,
sildenafil) or inhaled (prostanoids, nitric oxide) pulmonary vasodilators may be
considered [66, 73, 74].

Table 15.3 Initial investigations in patients presenting with RV failure

Clinical history
Progression of breathlessness, oedema, orthopnoea
Change in WHO FC, 6MWD
Cessation of medication or poor compliance
Quality of life score (e.g. EMPHASIS-10)
New-onset arrhythmia
Examination
Weight gain, tachycardia, hypotension, raised JVP, oedema, ascites
Signs of endocarditis (Osler’s nodes, splinter haemorrhages, Janeway lesions, new murmurs)
Deep venous thrombosis
RV function assessment
ECG showing RV strain, arrhythmia, ischemia
Rising BNP [71]
Echocardiography [68]
RA area > 25 mm?’
Pericardial effusion
TAPSE < 15 mm
Ratio of RA to LA area > 1.5
Ratio of RV effective systolic to diastolic duration >1.5
Haemodynamic on RHC
RAP > 14 mmHg
Lower than expected PA pressures may indicate a failing RV

Initial investigations in patients with PAH presenting with signs of right ventricular failure

WHO FC World Health Organization Functional Class, 6MWD 6-min walk distance, JVP jugular
venous pressure, SBE subacute bacterial endocarditis, RV right ventricle, BNP B-type natriuretic
protein, RA right atrium, LA left atrium, TAPSE tricuspid annular plane systolic excursion, RHC
right heart catheterization, RAP right atrial pressure, PA pulmonary artery
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Table 15.4 Reversible Electrolyte or metabolic imbalance, iron deficiency. Check:
causes of heart failure in Biochemistry, liver, thyroid function
PAH-CHD Haemoglobin, iron studies

Infection. Perform:
Septic screen (blood, urine, sputum)
Consider CT brain to rule out cerebral
abscess
Arrhythmia:
ECG to rule out new-onset arrhythmia
Pulmonary embolism. Consider:
CTPA, avoid if impaired renal function
D-dimer (limited value in ES)
Myocardial ischemia:
Serial troponins and ECG
CTCA to exclude compression of coronary
arteries from dilated PA
Exacerbation of underlying lung disease:
Scoliosis due to previous surgery, also
associated with cyanotic heart disease
Sleep-disordered breathing

Potential reversible causes in patients presenting with RV failure and
PAH-CHD

CT computed tomography, CTPA CT pulmonary angiogram, CTCA
CT coronary angiogram, PA pulmonary arteries

Fig. 15.4 Cerebral
abscess (arrow) with signs
of peri-lesional oedema
and midline shift in a
patient with VSD and ES
presenting with syncope
and fever
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Table 15.5 Adverse Signs of RV failure
prognostic markers in Syncope
patients with PAH-CHD (see

Rapid progression of symptoms
also Chap. 21) [69] LR e

WHO FC III or IV at presentation
6MWD < 300 m

CPET: low peak VO,
Hypotension

Hyponatremia

Renal dysfunction

BNP > 300 ng/L

RA area > 25 cm? RA/LA area> 1.5
TAPSE < 1.5 cm

Pericardial effusion

RAP >15 mmHg

CI <2 L/min/m?

Clinical indicators that may suggest adverse prognosis in
patients with PAH-CHD

RV right ventricle, WHO FC World Health Organization
Functional Class, bMWD 6-min walk distance, CPET car-
diopulmonary exercise test, VO, volume of oxygen, VE
minute volume, BNP B-type natriuretic protein, RA right
atrium, RAP right atrial pressure, CI cardiac index

When RV systolic pressure is near or above systemic pressure, right coronary
artery perfusion may be affected and cause ischemia in a hypertrophied RV.
In this situation, vasoconstrictors can be used to reduce RV preload and increase
systemic pressure to maintain adequate coronary perfusion [75]. Inotropes such
as dobutamine and dopamine (B-1 agonists) can be used to increase cardiac
output. Alternatively milrinone (a phosphodiesterase 3 inhibitor) can be used to
avoid the chronotropic effect of -1 agonists. As they may cause systemic
vasodilatation, such agents may need to be combined with a vasoconstrictor
[66, 73, 74].

In patients with end-stage RV failure not responding to conventional therapy,
extracorporeal life support may be considered as a bridge to transplantation. Assist
devices used as a bridge to transplant therapy in heart failure are limited in
PAH. Physiological haemodynamics, specifically elevated PVR, hinder their use as
right ventricular assist devices (RVADs), increase pulmonary arterial and capillary
pressure and may have detrimental effects [76].

It must be noted that certain conventional therapies for heart failure can be
harmful in patients with ES and PAH-CHD. p-Blockers and calcium channel
blockers are generally contraindicated in PAH due to their negative inotropic
effect on the RV, which may be poorly tolerated [77]. Unlike left-sided heart fail-
ure, B-blockers have not been shown to improve RV function in PAH. They can be
used in specialist PAH centres for other indications such as prevention of recur-
rent arrhythmias in small doses. While neurohormonal activation is present in
PAH [19, 78], only aldosterone antagonists are used in these patients; ACE
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inhibitors and ARBs should be avoided in patients with ES as they may reduce the
SVR and enhance a right-to-left shunting, causing a worsening in cyanosis [79].
They may also cause hypotension, which can preclude the use of PAH therapies.
In a recent German registry of 153 patients with ES and various cardiac anato-
mies, approximately 35% were on diuretics, 25% on digoxin, 10% on ACE-i/
ARBs, 18% on p-blockers, 18% on oral anticoagulation and 25% on aspirin.
There was no significant association between conventional medical treatment
(diuretics, digoxin, ACE-i/ARBs) and outcome. Patients with more complex CHD
were more likely to be on additional conventional therapies compared to ES
patients with simple defects [80].

15.2.8 Renal Dysfunction and Hyponatremia

Renal dysfunction is common among patients with PAH-CHD and can affect up
to two thirds of adults with ES [16]. The mechanisms are multifactorial and com-
plex. Both functional and structural abnormalities of the kidneys can occur in
PAH-CHD. In heart failure, the low cardiac output results in decreased perfusion
of vital organs, including kidneys. Consequent activation of the RAAS (through
cardiac distension and reduced renal flow) is an attempt to preserve renal perfu-
sion and glomerular flow. However, this compensatory mechanism promotes
sodium and water retention, potentially causing further deterioration in cardiac
and renal function [81]. In cyanotic patients it is postulated that chronic hypoxia
affects renal function directly and indirectly through the increase in blood vis-
cosity [40].

Renal dysfunction can cause a deterioration in cardiac function though water
retention and by aggravating hypertension and anaemia. Moderate or severe renal
impairment (glomerular filtration rate < 60 mL min~' 1.73 m~2) has been shown to
be associated with a threefold increase in mortality in cyanotic patients [16].
Routine, periodic screening of renal function is indicated, and agents that may
aggravate renal dysfunction (e.g. contrast media, antibiotics, diuretics) should be
avoided, or their doses should be adjusted accordingly.

Hyponatremia (<136 mmol/L) is common in patients with acquired congestive
heart failure, as a result of water retention in excess of sodium stores [82].
Hyponatremia is an established prognostic marker in acquired heart failure and
ischemic heart disease [83]. Neurohormonal activation, present in abundance in
patients with CHD, is important in the pathogenesis of hyponatremia [78]. In a
review of 1004 adults with CHD of varied cardiac anatomy and physiology, 20%
of patients with ES were found to be hyponatremic compared to 15% in the over-
all group [14]. The authors discovered that hyponatremia was associated with a
threefold increased risk of death in the overall group, independent of renal func-
tion and use of diuretics. Measuring sodium levels should be part of the periodic
assessment of these patients, as it is a simple, cheap but powerful marker of mor-
tality in CHD [14].
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15.2.9 Arrhythmias

Arrhythmias are common in patients with PAH and are often associated with clini-
cal deterioration and major adverse events, such as hospitalization or death [84].
The onset of an arrhythmia may be a signal of acute decompensation or progressive
deterioration, and the risk associated with arrhythmias in PAH is significantly higher
compared to patients with less severe cardiac conditions.

The most common arrhythmias in PAH-CHD patients are supraventricular
tachycardias and often arise due to atrial distention or scar tissue from previous
surgery [13]. The incidence of supraventricular tachycardias, including atrial flutter
and fibrillation, is reported at 2.8% per annum in patients with PAH [85]. In more
advanced PAH, atrial arrhythmias have a 5-year cumulative frequency of approxi-
mately 25% [37]. In the acute setting, in symptomatic but haemodynamically stable
patients, initial management includes addressing haematological, biochemical or
endocrinological causes for the tachyarrhythmia, such as thyroid dysfunction, anae-
mia or electrolyte disturbances. In stable patients, amiodarone may be used to
attempt cardioversion, with close monitoring of parameters of systemic perfusion.
However, prompt direct current cardioversion (DCCV) is preferable, especially if
the arrhythmia is causing haemodynamic compromise or there is evidence of sys-
temic hypoperfusion in patients not responding to adenosine. DCCV requires gen-
eral anaesthesia or sedation, which carries significant risks in patients with PAH;
therefore senior anaesthetic input is required. Where the time of onset of arrhythmia
exceeds 48 h in a haemodynamically stable patient, intra-atrial thrombus should be
excluded by transesophageal echocardiogram (TOE) before attempting rhythm res-
toration. Rate-controlling drug therapy, such as -blockers, may be poorly tolerated
due to their negatively inotropic effects on the RV, but are often used in small doses.
Often, medication such as amiodarone, with less of an inotropic effect, is favoured.
However, clear recommendations on the use of B-blockers and other antiarrhythmic
cannot be made in view of the lack of evidence in patients with PAH-CHD. Catheter
ablation can be considered in cases of recurrent atrial arrhythmias and can often be
performed under local anaesthesia [86].

Malignant tachycardias, such as ventricular tachycardia (VT), are not as com-
mon as supraventricular arrhythmias in PAH. In one study of 132 witnessed cardiac
arrests in patients with PAH, only 8% were due to ventricular fibrillation (VF) [87].
The PAH-CHD population has a higher incidence of malignant arrhythmias due to
their underlying cardiac defect or previous surgical scarring. In patients who survive
a sustained VT or VT/VF arrest, extrinsic compression of the coronary arteries by a
dilated PA should be excluded. Other potential precipitating factors, such as a pro-
longed QT interval or electrolyte imbalances, should be ruled out or corrected.
Implantable cardioverter defibrillators (ICDs) may be considered for secondary pre-
vention, but implantation is not without risks, including infection, bleeding and the
risks of sedation to test the device. Subcutaneous ICDs are an attractive option in
those with no venous access to the heart. The indications for an ICD should be
weighed against the overall survival prospects and the patient’s wishes (see Chap. 23)
[88, 89].
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Conclusion

Advances in the diagnosis of CHD and its surgical and medical management
have significantly increased the number of patients surviving into adulthood.
The best approach to PAH-CHD is prevention, through timely repair of the
defect. However, patients do still develop PAH-CHD, and the morbidity and
mortality in this group remains high due to the multisystem complications
described in this chapter. Supportive measures, anticipation and expert man-
agement of potential systemic complications and avoidance of old unproven
practices are as important as specific pharmacological therapy in PAH-
CHD. The optimum management for these patients is in centres with both
PAH and ACHD expertise or a shared care model between specialist PAH and
ACHD centres.
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16.1 Introduction

PAH associated to CHD (PAH-CHD) is a very heterogeneous population, ranging
from patients with Eisenmenger syndrome, the extreme end of the spectrum, to
patients in whom the congenital heart defect is more of an incidental finding.
Unfortunately the majority of PAH-CHD patients have been excluded from the
randomized controlled trials, and drug therapies are mainly based on clinical exper-
tise rather than strong evidence. Table 16.1 summarizes the most important trials
performed in pulmonary arterial hypertension and details the number and type of
PAH associated with CHD included in each trial. The industry-run trials that did
include PAH-CHD patients only included those with postoperative (post-repair)
pulmonary hypertension. BREATHE-5 was the only trial focusing on patients with
Eisenmenger syndrome [5]. Following BREATHE-5, smaller investigator-led stud-

ies have also focused on the Eisenmenger population.
This chapter will focus on the role of PAH therapies in PAH-CHD.

Table 16.1 Randomized controlled trials in pulmonary arterial hypertension

Number (%) and

Author Year Drug N Aetiology type of CHD
Barst 1996 Epoprostenol 41 iPAH None
etal. [1]
Olschewski 2002 Iloprost 203 iPAH, PAH-CTD, None
etal. [2] CTEPH, appetite
suppressant
Simonneau 2002 Treprostinil 469 iPAH, PAH-CHD 109(23.2%)
etal. [3] PAH-CHD Postoperative PAH
Eisenmenger
Galie 2005 Sildenafil 278 iPAH, PAH-CTD,  6(2.2%)
et al. [4] PAH-CHD Postoperative PAH
Galie 2006 Bosentan 54 Eisenmenger Bidirectional or
et al. [5] reversed shunt
Galie 2008 Ambrisentan 202 + 192 iPAH, PAH-CTD, None
et al. [6] PAH-HIV, appetite
suppressant
Galie 2009 Tadalafil 405 iPAH, PAH-CTD,  32(7.9%)
etal. [7] PAH-HIV, appetite ~ ASD (sat > 88%)
suppressant, 15(3.7%)
PAH-CHD Postoperative PAH
(VSD, PDA)
Pulido 2013 Macitentan 742 iPAH, PAH-CTD,  62(8.4%)
etal. [8] PAH-HIV, appetite  Postoperative PAH
suppressant,
drug-related PAH,
PAH-CHD
Ghofrani 2013 Riociguat 443 iPAH, PAH-CTD, 35(8%)
etal. [9] PAH-HIV, appetite Postoperative PAH

suppressant,
amphetamine-related
PAH, PAH-CHD
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16.2 Pulmonary Vasodilators in PAH-CHD
16.2.1 Endothelin Receptor Antagonists

Endothelin-1 (ET-1) is a peptide produced primarily by vascular endothelial cells
and is a powerful vasoconstrictor and mitogen for smooth muscle. ET-1 binds to
two types of receptors, endothelin-A (ET,) and endothelin-B (ETg) receptors: ET,
receptors are found in smooth muscle cells, whereas ETy receptors are localized
on both endothelial cells and smooth muscle cells. Activation of ET, and ETg
receptors on smooth muscle cells mediates the vasoconstrictive and mitogenic
effects of ET-1. Stimulation of endothelial ET receptors promotes ET-1 clearance
and activation of nitric oxide (NO) and prostacyclin release. Activation of the
ET-1 system has been demonstrated in both plasma and lung tissues of PAH
patients.

Endothelin receptor antagonists include bosentan, ambrisentan and macitentan.
These agents block the ET-1 receptors, reducing the deleterious effects of ET-1
(vasoconstriction, proliferation, inflammation and fibrosis). Bosentan and maciten-
tan are competitive antagonists at the ET, and ETy receptors, while ambrisentan is
more selective for the ET, receptor.

Bosentan is the most investigated drug in PAH-CHD: it still is the only drug
investigated in a large industry-led randomized controlled trial in patients with
Eisenmenger syndrome. The Bosentan Randomized Trial of Endothelin Antagonist
Therapy-5 (BREATHE-5) was a 16-week, multicentre, randomized, double-blind,
placebo-controlled study evaluating the effect of bosentan on systemic pulse oxim-
etry (primary safety endpoint) and pulmonary vascular resistance (PVR) (primary
efficacy endpoint). It included 54 patients aged >12 years, in the World Health
Organization (WHO) functional class III and 6-min walk distance (6MWD) between
150 and 450 m, with oxygen saturation between 70% and 90%. All patients had
Eisenmenger syndrome, but patients with a patent ductus arteriosus and those with
complex congenital heart disease were excluded. The placebo-corrected effect on
systemic pulse oximetry was 1.0% (95% confidence interval (CI) —0.7 to 2.8), dem-
onstrating that bosentan did not worsen oxygen saturations. Compared with pla-
cebo, bosentan significantly reduced PVR (—=472.0 dyne s cm™>; p = 0.0383). The
mean pulmonary arterial pressure decreased by 5.5 mm Hg (p = 0.0363), and the
exercise capacity increased by 53.1 m (p = 0.0079) after 12 weeks of treatment.
Thirty patients, who completed the BREATHE-5 study, were included in an open-
label extension study for an additional 24 weeks [10], which demonstrated that the
improvement in exercise capacity and functional class was maintained at 40 weeks.
The above results were independent of the shunt location (pre- or post-tricuspid)
[11]. Subsequent non-randomized studies suggested that the effect of bosentan was
lost longer term [12-14], after about 2 years; however, recent data have addressed
this point, showing prolonged beneficial effect of bosentan treatment on exercise
capacity, stroke volume and quality of life [15, 16]. Diller et al. [15] recently
reported on a cohort of 79 Eisenmenger patients treated with pulmonary vasodila-
tors, 55 (69.6%) of whom with bosentan as first-line therapy, for a median follow-up



256 R. Alonso-Gonzalez and P. Escribano-Subias

of 3.3 years (range 0.2-8.9 years): MWD increased early after initiation of treat-
ment, with a plateau after approximately 3 years and no obvious trend towards a
deterioration on average during longer-term follow-up. Vis et al. [16] also evaluated
the long-term effect of bosentan on exercise capacity and quality of life in 64
patients with Eisenmenger syndrome. They reported a significant improvement in
6MWD at 6 months (+41 m; p = 0.002), which was maintained after 2.5 years
(p =0.003).

Ambrisentan is a selective endothelin receptor antagonist approved for idiopathic
PAH (iPAH) and PAH associated with connective tissue disease (PAH-CTD).
Patients with PAH-CHD were not included in the main randomized placebo-con-
trolled studies of ambrisentan (ARIES-1 and ARIES-2) [6]; therefore, there is no
randomized data on the effect of ambrisentan in this population. However,
Zuckerman et al. [17] evaluated the short (mean 163 + 57 days) and longer-term
(mean 2.5 = 0.5 years) effects of ambrisentan in a cohort of 17 consecutive patients
with Eisenmenger syndrome. At short-term follow-up, there was a significant
improvement in exercise capacity (60MWD: 389 + 74 to 417 =77 m, p = 0.03), while
oxygen saturations at rest and during exercise were maintained. At longer-term fol-
low-up, compared to baseline and short-term follow-up, exercise capacity, oxygen
saturations, functional class and haemoglobin concentration remained stable.

Macitentan is a new dual endothelin receptor antagonist recently approved for
the treatment of patients with iPAH, heritable PAH and PAH-CTD, drug abuse,
toxins or human immunodeficiency virus. Although the pivotal trial [8] included 62
patients with PAH-CHD, these were only patients with postoperative PAH. Patients
with Eisenmenger syndrome were excluded. A trial of macitentan in Eisenmenger
syndrome is under way.

Clinical trials specific to patients with PAH-CHD are required to examine the
efficacy and safety of both macitentan and ambrisentan in the PAH-CHD
population.

16.2.2 Drugs Acting on the Nitric Oxide Pathway

PAH is associated with impaired production of the endothelium-derived vasodilator
NO. In healthy individuals, NO acts on smooth muscle cells to induce vasodilation
and inhibit proliferation by increasing production of the secondary messenger cyclic
guanosine monophosphate (¢cGMP) via activation of soluble guanylate cyclase
(sGC) [18, 19]. The NO pathway can be targeted at different levels with PAH-
specific therapies (Fig. 16.1). However, data on the efficacy of these drugs in PAH-
CHD is patchy.

16.2.2.1 Nitric Oxide
Nitric oxide is a potent endogenous, endothelium-derived vasodilator that directly
relaxes vascular smooth muscle through stimulation of GC (sGC) and increased
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Fig. 16.1 Nitric oxide pathway and different PAH therapies. Outline of the nitric oxide (NO)
metabolism pathway. Using L-arginine, NO synthases (NOS) produce NO. The NO activates solu-
ble and membrane-bound guanylate cyclases, which synthesize cyclic guanylate monophosphate
(cGMP), which subsequently activates cGMP kinase. This enzyme induces a reduction in intracel-
lular calcium (Ca*?) concentration through activation of potassium (K*) channels and subsequent
Ca*? channel inhibition, resulting in vasodilation. The cGMP is degraded by phosphodiesterase
(PDE)

production of intracellular cGMP. NO is mainly used to test vasoreactivity in
patients with PAH. Since calcium channel blockers are not indicated in patients
with PAH-CHD, the latest International ESC/ERS guidelines for the diagnosis and
treatment of pulmonary hypertension do not recommend vasoreactivity testing in
this population [20]. However, NO may play a role in decompensated patients with
PAH-CHD in the acute setting (intensive care), where NO may be one of the few
available treatments.

Budtsetal. [21] showed in 23 patients with PAH-CHD, including Eisenmenger
patients, that inhaled NO is safe and is associated with a dose-dependent increase
in circulating cGMP concentrations, mainly when used at 80 ppm. In addition,
Barst et al. [22] reported the outcomes of 353 patients with PAH-CHD included
in the REVEAL registry, of whom 151 had Eisenmenger syndrome. In this
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cohort, the presence of acute vasoreactivity was an independent predictor of sur-
vival at 4 years from enrolment. Therefore, NO may also play a role in assessing
the long-term prognosis of patients with PAH-CHD, but further studies are
needed.

16.2.2.2 Phosphodiesterase Type 5 Inhibitors

Another strategy for increasing the activity of endogenous NO in PAH is to enhance
NO-dependent cGMP-mediated pulmonary vasodilatation, through inhibition of the
breakdown of cGMP by phosphodiesterase 5 (PDE-5). Sildenafil and tadalafil have
been the lead substances in this group of agents, showing both acute and long-term
beneficial effects in patients with iPAH [4, 7]. However, evidence on the use of
PDE-5 inhibitors in patients with PAH-CHD is weaker than that for endothelin
receptor antagonists.

Although patients with PAH-CHD were included in the pivotal trials with
PDE-5 inhibitors (Table 16.1), they rarely represented more than 10% of the total
population, and, typically, these trials only included patients with postoperative
pulmonary hypertension (PAH which developed at any point after repair of a car-
diac shunt), excluding other types of PAH-CHD. However, there are observa-
tional studies supporting the efficacy of sildenafil in this population [23-25].
Zhang et al. [25] reported on the effect of sildenafil in an open-label study on 84
Eisenmenger treated for 1 year. The authors showed significant improvement in
pulmonary haemodynamics, including pulmonary vascular resistance (—474.0
dyne s cm™ m?, p < 0.0001) and mean pulmonary artery pressure (—4.7 mmHg,
p < 0.001), as well as in symptoms, peripheral oxygen saturation and 6MWD
(+56 m, p < 0.001). Sildenafil was well tolerated, and the reported adverse events
were not different or more frequent than those seen in the iPAH population. In a
prospective, open-label, multicentre trial, Zeng et al. [24] studied the effect of
sildenafil in a cohort of 55 patients with PAH-CHD. The authors only included
patients with simple lesions (atrial septal defect (ASD), ventricular septal defect
(VSD) and patent ductus arteriosus (PDA)). After 12 weeks of treatment, there
was a significant improvement in 6 MWD in all groups (ASD, +58.8 m, p < 0.001;
VSD, +42.5 m, p = 0.006; PDA, +56.6 m, p = 0.006), as well as a significant
reduction in pulmonary vascular resistance (ASD, —412.6 dyne s cm~, p < 0.001;
VSD, —453.3 dyne s cm™> m?, p < 0.001; PDA, —694.9 dyne s cm~> m?, p = 0.046)
with no significant changes in systemic vascular resistance or systemic arterial
pressure. In addition, Tay et al. [23] showed that sildenafil improved both quality
of life and exercise capacity in a small cohort of 12 patients with Eisenmenger
syndrome after 12 weeks of treatment.

Mukhopadhyay et al. [26] reported in a small observational study in a cohort of
16 symptomatic Eisenmenger patients that treatment with tadalafil for 12 weeks
reduced pulmonary vascular resistance and improves oxygen saturations, WHO
functional class and 6MWD, suggesting that tadalafil works in this population.
Subsequently, the same group assessed in a randomized, double-blind, crossover
trial the effect of tadalafil in a cohort of 28 patients with Eisenmenger syndrome.
The study showed a significant improvement of MWD (+46.4 m, p < 0.001) as
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well as a significant reduction in PVR (=7.3 dyne s cm™, p < 0.001) which led to a
significant improvement in WHO functional class [27].

16.2.2.3 Soluble Guanylate Cyclase (sGC) Stimulators

Riociguat is a sGC stimulator that acts directly on sGC, stimulating the enzyme and
increasing sensitivity to low levels of NO [28]. Riociguat has a dual mode of action,
sensitizing sGC to endogenous NO and also directly stimulating sGC via a different
binding site, independently of NO. This leads to vasodilation through the relaxation
of smooth muscle cells. Riociguat has recently been approved for treatment of PAH
in Europe and the USA. Approval of riociguat for the treatment of PAH was based on
a pivotal, randomized, placebo-controlled phase III trial, Pulmonary Arterial
Hypertension sGC Stimulator Trial-1 (PATENT-1) [29], which demonstrated that
riociguat was well tolerated and significantly improved 6MWD, PVR, N-terminal of
the prohormone of brain natriuretic peptide (NT-proBNP) levels, WHO functional
class, time to clinical worsening and Borg dyspnoea score. Furthermore, the
PATENT-2, an open-label extension study to PATENT-1, showed sustained improve-
ments in exercise capacity and functional capacity at 2 years. The PATENT-1 trial
included 35 patients with persistent/recurrent PAH after complete repair of the con-
genital heart disease (postoperative PAH) and the outcome of these patients have
been recently reported by Rosenkranz et al. [30] in a post hoc analysis. They showed
that after 12 weeks of treatment, riociguat improved 6MWD (+39 m) and WHO
functional class and reduced PVR (=250 dyne s cm~>) and NT-proBNP levels in
these patients.

16.2.3 Drugs Acting on the Prostacyclin Pathway

Prostacyclin (PGI,) is produced in endothelial cells and binds to endothelial prosta-
cyclin receptors, leading to an increase cyclic adenosine monophosphate (cAMP)
resulting in vasodilatory and antiproliferative effects. PAH patients have reduced lev-
els of endogenous PGI, and reduced expression of PGI, synthase in the lung [31, 32].
Several PAH-specific therapies have been developed that target the PGI, pathway.
While prostacyclin is not routinely used as PAH therapy in patients with PAH-CHD,
there is data supporting its use in this setting.

16.2.3.1 Intravenous Prostacyclin: Epoprostenol

The first study on intravenous prostacyclin in patients with PAH-CHD was per-
formed in the late 1990s, when oral PAH therapies were not yet available. This
study included 20 treatment-naive patients with PAH-CHD (children and adults)
and showed a significant reduction in pulmonary vascular resistance indexed (—1040
dyne s cm™ m?, p < 0.01) and mean pulmonary artery pressure (—16 mmHg,
p <0.01) after a year of treatment. It also showed a significant improvement in car-
diac index (+2.4 L min~' m~?) and New York Heart Association (NYHA) functional
class. There was also an improvement in 6MWD, but this was not statistically sig-
nificant (+52 m, p = 0.13). In this study, drug-related complications were similar to
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those seen in patients with iPAH, and no instances of catheter sepsis were reported
[33]. More recently, Fernandes et al. [34] reported on the effect of intravenous pros-
tacyclin in a cohort of eight severely symptomatic patients with Eisenmenger syn-
drome. After 3 months of treatment, there was a significant improvement in 6 MWD
(+327 m, p =0.01), NYHA functional class and oxygen saturation, which increased
from 69 to 84% (p = 0.01). There was also a significant reduction in pulmonary
vascular resistance (—1600 dyne s cm=> m?, p = 0.04) and a low complication rate.
The downside of using intravenous prostacyclin in this population is the theoreti-
cal higher risk of systemic emboli, mainly in patients with an unrepaired defect and
right-to-left shunting. Special care should be taken with air bubbles in this popula-
tion, and the use of air filters in the central line is recommended. Moreover, patients
with Eisenmenger syndrome are prone to infection due to a chronic immunodefi-
cient status. Although none of the aforementioned studies showed an increased risk
of catheter sepsis in PAH-CHD, the sample size was rather small, and emphasis is
put on aseptic technique when manipulating the central line in this cohort of patients.
While patients with Eisenmenger syndrome are at an increased risk of thrombosis,
prophylactic anticoagulation is not routinely recommended, even in the presence of
a central line. Close monitoring of the platelet count is recommended when starting
prostacyclin in all patients, especially those with Eisenmenger syndrome.

16.2.3.2 Subcutaneous Prostacyclin: Treprostinil

There are not many studies reporting on the use of subcutaneous prostacyclin in
patients with PAH-CHD. However, this population was well represented in the piv-
otal study of treprostinil in PAH [3]. The treprostinil study is a 12-week, double-blind,
placebo-controlled, multicentre trial in 470 patients with PAH, either idiopathic
or associated with connective tissue disease or congenital systemic-to-pulmonary
shunts. The study included mainly patients in NYHA functional class III, and a
quarter of the patients had PAH-CHD. After 12 weeks, exercise capacity improved
significantly in the overall population (+16 m, p = 0.006), independent of the aetiol-
ogy. This improvement was even more noticeable in patients that walked less than
150 m at baseline, in whom 6 MWD improved by 51 m, p = 0.002. There was also
significant improvement in haemodynamics, with a reduction in pulmonary vascu-
lar resistance and increase in cardiac index. The most common side-effect attributed
to treprostinil was infusion site pain (85%), leading to premature discontinuation
from the study in 8% of patients. There is an ongoing randomized controlled trial
of treprostinil in patients with PAH-CHD. This trial is currently recruiting patients
and hopefully will shed light on the management of this challenging population.

16.2.3.3 Inhaled Prostacyclin: lloprost

Data on inhaled prostacyclin in patients with PAH-CHD is also scanty and based on
observational studies. Cha et al. [35] recently assessed the effects of iloprost in adult
patients with PAH-CHD (EIGER study). The EIGER study was a prospective, mul-
ticentre, observational study, which included 18 patients with Eisenmenger syn-
drome treated with iloprost for 24 weeks. The study showed a significant improvement
in 6MWD (+80.4 m, p = 0.032), as well as in quality of life and right ventricular
function. However, there was no improvement in haemodynamics. Yang et al. [36]
also recently reported on a cohort of 12 patients with Eisenmenger syndrome treated
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with iloprost for an average of 18 months: there was a significant improvement in
6MWD (+93.6 m, p =0.013), NYHA functional class and oxygen saturation, both at
rest and exercise. There was also a reduction in mean pulmonary artery pressure, but
this was not statistically significant. The main reported side effects of iloprost were
mild headache and dyspnoea, no different from those reported in patients with iPAH.

In summary, although the evidence is scanty, prostacyclins should be considered
part of the therapeutic armamentarium for patients with PAH-CHD, especially
when oral therapies fail.

16.2.4 Calcium Channel Blockers

The role of calcium channel blockers has not been established in this population,
and there are concerns with regard to systemic vasodilatation and the negative ino-
tropic effect of some of these drugs. Therefore, although recent data suggest that
evidence of vasoreactivity is associated with a better prognosis in PAH-CHD
patients [37], there is currently no indication for routinely performing vasoreactivity
testing in this setting for the assessment of prognosis or for assessing eligibility to
calcium channel blocker therapy (see also chapters 14.1.5 and 16.1.2.1).

16.2.5 Combination Therapy

There is hardly any evidence on the use of combination therapy in PAH-CHD. The
only randomized double-blind crossover study included 21 Eisenmenger patients and
showed no significant improvement in exercise capacity in stable Eisenmenger
patients who started on sildenafil in addition to bosentan [38]. Although methodologi-
cally robust, it is likely that the study was negative because the patients received the
second drug while stable. More recently, two more observational studies in patients
deteriorating on targeted PAH monotherapy were able to demonstrate significant
improvements in exercise capacity and haemodynamics after adding a second agent
[39, 40]. Therefore, combination therapy is recommended in PAH associated with
CHD patients when deteriorating on monotherapy. The latest ESC/ERS guideline for
the diagnosis and treatment of pulmonary hypertension recommendation for combi-
nation therapy in this population is IIb, level of evidence C; however, this recommen-
dation is based on the above-mentioned randomized controlled trial. In addition, one
might speculate that early initiation of pulmonary vasodilators in patients with PAH-
CHD might reduce disease progression. This remains to be proven.

16.3 Treatment Goals in PAH Associated with CHD

The overall treatment goal in patients with PAH is achieving a status of good or
acceptable exercise capacity and quality of life, improving or preserving right ven-
tricular function and improving outcome. This means bringing or keeping patients
in WHO functional class I-1I, whenever possible. The latest ESC/ERS guidelines
for the diagnosis and treatment of pulmonary hypertension have modified the
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Table 16.2 Monitoring and prognostication in patients with Eisenmenger syndrome

Determinants of

Better prognosis prognosis Worse prognosis

No Right ventricular failure  Yes

No Syncope Yes

L 1T WHO functional class IIL, IV

>350 m 6MWD <300 m

>85% Oxygen saturation <85% or a drop >2% per year
Transferrin saturation >20% Iron deficiency Transferrin saturation <20%
Normal or near normal BNP plasma levels >30 pmol/L

TAPSE > 1.5 cm Echocardiogram TAPSE < 1.5 cm

RA area < 25 cm? RA area > 25 cm?

RA/LA ratio < 1.5 RA/LA ratio > 1.5

RAP < 8 mmHg and CI > 2.5 Haemodynamics RAP >15 mmHg and CI < 2.0
L/min/m? L/min/m?

BNP brain natriuretic peptide, CI cardiac index, LA left atrium, RA right atrium, RAP right atrial
pressure, TAPSE tricuspid annular plane systolic excursion, WHO World Health Organization,
6MWD 6-min walk distance. Adapted from Gatzoulis et al. [41]

treatment goals based on a low, moderate or high risk of mortality at 1 year (Table 13
of the ESC/ERS guidelines) [20]. These goals might apply to some patients with
PAH-CHD but are difficult to apply to Eisenmenger patients who are those at the
most severe end of the spectrum, and different management goals should be consid-
ered. In a recent publication, Gatzoulis et al. [41] proposed treatment goals specific
for this population (Table 16.2).

16.4 Management of Specific PAH-CHD Populations
16.4.1 Segmental Pulmonary Hypertension

Lung perfusion in some patients with complex CHD relies on major aortopulmo-
nary collaterals (MAPCAs), leading to differential pulmonary blood flow across the
lung fields (see Chap. 6). Lung areas supplied by large MAPCAs are often “hyper-
perfused”, thus, at risk of developing pulmonary vascular disease, which is not
homogeneous across the lung: this entity is called “segmental pulmonary hyperten-
sion”. This a very unusual haemodynamic condition, which has now been included
in group 5 in the latest ESC/ERS guidelines for the diagnosis and treatment of pul-
monary hypertension [20].

The diagnosis of PH in this setting requires a high degree of suspicion and great
expertise to understand whether low oxygen saturations in patients with MAPCAs
are attributable to segmental PH or inadequate lung perfusion as a result of inade-
quate pulmonary blood flow from MAPCAs, MAPCA stenosis or thrombosis [42].
The presence of a low flow velocity when interrogating collaterals using Doppler
echocardiography should alert to the presence of segmental pulmonary hypertension.
Unfortunately, the definitive diagnosis requires cardiac catheterization with selective
cannulation of MAPCAs and should be performed in specialized centres.
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There are some observational studies supporting treatment of patients with segmen-
tal PH using PAH therapies. In a small retrospective, multicentre, case series of patients
with segmental pulmonary hypertension, Schuuring et al. [43] reported a significant
improvement in (MWD (+62 m, p = 0.03) and NYHA functional class after 12 months
of treatment. Nevertheless, further larger and prospective studies are needed to con-
firming the efficacy and safety of PAH-specific therapy in this setting [42].

16.4.2 Patients with a Fontan Circulation

The Fontan procedure involves routing systemic venous blood flow to the pulmonary
arteries without the interposition of a ventricle. In these patients the (effectively sin-
gle) ventricle pumps blood through the body, with the systemic venous return pas-
sively entering the pulmonary circulation. Thus, low pulmonary vascular resistance is
paramount in this setting. Although several factors determine cardiac output in patients
with Fontan circulation, pulmonary vascular resistance appears to be a major determi-
nant [44]. Pulmonary vascular resistance increases physiologically with increasing
age, eventually leading to failure of the Fontan circulation. There is no clear cut-off for
diagnosing PH in this population; however, a mean pulmonary artery pressure at rest
>15 mmHg is felt to be high enough to preclude Fontan conversion (from an older
atriopulmonary Fontan to total cavopulmonary connection). Invasive estimates of pul-
monary vascular resistance in the presence of very low pulmonary blood flow and/or
multiple sources of blood flow to the lung are often challenging to obtain.

PAH therapies aimed at reducing pulmonary vascular resistance are an attractive
option for patients with a failing Fontan circulation due to an increase pulmonary
vascular resistance. However, available data are contradictory. Sildenafil has been
tested in different studies in this population. Giardini et al. [45] reported in a cohort
of 27 patients with Fontan circulation that sildenafil improves peak oxygen con-
sumption, pulmonary blood flow and cardiac index 1 h after administration.
Unfortunately this effect has not been confirmed in subsequent randomized con-
trolled trials. In a double-blind, placebo-controlled, crossover trial conducted in
children and young adults after Fontan surgery, Goldberg et al. [46] studied the
effects of sildenafil after 6 weeks of treatment. There was a significant reduction in
respiratory rate and minute ventilation at peak exercise. There was also a significant
decrease in the ventilatory equivalent of carbon dioxide at anaerobic threshold.
However, there was only a trend for improved oxygen consumption at the anaerobic
threshold, with no improvement at peak exercise.

Bosentan has also been studied in patients with Fontan circulation, again with
contradictory results. In a cohort of 42 patients with Fontan circulation, Schuuring
et al. [47] reported that 6 months of treatment with bosentan improved neither exer-
cise capacity nor quality of life, but there was an increase in NT-proBNP. More
recently, Hebert et al. [48] randomized 75 stable patients with Fontan circulation to
bosentan or placebo. After 12 weeks there was a significant improvement in peak
oxygen consumption, exercise time and NYHA functional class in the bosentan
group. In addition, side effects were mild and there was no significant difference in
both groups.
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In summary, although some studies have suggested a positive effect of PAH ther-

apies in patients with Fontan circulation, there is still insufficient evidence to sup-
port routine use in this population, and further studies are warranted before
therapeutic recommendations can been made.

Conclusions

Overall, the number of patients with PAH-CHD followed in tertiary referral cen-
tres is increasing. Fortunately, the field has seen significant progress over the last
two decades, resulting in improved survival and quality of life for patients.
However, the complexity of some of these patients makes their management
challenging, requiring close collaboration between specialist and non-specialist
centres to provide the best care possible.
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Abbreviations

CHD Congenital heart disease

LV Left ventricle/ventricular

PA Pulmonary artery/arterial

PAH Pulmonary arterial hypertension
PAH-CHD PAH related to congenital heart disease
PH Pulmonary hypertension

PVR Pulmonary vascular resistance
Qp:Qs Ratio of pulmonary-to-systemic flow
RA Right atrial

RHF Right heart failure

RV Right ventricle/ventricular

WU Wood units

17.1 Introduction

Medical therapy for pulmonary arterial hypertension (PAH) has evolved dramatically
over the past two decades. A subset of patients, however, still develops progressive
right heart failure (RHF) despite aggressive use of available medications. Options for
these patients are largely limited to mechanical interventions. Such interventions fall
into three main categories: creation of a communication to allow right-to-left
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shunting, device implantation or transplantation. This chapter will review the first two
approaches. It should be highlighted that the available options carry high risk of peri-
procedural demise and do not address the underlying pathophysiology of pulmonary
vascular remodelling. As such, they are reserved for severely ill patients without alter-
native options and are usually seen as a temporizing measure in anticipation of even-
tual transplantation. These interventions are not commonly performed. It should be
evident, then, that both the decision to proceed and the technical performance of these
procedures should be limited to a small number of referral centres that also perform or
have close links to a lung transplantation centre.

From the converse perspective, a subset of patients born with an intracardiac or
intravascular shunt lesion develops PAH. Some manifest as Eisenmenger syndrome:
severe, irreversible PAH with markedly elevated pulmonary vascular resistance
(PVR) and resulting bidirectional or right-to-left shunting. Others develop a more
moderate degree of pulmonary vascular remodelling. The presence of a shunt lesion
in patients with significant pulmonary vascular disease is considered advantageous,
as it provides a relief outlet to prevent clinical RHF and patients with such a shunt
appear to have better long-term prognosis than those with a repaired defect and
residual or persistent PAH. With the advent of effective medical therapy for PAH,
there is, however, increasing interest in whether some patients may benefit from
medical treatment followed by repair of their underlying congenital heart defect
(the “treat-and-repair” concept). Defect closure can be dangerous in PAH-CHD
patients with moderate-to-severe pulmonary vascular disease, but may improve
symptoms over the medium term in others with very mild forms of PAH. It is still
unclear how to identify patients who may benefit from such an approach, versus
those who are likely to suffer adverse long-term consequences of progressive RHF
after closing the shunt.

17.2 Interventional Approaches to Pulmonary Arterial
Hypertension

17.2.1 Creating Shunts in Those Without

17.2.1.1 Rationale
RHF develops in a subset of PAH patients, manifesting haemodynamically as a
combination of high right heart filling pressures and low cardiac index. Simply put,
the right ventricle (RV) is unable to eject an adequate volume of blood through the
high-resistance pulmonary circulation at normal filling pressures. While the pri-
mary pathophysiology may be pulmonary vascular disease and elevated PVR, there
is heterogeneity in right heart response to elevated PVR. RHF may develop in
patients with only modestly elevated PVR, while others remain compensated despite
severely elevated PVR. Therefore, the cardiac response (adaptation) to elevated pul-
monary impedance is an appealing independent target for intervention.

While attention focuses on RV function, several specific consequences of RV
dysfunction and dilatation deserve mention. The first is adverse ventricular
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interaction. The dilated, hypertensive, hypertrophied RV sustains prolonged systolic
contraction in response to increased pulmonary impedance; this results in end-sys-
tolic motion of the ventricular septum towards the left ventricular (LV) cavity [1].
The result is impaired early diastolic LV filling and lower LV end-diastolic volume.
This limits stroke volume in the context of stable ejection fraction. The second
important consequence is tricuspid regurgitation. The tricuspid valve, given its sep-
tal attachments, is more prone to regurgitation with ventricular dilatation or dys-
function than is the mitral valve. The third consequence is RV ischaemia. This
relates to increased oxygen demand on the hypertrophied, hypertensive, dilated RV
with its single coronary supply. Right coronary artery flow normally occurs during
both systole and diastole, since there is a large pressure gradient between the aorta
and RV cavity throughout the cardiac cycle. As a result of the markedly elevated
systolic RV pressure in patients with PAH, coronary flow acquires a predominantly
diastolic pattern, akin to that seen normally in coronaries perfusing the LV. These
sequelae of severe RV dysfunction have pivotal ramifications for mechanical inter-
ventions in end-stage PAH: even modest changes in RV geometry and function may
have striking effects on overall clinical status, because of improved ventricular
interaction, tricuspid regurgitation and balance between myocardial oxygen demand
and supply.

The main goal of creating a shunt lesion in patient with PAH who does not have
a shunt is to off-load the RV. However, any right-to-left shunt will cause systemic
hypoxemia. Candidates for these procedures have low cardiac output, and the arte-
riovenous oxygen content difference tends to be high, with low mixed venous satu-
ration. Hence, for any given volume of shunted blood, the degree of systemic
hypoxemia will be greater in patients with a low rather than normal cardiac output.
In addition, many patients with severe PAH have some degree of baseline hypox-
emia related to limited pulmonary diffusion, which further limits the right-to-left
shunt volume that can be tolerated, without leading to catastrophic hypoxemia.
Therefore, such a risky approach is only justifiable because a small shunt can have
a major beneficial effect.

There are two primary options available for creating a right-to-left shunt in adults
with PAH who do not have a shunt: atrial septostomy or a Potts shunt. Atrial septos-
tomy is better established, and there is greater experience with this approach.
Because of the high peri-procedural risk, limited control over shunt size and com-
pulsory cerebral hypoxemia, investigators have explored an alternative approach,
i.e. the creation of a communication between the left pulmonary artery and the
descending aorta (Potts shunt).

17.2.1.2 Atrial Septostomy

Atrial septostomy refers to the creation of a defect in the atrial septum. This is
generally done percutaneously for adults with PAH. Balloon atrial septostomy was
pioneered in the 1960s, aimed at creating an atrial communication to allow sys-
temic and pulmonary venous mixing, thus allowing oxygenated blood to perfuse
systemic tissues in patients with D-looped transposition of the great arteries and
other patients with CHD [2]. The technique used for this population involves
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tearing a large, uncontrolled rent in the atrial septum. An uncontrolled, large vol-
ume shunt can be catastrophic for adults with PAH, since it would be associated
with acute, severe hypoxemia. Since the aim in these patients is to create as large a
defect as possible with a tolerable degree of hypoxemia, a graded approach is
preferred.

Atrial septostomy has been explored for adults with PAH since the 1980s and
1990s [3-5]. The technique involves creation of a small hole in the atrial septum
with either a Park blade or Brockenbrough needle (occasionally with radiofre-
quency energy). The small defect is sequentially enlarged by dilatation with pro-
gressively larger balloons, with intervening pauses to assess the haemodynamic
effects of the defect prior to further dilatation. Depending on final defect size and
provider preference, some may opt to place a stent across the atrial septal defect [6].
The aim of stenting is to increase the likelihood that patency of the defect is main-
tained, an especially important consideration with small defects. Placement of a
stent also allows more specific manipulation of defect size and geometry.

Immediate haemodynamic effects include decreased right atrial volume and
pressure, increased left atrial volume (and, typically, concomitant increase in pres-
sure), increased systemic cardiac index and hypoxemia; there is no important effect
on the RV or pulmonary artery pressure. Since systemic cardiac index increases to
a greater degree than arterial oxygen saturation falls, systemic arterial oxygen deliv-
ery tends to increase, albeit modestly. These effects are strongly related to baseline
right atrial (RA) pressure. Those with higher RA pressure demonstrate more impres-
sive immediate haemodynamic changes. Unfortunately, while those with extremely
high RA pressure tend to have a dramatic improvement in systemic cardiac index,
this is associated with a high risk of uncontrolled hypoxemia and death. As a conse-
quence, patients with RA pressure >20 mmHg are usually not considered to be
candidates for atrial septostomy; other strong predictors of adverse outcome include
markedly elevated PVR (>55 WU m?), low resting oxygen saturation (<90%),
markedly elevated left heart filling pressure and otherwise very poor prognosis
without intervention [7, 8]. Patient selection is critical.

Clinical improvement correlates with the immediate haemodynamic response.
Those who improve clinically tend to be those who have greater acute improve-
ments in systemic cardiac index and oxygen delivery [9]. The effect of atrial septos-
tomy on the haemodynamic response to physical work (activity or exercise) is not
well studied, however. It seems likely that the benefit of an atrial-level shunt would
be more pronounced during periods of increased demand, a hypothesis supported by
an animal model of atrial shunt in PAH [10]. In addition, chronic hypoxemia causes
secondary erythrocytosis. This effect is likely beneficial, since the higher haemo-
globin concentration increases arterial oxygen carrying capacity.

17.2.1.3 Potts Shunt

Potts described an alternative to the classic Blalock—Taussig—Thomas shunt, with
surgical creation of a side-to-side anastomosis between the descending aorta and
left pulmonary artery, in 1946 [11]. In cyanotic CHD, the goal of systemic-to-
pulmonary arterial shunts is to increase pulmonary blood flow (left-to-right shunt)
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Fig. 17.1 (a) An atrial septostomy permits right-to-left shunting at the atrial level. This off-loads
the right ventricle and augments systemic cardiac output, but at the expense of hypoxemia to the
entire systemic circulation, including the head and neck. (b) A Potts shunt provides a connection
between the left pulmonary artery and descending aorta. This permits right-to-left shunting at the
arterial level distal to the take-off of the head and neck blood supply. As with the atrial septostomy,
systemic cardiac output is increased and right ventricular load is reduced, but in this case, blood
perfusing the head and neck is not hypoxemic. Blue arrows, systemic venous blood, most hypox-
emic; red arrows, oxygenated pulmonary venous blood; purple arrows, mixed systemic and pul-
monary venous blood with intermediate hypoxemia

and thereby increase systemic oxygen saturation. This is not the result in adults with
PAH, as described in more detail below. The intended effect is, rather, equivalent to
the aim of atrial septostomy: off-loading the failing right heart.

A small series first explored the role of surgical Potts shunt creation in children
with PAH [12]. The benefit of this approach appears to be sustained over the medium
to long term [13]. The physiology is akin to preserving or enlarging an otherwise
insignificant patent ductus arteriosus in a young child, an uncommon but accepted
approach in that age range [14]. Theoretical advantages of a Potts shunt compared
with atrial septostomy are several. First, shunt size can be more precisely controlled.
Second, because the right-to-left shunt is distal to the head and neck vessels, the
carotid chemoreceptors and brain are perfused with near normoxic blood, unless
there is an alternative reason for hypoxemia (Fig. 17.1). This might be expected to
be associated with fewer symptoms related to hypoxemia, an observation made in
the 1950s when comparing effort intolerance in patients with Eisenmenger
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syndrome who had a shunt distal to the head and neck vessels (i.e. patent ductus
arteriosus) with those at atrial or ventricular level [15]. Third, for similar reasons,
coronary perfusion is also spared hypoxemia. The kidneys are still perfused with
hypoxemic blood, so secondary erythrocytosis will result.

Thoracic surgery is fraught with risk in adults with severe PAH. Because of this,
catheter-based options for Potts shunt creation have been explored. One group
explored anatomical relationships to describe a potential new device approach to
creating a Potts shunt percutaneously [16]. Another group, in 2013, reported the first
series of patients undergoing this procedure; four patients 18-47 years old with
PAH and intractable, severe symptoms despite maximal medical therapy were
included [17]. The procedure involved positioning a vascular snare at the target site
in the left PA and then advancing a shaped Brockenbrough transseptal needle to the
aortic intima/media with contrast injection to confirm position; the sharpened back
end of a wire was then advanced through the needle across the aortic wall, between
the aorta and left PA, and into the left PA. A coronary balloon catheter was then
threaded over the sharpened wire, allowing replacement by a soft-tipped wire as a
primary rail within the PA. This wire was captured with the snare, and a long sheath
was then advanced across the wire from the aorta into the PA, using the balloon
catheter as a functional dilator. The aim of this approach was to maintain pressure
(tamponade) across the rents created in the aorta and high pressure PA throughout
the procedure. After this, the balloon catheter was removed, and a 7 x 22 mm cov-
ered stent was placed to span the distance between the two great vessels [17].

There was impressive symptomatic and functional improvement in two of the
four patients. One of the patients was hospitalized critically ill and died of his
underlying disease, including ventilator-associated pneumonia, after, but seemingly
unrelated to the procedure. The fourth died of peri-procedural complications due to
uncontrolled bleeding into the mediastinum. Three other patients were considered
for the procedure, but all died prior to the procedure being performed, providing a
perspective on the clinical status of those included in the series [17].

This experience confirms the potential benefits of creating a shunt between the
left PA and descending aorta, but also highlights that further progress is needed in
patient selection and technique, to identify patients most likely to benefit and
improve acute outcomes [18]. Given the small number of patients treated with this
therapy, it is unknown how the risk and clinical benefit of this procedure will com-
pare with atrial septostomy, or developing new techniques.

17.2.2 Other Interventional Approaches

There are a number of other interventional approaches available or under study for
the management of severe, drug refractory PAH. For example, patients may benefit
from extracorporeal membrane oxygenation or ventilation (e.g. Novalung) while
awaiting transplant. Others have been exploring the role for percutaneous pulmo-
nary denervation. The biological basis for this therapy is not entirely established.
There seems to be a reflex vasoconstrictive response, whereby stretch in the proxi-
mal PAs causes distal vasoconstriction. A group in China reported on 21 patients,
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13 who underwent a simple procedure to denervate the PA and eight who refused
the procedure [19]. After 3 months, those who underwent the procedure had remark-
able improvement: mean PAP was lower (from 55 to 36 mmHg) and 6-min walk
distance improved (324—491 m). A study including a larger number of more hetero-
geneous patients (not only PAH) with 1-year follow-up from the same group again
reported benefit, though the magnitude was notably smaller (e.g. mPAP from 53.1
to 44.6 mmHg). The Kaplan—Meier 1-year estimate of mortality was just over 15%.
There were no issues reported in short- to medium-term safety [20]. While exciting,
a number of fundamental questions remain about this procedure in terms of safety
and efficacy and its place in contemporary practice with an array of somewhat effec-
tive medications [21]. There has, however, been some research with animal models
suggesting that pulmonary denervation may have beneficial effects [22]. As it
stands, the applicability of the findings to patients with severe PAH remains in ques-
tion, and the results have yet to be replicated or studied with a more scientifically
rigorous study design. There are planned and ongoing studies to test this in patients
with PAH and in those with PH related to other disease (e.g. NCT02525926,
NCT02403908, NCT02220335).

Creation of a ventricular septal defect to off-load the RV [23], banding of the
proximal main pulmonary artery to off-load the pulmonary vasculature [24-26] and
banding of the aorta to alter the nature of the RV response to increased load [27]
have been described: while there may be specific situations where these interven-
tions may be considered, they are rarely considered as evidence is lacking and each
has important recognized limitations.

17.3 The Concept of Treat-and-Repair: Eliminating a Shunt

While prevention is impossible for most types of PAH, timely intervention to repair
congenital shunt lesions may avert PAH. In patients with a sizable shunt and normal
pulmonary vascular physiology, interventional repair is clearly indicated. Effort tol-
erance improves and long-term outcomes are better, especially with early repair
[28, 29]. Conversely, repair of cardiac shunt defects in the presence of severe pul-
monary vascular disease is contraindicated; while there are a wide array of adverse
consequences of PAH and right-to-left shunting [30, 31], the presence of a “relief
outlet” appears to provide clinical benefit for the reasons discussed above for the
creation of shunt in patients with severe PAH without a shunt. Indeed, those patients
who have persistent, or new and progressive PAH after defect repair, have worse
outcomes compared to patients who are left unrepaired [32].

The challenge is defining what constitutes important irreversible pulmonary vas-
cular disease in the middle ground, between normal and severe PAH [33-36]. Most
adults with such intermediate pulmonary haemodynamics have a pre-tricuspid
lesion (e.g. atrial septal defect), since sizable post-tricuspid shunts (e.g. patent duc-
tus arteriosus and ventricular septal defect) are usually associated with development
of PAH during childhood. Different expert guideline documents vary widely in their
recommendations (Table 17.1), underlining the lack of rigorous, prospective, long-
term outcomes data. While low Q,:Q; and higher PVR are often present in patients
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Table 17.1 Recommendations for atrial septal defect closure from three recent consensus
documents

Repair possibly
Repair indicated indicated Repair contraindicated
ESC GUCH PVR <5 WU with PVR >5 WU but <2/3rd Eisenmenger
Guidelines, 2010 significant shunt SVR or PAP < 2/3rd physiology (class I1I)
[37] regardless of systemic blood pressure
symptoms (class I) (baseline or with
vasodilator) and net
L-to-R shunt
(0p:0, > 1.5) (class IIb)
AHA/ACC ACHD RA or RV Net L-to-R shunt, Severe irreversible
Guidelines, 2008 enlargement, PAP < 2/3rd systemic, PAH and no evidence
[38] irrespective of PVR < 2/3rd SVR or of a left-to-right shunt
symptoms (class I) when responsive to (class III)

either pulmonary
vasodilator therapy or
test occlusion of the

defect (class IIb)
Updated Clinical PVR <2.3 WU PVR 2.3-4.6 WU PVR > 4.6 WU
PH Classification, (<4 WU m?) (4-8 WU m?) (>8 WU m?)

2013 [39]

Classes I, IIb and III refer to the level of recommendation noted and defined in the respective
documents

ESC European Society of Cardiology, ACHD/GUCH adult/grown-up congenital heart disease,
AHA/ACC American Heart Association/American College of Cardiology, PH pulmonary hyper-
tension, PVR pulmonary vascular resistance, WU Wood units, RA right atrial, RV right ventricular,
SVR systemic vascular resistance, PAP pulmonary artery pressure, L-fo-R left-to-right, Q,:Q; ratio
of pulmonary-to-systemic flow, PAH pulmonary arterial hypertension

who have progressive PAH after defect repair [40], a subset of patients with entirely
normal or borderline resting pulmonary haemodynamics at catheterization prior to
repair later develop progressive disease. Furthermore, the presence of pulmonary
vascular disease is often considered in a dichotomous way: present/progressive or
absent. There is growing evidence, however, that underlying pulmonary vascular
physiology and right heart function are abnormal even in some asymptomatic
patients with normal resting haemodynamics after defect repair [41-43].

Given the likely substantial benefit of defect closure for many of these patients and,
possibly, the innate desire to fix a defect, there has been increasing interest in using
available medical therapy to facilitate defect closure. This is often referred to as a “treat-
and-repair” approach. PAH medical therapy should not be viewed in this context as a
bridge to safer perioperative management: while these medications may indeed be help-
ful in preventing acute RHF in patients with modestly elevated PVR, such outcomes are
uncommon in mild PAH [40], and preventing them is not the goal of therapy. Rather,
there are two possible aims of such neoadjuvant PAH medical therapy. First, an empiric
trial of medication may help define a subset of patients who are strongly responsive to
medical therapy. While there is no evidence to support the claim, such patients may be
less likely to develop severe, progressive, medically refractory PAH after closure.
Assessment of the response to medical treatment includes evaluation of functional
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status, exercise capacity, cardiac function and haemodynamics (including pulmonary
vasoreactivity). Some have also proposed lung biopsy to help guide patient selection
[44], though this is not currently standard at most centres. Since many patients are
asymptomatic, with reasonably preserved functional capacity, it is challenging to appre-
ciate improvement with medications with short-term administration; there is some evi-
dence that PAH medications may not only produce acute vasodilation but also facilitate
long-term beneficial remodelling of the pulmonary vasculature.

Early reports suggest some promise for such the “treat-and-repair” approach [34,
45-471], but follow-up has been largely short term and limited to few centres, and
generalized reproducibility has not been demonstrated [34]. Since the vast majority
of such patients would be expected to do well for months to years in the absence of
medical therapy, it is difficult to comment on whether the medication has any ben-
efit or whether long-term outcomes would have been similarly positive [34]. Indeed,
some reports include patients who would generally be considered reasonable candi-
dates for repair without therapy, in whom PVR is not the only reason for markedly
elevated pulmonary pressure [48, 49]. Of interest, patients with clear-cut PAH prior
to repair often feel better after repair, but neither PAH nor the need for PAH medical
therapy resolves. The anecdotal evidence is intriguing, yet does not allow much
insight into chronic pulmonary vascular and right heart remodelling after repair.
While one may hope for improvement, these PAH patients may, as is generally the
case, have progressive disease; the concern is that their long-term prognosis may be
worsened in the absence of a patent shunt.

Some have advocated defect closure with a fenestrated or valved patch/device to
allow smaller volume right-to-left shunting if a patient develops RHF [50]. This
may be useful in the uncommon context of acute RHF fenestrations must be rela-
tively small in order for the procedure to provide the expected benefit for defect
closure, and such small defects often spontaneously close over time. Furthermore,
it is technically feasible to create an atrial septal defect or other shunt, as outlined in
the prior section, for a patient who does develop progressive PAH and RHF. It is,
therefore, unclear if there is benefit to this approach beyond the immediate postop-
erative period and in rare circumstances.

As outlined above, decisions regarding treatment and repair for patients with
intermediate levels of pulmonary vascular disease are fraught with lack of depend-
able markers of future disease progression or reversibility. Individualized, thought-
ful care should be provided by experts in both PAH and CHD, with dynamic (e.g.
exercise or medication response), repeated evaluation of cardiopulmonary testing,
imaging and invasive haemodynamics.
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Eisenmenger Syndrome in Patients
with Down Syndrome
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Abbreviations

AVSD

atrioventricular septal defect

18

CHD congenital heart disease

DS Down syndrome

ERA endothelin receptor antagonist

PAH pulmonary arterial hypertension

PH pulmonary hypertension

RHC right heart catheterization

VSD ventricular septal defect

6MWD six minute walk distance

6MWT six minute walk test

18.1 Down Syndrome: Definition and Epidemiology

Down syndrome (DS) is the most common autosomal chromosome abnormality,
with an estimated incidence of approximately 1.1 per 1000 live births [1], without
significant differences according to race [2]. DS was first described by the French
scientist Seguin in 1846 [3], but it was the ophthalmologist Haydon Down who
described the most important clinical features of this syndrome in 1866 [4]. The
genetic origin of the disease was discovered in 1959 [5], and the term “Down syn-

drome” was officially confirmed by the World Health Organization in 1965.
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The epidemiology of DS has remained unchanged over the years. On one hand,
advanced maternal age has caused an increase in the number of live births with DS;
on the other hand, improvements in antenatal diagnosis have led to an increase in
terminations of DS pregnancies [1]. In most cases, the disease is caused by chromo-
some 21 trisomy, less frequently by Robertsonian translocations, isochromosomes
or ring chromosomes. It has been hypothesized that a specific cluster of genes on
chromosome 21 are involved in determining the DS phenotype, including craniofa-
cial abnormalities, congenital heart defects and mental retardation [6—8]. However,
several studies on humans and DS mouse models have shown that many critical
chromosomal regions are involved, hence, making the identification of a subset of
genes responsible for the DS phenotype impossible [9, 10].

DS has a strong impact on social and medical costs, relating to the intellectual
disability and wide spectrum of comorbidities: congenital heart defects, systemic
arterial hypertension, pulmonary hypertension (PH), craniofacial and physical
abnormalities, gastrointestinal problems, leukaemia, cancer, Hirschsprung’s disease
and Alzheimer’s disease.

18.2 Causes of Pulmonary Hypertension in Down Syndrome

PH significantly affects the prognosis and quality of life of DS patients. It is defined
as a mean pulmonary artery pressure >25 mmHg at rest measured during right heart
catheterization (RHC). Several complications or comorbidities associated with DS
can cause or worsen PH (Table 18.1) [11, 12]. In patients with DS, the most impor-
tant cause of PH is congenital heart disease (CHD)/Eisenmenger syndrome (group
1 PH or PAH, according to the 5th World Meeting on Pulmonary Hypertension,
Nice 2013) [13]. CHD occurs in about 43% of DS patients [14—16]. According to
the most recent medical literature [17], 43% of DS patients with CHD have an atrio-
ventricular septal defect (AVSD), 31% a ventricular septal defect (VSD), 15% an
atrial septal defect, 5% tetralogy of Fallot, 4% a patent ductus arteriosus and about
2% multiple abnormalities (including coarctation of the aorta, pulmonary valve

Table 18.1 Factors contributing to  Congenital heart disease

the development of pulmonary « Endothelial dysfunction

hypertension in patients with Down « Respiratory disease

syndrome — Obesity, macroglossia and neck conforma-

tion inducing sleep apnoea syndrome
— Respiratory syncytial virus infection
— Emphysema
— Lower respiratory tract infection
— Restrictive pathophysiology due to scolio-
sis or chest malformations
e Low birth weight
e Transient abnormal myelopoiesis

Modified from Saji [12]
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stenosis or a vascular ring). The mechanism underlying the pathogenesis of an
AVSD, so common in DS patients, is related to abnormalities in the CRELDI (cys-
teine-rich with epidermal growth factor-like domains 1) and GATA4 genes [17].

Several congenital heart defects, such as AVSDs and VSDs, result in significant
left-to-right shunting, which, if not timely corrected, can lead to PH. The risk of
developing pulmonary vascular disease is related to shunt size and location, being
lower in pre-tricuspid than in post-tricuspid shunts because of the different patho-
physiology (pure volume vs. pressure and volume overload). Eisenmenger syn-
drome represents the extreme end of the spectrum of pulmonary arterial hypertension
(PAH) in the setting of CHD. It is a complex, multisystemic syndrome caused by
significant prolonged left-to-right shunting, leading to pulmonary vascular disease
with a marked increase in pulmonary artery pressure that equals or exceeds sys-
temic arterial pressure. This haemodynamic condition ultimately causes a bidirec-
tional or right-to-left shunt and is responsible for the most important features of this
syndrome, including cyanosis, erythrocytosis and chronic right heart failure.

In general, among individuals with uncorrected intra- or extracardiac shunts,
those with DS develop PAH earlier and demonstrate more severe damage to the
pulmonary vascular bed [18-20]. These findings have been reported since the
1970s [21], when Chi and Krovetz began investigating the relationship between DS
and the pulmonary vascular bed. The tendency of DS patients to develop an earlier
and more severe form of pulmonary vascular disease compared with non-Down
subjects is likely due to endothelial dysfunction. Recent studies [22] have shown
that an impaired endothelial homeostasis may play a role in the pathogenesis of
PAH. DS patients with CHD-related PAH (PAH-CHD) and Eisenmenger syndrome
have a reduced number of endothelial progenitor cells [23], which may contribute
to vascular homeostasis. In addition, higher levels of inflammatory mediators,
including tumour necrosis factor-a, interleukin-6 and C-reactive protein, indexes of
nitric oxide synthesis and asymmetric dimethylarginine (ADMA), known to affect
circulating endothelial progenitor cell numbers, have also been described in DS.

Yamaki [24] evaluated the indication for surgery in CHD patients, based on RHC
data and lung biopsy findings. He observed that DS patients, different from non-DS
subjects, do not develop medial thickening even in the presence of high pulmonary
artery pressures, but rather show significant intimal thickening. These histopathologi-
cal features may play a role in the development of PAH in DS patients. DS is associ-
ated with small-calibre blood vessels in both the pulmonary and systemic circulation,
and this phenomenon seems to be more pronounced with increasing age [12].

Another cause for the development or worsening of PH in DS is respiratory (air-
ways) disease. In many DS patients, pulmonary hypoplasia [25, 26] and a reduced
number of alveoli mean that the alveolar surface area to be covered by capillaries is
limited, which favours the development of PH. The cause of these structural lung
abnormalities may be related to the presence of specific toxic substances in the
amniotic fluid, absorbed by the lungs during fetal life. DS patients are also prone to
upper respiratory tract obstruction due to enlarged adenoids, macroglossia and glos-
soptosis, associated with low muscle tone and hypoventilation, all factors contribut-
ing to the development of PH.
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Individuals with DS and symptoms or risk factors for sleep apnoea or
hypoventilation should undergo overnight polysomnographic evaluation, as
sleep apnoea syndrome may account for the development of PH in some DS
individuals. Special attention is warranted in patients with little improvement
after surgical removal of adenoids and patients with other risk factors such as
obesity or marked midfacial hypoplasia or if complications involving neurologic
disorders are present [27].

Finally, persistent pulmonary hypertension of the newborn is not uncommon in
DS, reaching an incidence as high as 1.2-5.2% [20-30]. It is, therefore, very impor-
tant to consider all possible causes of PH, beyond CHD/Eisenmenger syndrome, in
DS patients given that the management depends heavily on the type of PH.

18.3 Treatment Modalities for Eisenmenger Syndrome
in Patients with Down Syndrome

Surgical management of cardiovascular anomalies has changed considerably over
the past two decades, with improved results and reduced mortality, especially in the
perinatal period.

A recent study from the regional paediatric cardiology database in Newcastle
upon Tyne (UK) [22] has shown that, between 1985 and 1995, 62% infants with DS
had surgery for CHD, with a 30% mortality. Conversely, in the period 1996-2006,
72% of DS infants had surgery for CHD with a 5% mortality. One-year survival for
DS individuals with a cardiovascular anomaly improved from 82% in 1985-1995 to
94% in 1996-2006. Despite these advances, some patients still develop pulmonary
vascular disease before they can be operated, and many patients with CHD and DS
are currently reaching adulthood without having undergone surgical treatment. In
fact, DS patients currently comprise one third of adults with Eisenmenger syndrome
followed in tertiary centres.

In the last two decades, new treatment strategies targeting PAH have greatly
improved the clinical status of patients with PAH-CHD. In particular, a large random-
ized controlled clinical trial [31, 32] and several single-centre, open-label studies
[33-36] have shown that bosentan, an oral dual endothelin receptor antagonist (ERA),
is effective at improving exercise and functional capacity at short and probably lon-
ger-term follow-up in patients with PAH-CHD and Eisenmenger syndrome.

Increasing evidence is also emerging on the beneficial effects of phosphodiester-
ase-5 inhibitors alone or in combination with ERAs in Eisenmenger syndrome
patients [37-40]. Moreover, earlier initiation of targeted therapies is likely to be
beneficial in patients with Eisenmenger syndrome, as it is in those with idiopathic
PAH [41]. The ongoing MAESTRO trial, using a novel ERA (macitentan) in patients
with Eisenmenger syndrome, has also included patients in NYHA class II and
patients with DS and may provide further evidence on the efficacy of medical ther-
apy in this setting [42].
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Notwithstanding this, the majority of studies excluded DS patients, and, as a
result, the treatment effect of PAH-targeted therapies in this population remains
largely unknown. Owing to the lack of efficacy data on PAH-targeted drugs in this
population, a recent registry study demonstrated that these patients are signifi-
cantly less likely to receive PAH-specific treatment compared to non-DS patients,
despite the fact that DS patients with PAH-CHD are more prone to develop PAH
earlier and have a worse functional capacity, both established markers of poor
prognosis [43-45].

Although there are, as yet, no randomized controlled clinical data in DS
patients with PAH-CHD, data from open-label studies have become available in
recent years. Two recent studies from the same group [46, 47] suggested that oral
bosentan therapy is safe and well tolerated in adult patients with PAH-CHD and
DS, but with no changes in quality of life during treatment and conflicting results
on 6-min walk test (6MWT) distance. In the first study [48], an increase in the
6-min walk distance (6MWD) after 11.5 months of bosentan therapy was reported
in 24 Down patients with PAH-CHD. In the second study [49], despite an increase
in 6MWD in 30 patients with PAH-CHD without DS at 22 months of follow-up,
the 6BMWD remained stable after treatment in 28 patients with DS. No invasive
measurements of pulmonary haemodynamics are available for these two studies.
Indeed, the GBMWT tends to be unreliable in patients with DS [48] and significant
learning difficulties due to poor compliance (see following paragraph). In the
absence of a reliable test to evaluate exercise capacity, and the poor description of
symptoms by patients, the functional assessment of DS patients remains extremely
challenging.

More recently, D’ Alto et al. [49] assessed the safety and long-term efficacy of
oral bosentan in adult patients with PAH-CHD, with and without DS, evaluating
both clinical features and invasive parameters. After 12 months of treatment, oral
bosentan at standard doses was found to be safe and improved clinical status,
exercise tolerance and pulmonary haemodynamics, regardless of the presence of
DS. In particular, clinical and haemodynamic variables, expressed as percent
change from baseline to the end of follow-up, did not differ between patients
with and without DS (Table 18.2). This suggests a similar favourable effect of
bosentan on the pulmonary circulation in patients with PAH-CHD, regardless of
the presence of DS.

In terms of anticoagulation therapy, in general, PAH-CHD and Eisenmenger
syndrome patients are felt to be at increased risk for bleeding complications
[50]. Recent data from the COMPERA registry have shown that the use of anti-
coagulants is not associated with a survival benefit in patients with forms of
PAH other than idiopathic PAH [51], such as connective tissue disease-related
PAH and PAH-CHD. With this information, and considering the difficulties in
monitoring INR in DS patients, there is a tendency nowadays not to initiate
anticoagulation in these patients (see Chap. 15 for more information on
anticoagulation).
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Table 18.2 Clinical and haemodynamic features at baseline and after oral bosentan therapy in

patients with and without Down syndrome

Down syndrome (n = 18)

Baseline
Clinical status
SpO, (%) 83+9
HR (bpm) 90 +11
WHO 29+0.6

functional class
Exercise tolerance (6MWT)

Travelled 239 + 74
distance (m)
HR at end 117 =19

exercise (bpm)

SpO, at end 72+ 10
exercise (%)

Borg index 5.7+2.6
Heart catheterization
RAP (mmHg) 13+5
mPAP (mmHg) 66 +21
mCWP 11+£3
(mmHg)

Qp (L/min/m?) 3.5+14
Qs (L/min/m?) 3.6+1.3
Qp/Qs 1.0+0.4
PVRi (WUm? 20+ 13

Non-Down syndrome (n = 56)

Follow-up p Baseline Follow-up p

84 +9 0.07 84 +9 85+8 0.2
85+8 0.0001 91+14 84 +11 0.0003
2505 0.005 2905 25+£05 0.000002
288 71 0.0007 343 +86 389 + 80 0.00003
109 £9 0.03 117 =19 111 =20 0.04

74 =10 0.011 69+ 13 7312 0.005
35+1.6 0.0003 5.0+2.1 43+19 0.001
12+6 0.14 11+4 11+4 0.6

60 £ 17 0.06 74 £ 18 73 £21 0.6
12+3 0.16 11£3 12+3 0.9
40+1.6 0.006 28+1.0 35«14 0.0005
34+1.7 0.37 33+£1.3 3719 0.064
1.4+0.7 0.003 09+03 1.1+0.7 0.012
15+9 0.007 26 £ 15 20+ 10 0.002

6MWT 6-min walk test, bpm beats per minute, HR heart rate, mCWP mean capillary wedge pres-
sure, mPAP mean pulmonary artery pressure, PVRi pulmonary vascular resistance index, Op pul-
monary flow, Qs systemic flow, Op/Qs pulmonary-to-systemic flow ratio, RAP right atrial pressure,
SpO, transcutaneous oxygen saturation, WHO World Health Organization, WU Wood units

Modified from D’ Alto et al. [50]

Table 18.3 6-min walk test and Down syndrome: problems and possible solutions

Problems
Poor patient compliance

Poor reproducibility

Specific DS problems: loss of concentration/

interest in the test

Interaction with the patient

Possible solutions

Optimize environment (calm environment,
familiar site, familiar people)

Extra training (consider only patients reaching
acceptable reproducibility)

Consider only patients with a minimum level of
intellectual ability

Repeat the test to assess reproducibility
Examiner (or caregiver) walking behind the
patient, avoiding body contact (i.e. holding
hands) or encouragement

Specific training for personnel working with DS
patients

Specific arrangements for patients unable or Schedule an extra test or visit

unwilling to have a 6MWT

DS Down syndrome, 6MWT 6-min walk test
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18.4 Challenges and Limitations in Down Syndrome Patients
with CHD-Related PAH

DS patients with PAH-CHD can pose major challenges and limitations in both their
diagnostic and prognostic assessment. The tools commonly used in the diagnostic
algorithm of PH, such as lung function tests, high-resolution computed tomography
and ventilation/perfusion scanning, are often not easy to apply in Down patients due
to poor compliance to instructions. In addition, RHC, which plays a key role in the
diagnostic workup of patients with PH, is not devoid of ethical and safety issues.
Informed consent depends on local legislation on mental capacity and is not an
obvious process. General anaesthesia may also be required when performing RHC,
and this carries risks in patients with established PH or other anaesthetic risk factors
(e.g. obesity). If intubation is necessary, macroglossia and neck conformation may
increase the risks.

The lack of randomized controlled or other prospective trials in DS patients with
PAH-CHD and the paucity of haemodynamic data (just one study [49]) do not
allow for the development of a DS-specific evidence-based workup protocol and
risk assessment algorithm. Moreover, as stated above, PH in this population is often
multifactorial, with a high prevalence of complex cardiac defects, upper airway
obstruction, PH of the neonate, restrictive lung disease due to severe scoliosis, etc.
For this reason, a complete workup is mandatory for an appropriate diagnosis before
considering PAH-specific treatment.

Standard functional and prognostic markers are often difficult to apply in DS,
starting with the assessment of the functional class. In general, PAH-CHD patients
have been living with their symptoms for years, often since birth, and have, thus,
adapted their daily activities to a lower intensity. As a result, they tend to underes-
timate and hence underreport the severity of their symptoms during everyday activ-
ities. In addition, in DS patients it is often the caregivers who provide information
on the patient’s functional limitations, casting further doubts on the validity of
functional classification in this population. Quality of life questionnaires are even
more difficult to apply in DS. None have been developed specifically for, or vali-
dated in DS.

Objective measures of exercise capacity are also difficult to apply across the DS
population. The validity of the 6MWT, the standard means of assessment of exer-
cise capacity in PAH, is at least questionable. Vis et al. [48] observed that the
6MWD in DS patients does not reflect the severity of cardiac disease, but is inversely
correlated with the level of intellectual disability. It is recommended that, during the
6MWT, patients should walk alone and as fast as they can without running, and
without any encouragement. Any deviation from this procedure may dramatically
alter the results of the test [52, 53], and this is likely to account for the poor reli-
ability of the 6MWT in DS. Possible ways to overcome this problem and improve
the reliability of the 6MWT include the following: (1) perform a training session
and only perform 6MWTs in patients who can clearly follow the protocol, (2)
exclude patients with severe intellectual disability, (3) allow the examiner (or care-
giver) to walk with the patient (avoiding contact and encouragement), (4) provide a
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specific training to the personnel performing the 6MWT on how to best interact
with DS patients, (5) schedule an extra test or visit to assess reproducibility and (6)
optimize the environment (calm environment, familial site, familial people, etc.)
(Table 18.3). Obviously, these solutions are not universally accepted or recom-
mended by international guidelines, and some may even introduce bias.

Conclusion

The presence of PH adversely affects the quality of life of DS patients and is
associated with significant morbidity and mortality. PAH-CHD accounts for most
cases of PH in DS, but other causes of PH should be assessed for and treated. A
multidisciplinary management is recommended for all DS patients, given the
multitude to comorbidities and complications associated with PH in DS.
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Abbreviations

ACHD Adult congenital heart disease

BNP Brain natriuretic peptide

CHD Congenital heart disease

CI Cardiac index

LMW Low molecular weight

PAH Pulmonary arterial hypertension
PAP Pulmonary artery pressure

PH Pulmonary hypertension

RA Right atrial

RV Right ventricle

TAPSE Tricuspid annular plane systolic excursion
6 MWT 6 minute walk test

19.1 Incidence

The management of a pregnant patient with pulmonary hypertension (PH) is chal-
lenging. The association with a possible poor outcome is well recognized, but there
is limited data to provide robust evidence-based risk stratification or to guide treat-
ment. When pregnancy does occur, miscarriage and medical termination are com-
mon. It is, therefore, difficult to estimate how frequently pregnancy occurs in
patients with PH. Case reports can be informative, but there is publication bias with
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cases often reflecting those with the best outcomes. Data from the USA regarding
idiopathic pulmonary arterial hypertension (PAH) can be used to provide an esti-
mate of the number of pregnancies that progressed towards delivery [1]. This num-
beris very small and in the region of 1 continuing pregnancy per 5 million population.
This figure will vary significantly across countries, depending on access to PH care
and comprehensive family planning services. Other UK authors have suggested that
PH is present in 0.6 per 100,000 maternities [2]. In the Confidential Enquiries into
maternal death in the UK, PH accounted for only five deaths over a period of 6
years. PH was a much more rare cause of maternal death than aortic dissection,
heart failure or ischaemic heart disease [3].

19.2 Investigation

Patients can present with a pregnancy during any part of their PH “journey”, and it
is not uncommon for the first diagnosis of PH to be made during pregnancy or
immediately postdelivery. A very important factor in determining outcome is timely
and accurate diagnosis. If a patient presents with possible PH during pregnancy,
then the same comprehensive diagnostic workup should be performed as for the
non-pregnant patient. This is likely to include invasive haemodynamic assessment,
which can be performed with minimal or no radiation exposure when needed [4].
Cardiac catheterization may need to be repeated during pregnancy if there is an
ongoing concern about the diagnosis or failure to respond to treatment. Pregnancy
should not be viewed as a reason to withhold care, but rather a reason for escalating
care in view of the high mortality risk.
Progress during pregnancy should be monitored in the usual way with:

¢ Clinical examination including oxygen saturations

e Brain natriuretic peptide (BNP) levels

e Echo assessment of right ventricular (RV) function and pulmonary artery (PA)
pressures

e Six-minute walk tests

e Cardiac catheterization (if needed)

e Fetal growth parameters

19.3 Haemodynamics of Pregnancy

The changes in the cardiovascular system related to pregnancy are well described
[5, 6]. With specific references to the patient with PH, there are several features that
may have an adverse impact. These include an increase in heart rate, volume loading
and an increased tendency towards arrhythmia. For patients with septal defects or a
patent foramen ovale, the reduction in systemic vascular resistance seen in pregnancy
may lead to an increased right-to-left shunt and progressive cyanosis (Fig. 19.1).
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Fig. 19.1 Haemodynamic changes in normal pregnancy. CO cardiac output, SBP/DBP systolic/
diastolic blood pressure, HR heart rate, PV plasma volume, SV stroke volume, TPVR total periph-
eral vascular resistance (Reprinted from Pregnancy and delivery in cardiac disease, P.E. Ruys,Jérome
Cornette,Jolien W. Roos-Hesselink, Journal of Cardiology, Vol 61, Issue 2 107-112, 2013 With
Permission from Elsevier)

A general principle is that pregnant women need to have the ability to significantly
increase their cardiac output during pregnancy and particularly during delivery. In
healthy women, this increase in cardiac output is accommodated by a degree of pul-
monary vasodilatation. In patients with pulmonary vascular disease, this mechanism is
blunted, and increased flow may lead to increased pulmonary pressures and pressure
loading of the RV. Detailed knowledge regarding the direct impact of pregnancy on the
pulmonary vascular tree is lacking. Pregnancy is also known to be a hypercoagulable
state, with a significantly increased risk of thrombosis, especially peri-delivery.

19.4 Risk Stratification

When the patient presents either in early pregnancy or contemplating pregnancy,
it is essential to have a frank discussion about likely maternal and fetal outcomes.
The pregnancy and heart disease literature is only partly helpful in this setting.
The largest pregnancy outcome studies and cardiac scoring systems contained
few PH patients and are, therefore, of limited utility [7, 8]. The modified WHO
risk scoring groups place PH in group IV where pregnancy is categorized as
“Extremely high risk of maternal mortality or severe morbidity; pregnancy con-
traindicated. If pregnancy occurs termination should be discussed. If pregnancy
continues, care as for class III...(in a High-Risk Specialist Multi-Disciplinary
Environment)” [9]. All such guidelines are of course generalizations encompass-
ing various aetiologies and severities of PH. As such, the different types of PH
cannot all be treated as being of equal risk.



294

L. Swan

Table 19.1 Possible factors impacting on maternal outcome in PH (modified from [10])

Better outcome
No
Slow

No

I II

Longer (>500 m)

Peak O2 consumption >15 mL/
min/kg

Normal or near normal
No pericardial effusion
TAPSE > 20 mm

RA pressure < 8 mmHg
CI > 2.5 L/min/m?
Previous pregnancy
<1000 dynes.s™! cm=

? Regional
? Responders

Determinant of outcome Worse outcome

Evidence of RV failure

Rate of symptom
progression
Syncope
WHO-FC
6MWT

Exercise test

BNP levels
Echocardiogram

Haemodynamics

Obstetric history
Pulmonary vascular
resistance

Type of delivery
Aetiology of PH

Yes
Rapid

Yes

v

Shorted (<300 m)

Peak O2 consumption <12 mL/
min/kg

Very elevated/rising
Pericardial effusion
TAPSE < 15 mm

RA pressure > 15 mmHg
CI < 2.0 L/min/m?
Primigravida

>1000 dynes.s™! cm=

? General anaesthetic
? Eisenmenger

19.4.1 Can We Stratify Risk Further?

Outwith pregnancy, there are several well-recognized risk factors associated with a
poor PH outcome. These include progressive symptoms, including syncope, evi-
dence of right heart failure, impaired exercise capacity, elevated BNP, high right
atrial pressure and reduced cardiac output [10]. There is no evidence that these fac-
tors are also relevant in pregnancy, but it would not be surprising if these factors
were important in determining outcome also in this setting. The additional risk fac-
tors that have been studied during pregnancy are the aetiology of the PH, pulmonary
vascular resistance, obstetric history and the type of delivery [11]. Some of these
factors are self-explanatory—for example, maternal age is associated with an
increased risk of morbidity and mortality—and not unexpected in a progressive
disease [12]. Others, such as anaesthetic regimen at the time of delivery, are affected
by patients’ multiple confounding factors (Table 19.1).

19.4.2 Idiopathic PAH Patients Who Are Calcium Channel Blocker
Responders

A question that is frequently asked is regarding the risk of pregnancy for patients
who have had a significant reduction in their pulmonary vascular resistances on
calcium channel clockers (or other agents). These patients may have had normaliza-
tion of their PA pressures and RV function on catheter and echo. There is anecdotal
evidence that these patients tolerate pregnancy better than more limited patients, but
the impact of pregnancy on PH progression and long-term prognosis is unclear [13].
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Table 19.2 Case series of pregnancies in patients with pulmonary hypertension

Era and No. of
First author setting pregnancies Outcomes Comments
Jaix [13] 2007-2010 26 (includes 6 3 maternal deaths

(European terminations) (15%)

Registry)
Kiely DG~ 2002-2009 9 1 maternal death
[17] (Sheffield) (11%)
Curry RA 1995-2010 12 2 maternal deaths Deaths occurred in earlier
[18] (London) (16%) cohort

Mainly ACHD aetiology

Katsuragi S 1982-2007 42 (included 18 1 maternal death ~ Mainly ACHD aetiology
[14] (Japan) terminations) (4%)—check
Subbaiah 20062012 30 (all >28 1 maternal death ~ Severe PH defined if echo
M [16] (India) weeks) systolic PA

pressure > 50 mmHg
LiB [19] 2007-2011 103 (included 36 9 maternal deaths Echo definition of PAH
(Beijing) terminations) (8.7%) (possibly included patients
with left heart disease)

MaL.[15] 1999-2008 30 5 maternal deaths
(Beijing) (16.7%)
Fetal/neonatal
death 13%
Monagle ] 1994-2009 19 1 maternal death ~ Mixed population
[20] (Australia) including patients with left

heart disease

19.4.3 Has Risk Changed?

Institutional experience and the available literature would suggest that maternal
mortality from PH is reducing. Bedard et al. reviewed the literature from two
time windows (1978-1996 and 1997-2007). Mortality dropped for all groups
including those with idiopathic PAH (from 30 to 17%) and for those with con-
genital heart disease-related PAH (PAH-CHD, 36-28%). This was thought to
be reflection of the impact of advanced pulmonary vasodilator therapies—
approximately 70% of idiopathic patients were on treatment in the second time
window [11]. However, more recent studies have shown a similar reduction in
mortality even in the absence of advanced therapies [14]. General improve-
ments in diagnosis and antenatal care—especially elective early delivery—may
be important.

One of the more recent studies was a multicentre study of 26 pregnancies. In this
group, overall maternal mortality (or the need for urgent transplantation) was 15%.
However, this paper included eight pregnancies that ended in either spontaneous or
iatrogenic abortion and a high proportion of patients who were responders to cal-
cium channel blockers [13]. The overall maternal mortality was very similar to a
large Chinese study reported in 2012 [15]. In a recent series, there is a strong sug-
gestion that patients with the most severe forms of PH are more likely to suffer from
cardiac complications [16] (Table 19.2).



296 L. Swan

19.5 Causes of Maternal Death

When women with PH do die during or following pregnancy, the most common
cause is refractory RV failure [11]. The majority of these deaths occur early in the
postnatal period. Thromboembolic events and PH crisis are other recognized causes
of maternal death. To date, the available literature has focused on maternal mortal-
ity, and little is known about maternal morbidity related to pregnancy. Even less is
known regarding the impact of pregnancy on PH progression and long-term out-
come. When counselling a PH patient contemplating pregnancy, all of these uncer-
tainties need to be discussed.

19.6 Fetal Outcomes

There is only limited data on fetal outcomes in this population. The main fetal risks
are associated with maternal cyanosis, fetal growth restriction and premature deliv-
ery. Cyanosis is particularly hazardous to the developing fetus. If the maternal satu-
rations are below 85%, then the likelihood of a live birth is less than 15%. A very
high maternal haemoglobin, as is seen in Eisenmenger syndrome, is also associated
with a poor fetal outcome [21]. Whether maternal oxygen supplementation improves
fetal outcome is unclear, although anecdotally this has been the case in our group’s
experience. In pregnancies that progress to a live birth, maternal cyanosis is associ-
ated with an increased risk of growth restriction and low birth weight [22]. When
maternal cyanosis is combined with low maternal cardiac output, the risk to the
fetus is particularly high.

19.7 Treatment Algorithms

The advent of pulmonary vasodilators has revolutionized the care of patients with
PAH. Of the agents available, several have been used in pregnancy with no docu-
mented teratogenic effects. The exceptions to this are bosentan and other endothelin
receptor antagonists (ERA), which are known to be teratogenic and are, therefore,
contraindicated in pregnancy. Both prostaglandins and the phosphodiesterase type
5 inhibitor sildenafil have been used in PAH pregnancies. There is no data to sup-
port the use of riociguat or selexipag in pregnancy and should, thus, be avoided.

19.7.1 When Should Treatment Start in a Patient Naive
to Treatment?

Practice varies between centres on the optimal medical care of pregnant patients
with PAH, with little consensus regarding treatment strategies. Several units have
published their own therapeutic algorithm based on experience and “common
sense”. One of the most widely accepted is the protocol described by the Sheffield
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Pregnancy with suspected diagnosis of PH

Y

Echocardiography +/— other imaging

Y

Right heart catheterisation if significant
PH not demonstrated on imaging

Pregnancy in patient with known PH

!

Echocardiography
Consider repeat imaging and right heart
catheterisation if clinically indicated

¢ b
A W.d

Full counselling regarding risks of continuing
with pregnancy (multiprofessional review)

Vot

Termination of pregnancy (by method
indicated by stage of pregnancy)

Frequent outpatient assessment
following pregnancy with alteration of
targeted therapy as clinically indicated
and right heart catheterisation where
indicated. Further contraceptive advice

"
N

Patient wishes to continue with pregnancy

'

Early institution of nebulised iloprost
(ventavis 5 ug 7x day). Prophylactic
low molecular weight heparin unless
otherwise indicated

Y

Addition of sildenafil or escalation to
intravenous prostanoid as clinically
indicated

Y

Frequent monitoring of clinical status
and exercise capacity, admit if
increasing symptoms

Y

Elective admission at 32—34 weeks’ gestation

Y

Caesarean section at round 34 weeks’
gestation under combined
spinal/epidural anaesthesia. Specialist
obstetrician, anaesthetist and pulmonary
vascular physician in attendance

Y

Fig. 19.2 Sheffield Antenatal Care Algorithm

Close postpartum monitoring in critical
care setting with central and arterial line
+/— noninvasive cardiac output
monitoring
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(UK) group (Fig. 19.2) [17]. In other centres, IV prostanoids are commenced from
the outset, with the attempt to proactively establish patients on the most efficacious
combination of therapies. Combination therapy (sildenafil plus a prostanoid) is
common in this scenario [23].

19.7.2 Anticoagulation

Pregnancy is a pro-thrombotic state with a particular risk of thrombotic events post-
delivery. Many of these patients, with the possible exception of the Eisenmenger
patients, are anticoagulated, either before or during pregnancy. Again, the risks of
any therapy need to be carefully balanced with the expected benefits. Warfarin is
both teratogenic and also systemically anticoagulates the fetus. Many units convert
patients to low molecular weight heparin, but, again, this will depend on the nature
of the PAH, the gestation and other risk factors.

19.8 Antenatal Care

Antenatal care must be delivered by a specialist multidisciplinary team. This needs
to include obstetrician, PH specialist, anaesthetist, fetal medicine and neonatal spe-
cialists. Haematologists, midwives and pharmacists may also play a role. Most units
advocate a monthly review in the first trimester and then fortnightly assessment. In
the third trimester, the patient will need to be reviewed weekly. All the usual anaes-
thetist complications will need to be looked for and treated promptly. Even a minor
cardiac or obstetric complication, such as an atrial arrhythmia, could lead to haemo-
dynamic instability. Patients may require to be hospitalized for a period during their
antenatal care, particularly if they are symptomatic or are undergoing escalation of
their treatment regimen.

In the third trimester, or earlier if unstable, delivery planning should occur in
agreement with all members of the multidisciplinary team. This planning should
also include plans for a preterm labour and other common obstetric complications.
A detailed plan should be made, anticipating the postdelivery care required for both
the mother and the fetus (Table 19.3).

19.9 Delivery

Delivery and the immediate post-partum period are the time of greatest risk. Mode
of delivery will depend on gestation, obstetric factors, logistics of care and patients’
haemodynamic status. Vaginal delivery has many advantages, especially less impact
on haemodynamics; elective caesarean section is a viable alternative, although the
mother may be at increased risk of bleeding or thrombosis. In reality, the mode of
delivery is often determined by the gestation, with the majority of PH patients being
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Table 19.3 Example of a delivery plan
Delivery plan for high-risk patient

If admitted to Please inform Grade Tick
labour ward Obstetrician on call Senior consultant/junior
Anaesthetist on call Senior consultant/junior
Cardiologist Senior consultant/junior
Antenatal From __ weeks
admission
Delivery Elective LSCS/trial of vaginal delivery
LSCS 3rd stage Mx: prophylactic compression suture/syntocinon 5 units

over 10-20 min/syntocinon low-dose infusion (8—12 milliunits/min)
Anaesthetic technique: Epid/Spin/CSE/GA
Comments:
Maternal monitoring: ECG/SaO,/non-invasive BP/invasive BP/
CVP/
Other instructions/warnings:
Inform team if admitted in labour before scheduled LSCS date
Vaginal delivery HDU chart/TEDS in labour/medication to be continued
First stage Mx Prophylactic antibiotics: elective/if operative delivery
Epidural for analgesia: none/when requested/as soon as in
established labour
Comments re anaesthetic
Maternal monitoring: ECG/SaO,/non-invasive BP/invasive BP/

CVP/
Vaginal delivery Normal second stage/short second stage (then assist if not del max
Second stage Mx _____ min pushing)/elective assisted delivery only
Vaginal delivery Normal active Mx (oxytocin and CCT)/syntocinon infusion 8—12
milliunits/min
Third stage Mx  Continue syntocinon infusion _____h
Post delivery High dependency unit (min stay h)/LMW heparin (duration

) Other drugs post-partum

delivered by caesarean section. Delivery must be performed in an expert multidisci-
plinary environment, with access to a full cardiac intensive care team, including
ECMO and ventricular assist support. When planning a delivery, multiple compo-
nents need to be considered. Delivery will often occur preterm, with the need for
pre-delivery steroids for lung maturation and postdelivery admission to the Special
Care Baby Unit for the neonate.

During delivery, careful maternal monitoring is key. This should include, but not
be limited to, ECG monitoring, invasive blood pressure measurement, urinary cath-
eterization, right atrial or central venous pressure line and repeat blood gas
analysis.

The choice of anaesthetic regimen will be depend on the expertise of the team
and other factors mentioned above. Regional anaesthesia, when performed slowly
and in expert hands, can provide excellent pain relief with minimal disruption to
haemodynamics. General anaesthesia has the advantage of allowing administration
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Table 19.4 Obstetric drugs and their cardiovascular effects

Drug Possible effects
Oxytocin Use: induction of labour; prevention or treatment of
PPH

Caution: bolus administration associated with
hypotension, chest pain, ECG changes, reflex
tachycardia, fluid overload

Prostaglandins

Misoprostol Use: cervical ripening; termination; uterotonic
Caution: minimal impact on blood pressure but less
effective than oxytocin and ergometrine

Carboprost (Hemabate) (15-methyl Use: life-threatening haemorrhage (second line only)

prostaglandin F2o) Caution: severe bronchospasm, elevation of PA
pressures, increased V/Q mismatch

Ergometrine Use: post-partum haemorrhage
Caution: hypertension, elevation of PA pressures,
chest pain

Ritodrine/salbutamol (beta-agonists) Use: premature labour; tocolytic
Caution: tachycardia; fluid overload
Atosiban (oxytocic receptor Use: premature labour; tocolytic
antagonist) Minimal impact on heart rate and blood pressure

of nitric oxide, if needed, and the use of trans-oesophageal echocardiography to
continuously monitor RV function. All of these components of care should be dis-
cussed several weeks prior to delivery in a multidisciplinary meeting and docu-
mented fully in a care plan.

If a vaginal delivery is planned, the second stage (active pushing) should be lim-
ited, with passive descent of the fetus and elective lift out using ventouse or forceps.
Post-partum bleeding is common in these patients and should be managed proac-
tively. If a caesarean section has been performed, then a compression suture may be
placed to prevent uterine atony. Several of the normal obstetric drugs given at the
time of delivery can destabilize the PH patient and should be avoided when possible
(Table 19.4).

19.9.1 Peri-delivery Haemodynamics

One of the main challenges at the time of delivery is the sudden rise in circulating
volume when the placenta is removed and the uterus contracts. RV function is
often dependent on a narrow window of filling pressures. If underfilled or over-
filled, the RV function can deteriorate. The optimal RA pressure is usually
8—12 mmHg. To achieve this, in the absence of significant bleeding, the patient
should be diuresed aggressively postdelivery. Several groups suggest diuresis to
the point of losing 10% of body weight or until the serum creatinine starts to rise.
Diuretics should be continued for several weeks postdelivery and are often
needed on discharge.
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Postdelivery fluid balance and active management of bleeding are vital. In the
critically unwell patient, ventilation, IV therapies, inotropes and even ECMO may
be required. Elective admission to intensive care is mandatory, even in a stable
patient, as the postdelivery period is of particular high risk.

19.10 Contraception

19.10.1 Emergency Contraception

An old-fashioned copper intrauterine coil can be used as emergency contraception
for up to 5 days after unprotected sex. It is highly effective and will prevent 99%
of pregnancies from progressing. Insertion of a coil can be associated with vaso-
vagal syncope, and caution should be exercised when treating women with impor-
tant PH: several groups have suggested that intrauterine devices are contraindicated
in PH patients; however, in the correct environment, the benefits may outweigh
the risks.

There are several varieties of morning after pill. The most frequently used is
levonorgestrel (Levonelle). This is effective up to 72 h after sex. Levonorgestrel
interacts strongly with warfarin. Its effectiveness is inhibited by bosentan, and some
authors suggest the dose required is double the usual baseline dose (2.5-3 mg when
on bosentan). Double contraception, adding barrier methods, is recommended in
patients on ERAs.

19.11 Termination of Pregnancy

If a patient with PH does become pregnant, termination of pregnancy should be
discussed. If less than 14 weeks’ pregnant, a surgical procedure with dilatation and
suction evacuation can be performed either under general anaesthesia, regional
block or sedation. After 14 weeks, a more complex procedure is required, often
using prostaglandins. Medical termination can be attempted at any stage with
mifepristone, followed by misoprostol. A medical termination is a slower process
than a surgical procedure and will be incomplete in approximately 15% of cases,
requiring surgical evacuation. Any surgical procedure carries risks in PH patients,
relating to the type of anaesthesia and the risk of bleeding, thrombosis and
infection.

19.12 Contraception

Table 19.5 demonstrates the WHO classification for various contraceptive options
for a PH patient. In this classification, WHO class 1 means that there is no limitation
to use and class 4 is a strong contraindication.
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Table 19.5 Contraceptive options in patients with pulmonary hypertension

Combine oral
contraceptive pill
Progesterone only pill
“minipill”

Cerazette or
equivalent

DEPO Provera

IM injection

Implant (Nexplanon)

Mirena Coil

Copper coil

Sterilization

WHO eligibility criteria

WHO
class

4

1b

Specific benefits

Reduced thrombotic risk
compared with combined
pill

Reduced thrombotic risk
compared with combined
pill

Longer time window
improves compliance
High reliability

High reliability

High reliability

Reliability

High reliability
Permanent contraception

1 = No limitation of use/contraindication

2 = Advantages generally outweigh the risks
3 = Risks usually outweigh the advantages

4 = Unacceptable health risk/contraindicated

Specific risks

Unacceptable risk of thrombosis/
disease exacerbation

Must be taken in tight time
window

Difficulties with compliance
Relies on maternal compliance

Interacts with bosentan (and
other ERAs?)

Occasionally causes fluid
retention

Bruising when anticoagulated
Interacts with bosentan (and
other ERAs?)

Interacts with bosentan (and
other ERAs?)

Interacts with bosentan (and
other ERAs?)

Risk of vasovagal collapse
(insertion/removal)

Risk of pelvic infection
Risk of vasovagal collapse
(insertion/removal)

Surgical procedure requiring
sedation/anaesthesia

Conclusion

Overall, pregnancy is contraindicated in patients with PH, despite a significant
improvement in outcome in recent years. Interruption of pregnancy also carries
significant risks and, hence, adequate contraception is important. Patients who
choose to continue with a pregnancy despite adequate counselling should be
managed in a multidisciplinary environment, with advanced planning and close
monitoring around and especially in the days and weeks after delivery.
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Training and Recommendations 20
for Exercise

Alexander Van de Bruaene, Roselien Buys,
and Werner Budts

Abbreviations

CHD Congenital heart disease

CPET Cardiopulmonary exercise test
HR Heart rate

NYHA New York Heart Association
PAH Pulmonary arterial hypertension

VE/VCO2 Ventilation per unit of carbon dioxide production

20.1 Introduction

Exercise capacity and quality of life are significantly reduced in patients with pul-
monary arterial hypertension (PAH) secondary to congenital heart disease (PAH—
CHD) [1, 2]. Physical performance is most severely impaired in the Eisenmenger
syndrome [2]. In patients with idiopathic pulmonary hypertension, exercise training
as add-on to medical treatment seems to improve exercise capacity, quality of life
and functional class [3-5]. Data on the effect of exercise training in patients with
PAH-CHD is limited; however, if exercise training is performed in a safe manner
[6], a global beneficial effect can be expected.
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20.2 Exercise Capacity in Patients with PAH-CHD

Eisenmenger syndrome represents the most severe form of PAH-CHD. In these
patients, a long-standing left-to-right shunt across a large defect leads to a progres-
sive rise in pulmonary vascular resistance and pulmonary artery pressures, eventu-
ally leading to shunt reversal. This causes systemic desaturation and induces
haematological and biochemical alterations: the red cell count and haemoglobin
concentration increase, leading to secondary erythrocytosis and an increase in
blood viscosity [7]. During physical exercise, the inability of the pulmonary circu-
lation to accommodate a significant increase in pulmonary blood flow results in
further right-to-left shunting and systemic oxygen desaturation. As a consequence,
the exercise capacity of these patients, expressed as peak oxygen consumption on
cardiopulmonary exercise testing [8, 9] or 6-min walk distance [10], is markedly
depressed.

In noncongenital heart disease, myocardial performance is often the main deter-
minant of exercise capacity. No definitive data are currently available on the exact
mechanisms behind exercise intolerance and the onset of symptoms in patients with
Eisenmenger syndrome. A high physiological dead space due to reduced pulmo-
nary blood flow and right-to-left shunting, as well as stimulation of chemoreceptors
in the systemic circulation of cyanotic patients [11, 12], is most likely responsible
for the greatly enhanced ventilatory response to exercise, expressed as ventilation
per unit of carbon dioxide production (VE/VCO?2 slope) [13, 14]. Eisenmenger
patients tend to ventilate excessively during exercise and may exhaust their breath-
ing reserve quite early. Moreover, Broberg et al. found that more than 40% of
Eisenmenger patients suffered from obstructive lung disease and 50% have a diffu-
sion transfer coefficient lower than 80%. The latter was associated with a lower
exercise duration [15].

Higher haemoglobin concentration and haematocrit are associated with a better
exercise capacity in cyanotic CHD, at the expense of a higher blood viscosity. As
severe hyperviscosity symptoms are relatively rare, this suggests that even signifi-
cant erythrocytosis and the associated increase in functional capacity may be worth
the cost of increased viscosity [16]. Although several reports suggest that skeletal
muscle function is negatively influenced by chronic hypoxia [17-19], the effect of
chronic cyanosis has never been investigated in patients with cyanotic CHD.
Decreased peak oxygen consumption [8, 20] and a shorter 6-min walk distance [10]
seem to be related to outcome in cyanotic patients with PAH.

PAH also occurs in patients who still have increased pulmonary artery pressures
despite shunt closure [21]. In addition, Gabriels et al. recently reported that pulmo-
nary artery pressures tend to increase in older patients after shunt repair even when
normal pressures were present preoperatively [22]. PAH is also found in patients
with a small shunt, which probably suggests the coincidental presence of PAH and
the haemodynamically “insignificant” shunt lesion [23]. In these patients, an abnor-
mal ventilatory response during exercise due to PAH and right ventricular dysfunc-
tion secondary to pressure overload may lead to impaired exercise tolerance [24].
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Moreover, skeletal muscle myopathy is not uncommon in patients with PAH and
contributes to decreased functional capacity [24]. Diller et al. showed that PAH,
independent from cyanosis, correlates with peak oxygen consumption [8]. Peak
oxygen consumption seems to be associated with late clinical outcome in these
patients [8].

Another group of PAH-CHD patients are those with normal pulmonary artery
pressures at rest and significantly increased pressures at maximal exercise, although
not fulfilling the criteria of PAH as defined by international guidelines [23, 25]. Van
de Bruaene et al. showed that pulmonary vascular resistance during exercise in
patients who underwent late atrial septal defect repair was higher when compared to
controls or those who underwent early repair [26]. Exercise echocardiography
allows for the identification of minimal pulmonary vascular disease, defined as an
increased slope of pulmonary artery pressure—flow during exercise (dynamic pul-
monary vascular resistance). Remarkably, the pressure—flow slope correlated sig-
nificantly with peak oxygen consumption in atrial septal defect patients. The
prognostic value in CHD of this dynamic increase in pulmonary vascular resistance
remains to be determined and could be correlated with morphometric changes in the
right heart over time [22, 27].

20.3 Exercise Capacity and Quality of Life in PAH-CHD

There seems to be a close relationship between symptoms of pulmonary hyper-
tension (including reduced exercise capacity) and health-related quality of life
[28-30]. Increasingly, in recent years, studies that test the efficacy of disease-
targeting therapy for PAH also include quality of life as a secondary endpoint.
Indeed, recent data suggest that disease-targeting therapy not only improves
exercise capacity but also quality of life [31, 32]. Moreover, improvement of
quality of life seems to be related to better clinical outcome [32, 33]. Indirectly,
quality of life is also related to the number of hospitalizations for PAH. Quality
of life relates to functional capacity, which, in turn, is related to the number of
hospital admissions [34].

In patients with PAH, a low health-related quality of life is associated with
impaired exercise capacity [35]. This association is most pronounced in cyanotic
patients [35]. Likewise disease-targeting therapy seems to improve exercise capac-
ity and quality of life in CHD patients with PAH [36-39]. However, some studies
showed an increase in exercise capacity without an effect on quality of life [40].
Finally, Blok et al. recently reported that quality of life predicts mortality in patients
with PAH-CHD [41].

In summary, quality of life seems to be related to exercise capacity in PAH-
CHD. It appears, therefore, reasonable to use all means possible to increase exercise
capacity in these patients, as this is likely to result in a better quality of life and
possibly clinical outcome. Unfortunately, specific studies on changes in exercise
capacity and their effect on mortality have not yet been performed in PAH-CHD.



308 AV.de Bruaene et al.

20.4 Data on Exercise Training in PAH-CHD Patients

In coronary artery disease and chronic heart failure, exercise causes a decrease of
pulmonary vascular resistance and improves endothelial function, exercise capacity
and quality of life parameters [42, 43]. Supervised exercise training has also been
shown to be safe and improves walking distance, exercise capacity, quality of life
and NYHA functional class in patients with pulmonary hypertension of different
aetiologies [44, 45]. The mechanisms responsible for the beneficial effects of exer-
cise training are likely to be both central (pulmonary and cardiovascular) and
peripheral (muscle).

Martinez-Quintana et al. were the first to perform a prospective randomized
study of cardiac rehabilitation on patients with PAH-CHD [46]. Patients in the train-
ing group participated in an exercise program 2 days a week for 3 months. Training
consisted of 10 min of warming up with stretching of long muscles, a brief period
of resistance exercises and lifting 1-2 kg weights, followed by interval training on
a bicycle ergometer for 24 min with a baseline of 10-25 W and 30-s peaks of
20-50 W. Modified Borg scale symptoms and heart rate defined the intensity of the
exercise. While the authors reported no significant changes in analytical data, hand
and leg strength or quality of life between the active and control group, the rehabili-
tation group improved their 6-min walk test distance, oxygen saturations at peak
exercise and functional class. There were no adverse events reported.

Several years later, Becker-Griinig et al. prospectively studied the effect of exer-
cise training in a nonrandomized cohort of patients with invasively confirmed PAH-
CHD [47]. Exercise training was started in-hospital for 3 weeks. The program
included at least 1.5 h of exercise training per day (in intervals distributed over the
day) consisting of interval bicycle ergometer training at low workloads (10-60 W),
7 days a week. Furthermore, walking, dumbbell training of single muscle groups
using low weights (500-1000 g) and respiratory training were performed 5 days per
week. The target maximum heart rate during training corresponded to 60-80% of
the peak heart rate reached during incremental cardiopulmonary exercise testing.
Patients who were on oxygen therapy remained on supplemental oxygen throughout
the whole training program. The exercise training was continued at home for 12
weeks and comprised of training at least 30 min per day at 5 days a week on a
bicycle ergometer. Patients were also offered psychological support. At the end of
the study, 6-min walk distance, peak oxygen consumption and maximal workload
had improved significantly. Quality of life did not improve significantly, with the
exception of the “bodily pain” subscale. Oxygen saturation and functional class did
not change. All patients tolerated exercise training well without severe adverse
events, and no syncope or pre-syncope occurred. The authors concluded that exer-
cise training as add-on to medical therapy may be effective in PAH-CHD patients,
improving work capacity, quality of life and further prognostically relevant param-
eters. To date, no further studies have been published on the effect of exercise train-
ing in PAH-CHD.
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20.5 Recommendations for Exercise Training in PAH-CHD

Recently, a position paper was published by the European Society of Cardiology
Working Group of Grown-Up Congenital Heart Disease and the Section of Sports
Cardiology of the European Association for Cardiovascular Prevention and
Rehabilitation on physical activity in adolescents and adults with congenital heart
defects. In this paper, a stepwise approach is recommended, which includes the
assessment of five fundamental parameters relating to ventricular morphology and
function and the presence of aortic dilatation, arrhythmias, pulmonary hypertension
and cyanosis (Fig. 20.1). Once these parameters are assessed and cardiopulmonary
exercise testing is performed to objectively assess exercise capacity and the response

a b
. )
¢ History and
physical Ventricular
Step 1 examination J function
. Pulmonary
© 9l artery pressure
parameters
Step 2
5 baseline
D parameters
* Recommend type
of exercise
Step 3 y
N
* CPET
Step 4 )
R " ¢ Borg scale | Perception Feels % of max HR
* Recommen - - -
relative intensity <10 Very light Nothing <35%
Step 5 of exercise ) 10-11 Light Something 35-54
12-13 Moderate Perspiring 55-69
) 14-16 Hard Sweating 70-89
* Follow-up 1719 | Veryhard | Hard work >90
Step 6 J 20 Max Cannot breath 100

Fig. 20.1 Recommendations for individualized (recreational) exercise prescription for adoles-
cents and adults with congenital heart disease [48]. The recommended steps for the evaluation of
ACHD patients with regard to exercise prescription are listed in (a). The five pillars on which
patient evaluation and exercise recommendations are made are shown in (b). Based on these five
parameters, recommendations on the level of static exercise and intensity of exercise are formu-
lated (see Fig. 20.2). The intensity of the sport is defined based on the Borg scale (c¢), perception of
effort and heart rate (as a percentage of the maximum heart rate achieved on incremental cardio-
pulmonary exercise testing). CPET cardiopulmonary exercise test, HR heart rate



310 AV.de Bruaene et al.

1. Ventricles
Systolic dysfunction n n + ++ 4+
Hypertrophy n n + ++ +++
Pressure load n + e T+
Volume load n + o,
Single ventricle/ Systemic RV y
2. PH n n + +H+++
Lo +++/ due
3. Aortic dilation n/+ ++ +++ repair
4. Arrhythmia
Burden n n + 4+
Malignant n n n y
5. Cyanosis at rest or exercise n n n y
All apply >1 applies >1 applies
Sport J I 0 &
Static component "Mt ™" " " 1
Intensity 1 (1] 11 i i
Intensity if highly static sport ™Mt ™ 1 1 1

Fig.20.2 Recommendations for individualized (recreational) exercise prescription for adolescents
and adults with congenital heart disease [48]. Recommendations are based on five baseline parame-
ters (see Fig. 20.1), including pulmonary hypertension (PH) and cyanosis at rest or exercise.
Emphasis is put on static component of exercise, which should be reduced in PH and cyanotic
patients. RV right ventricle, n/+/++/+++ none/mild/moderate/severe, 1/11/111 low/moderate/high

to physical exertion, recommendations for exercise can be formulated. These focus
on the intensity of the “static” or isometric component of the activity and its inten-
sity (Fig. 20.2). The intensity of the sport is defined as low (rate of perceived exer-
tion Borg scale 11-12, HR < 60% of max HR on CPET), moderate (Borg 13-14,
HR 60-75% of max HR on CPET) or high (Borg 15-17, HR 75-90% of max HR on
CPET). Patients should be followed up and recommendations adjusted
appropriately.

This position paper encourages PAH-CHD patients to exercise [48]. Regular
physical exercise is not only likely to improve exercise capacity (subjective and
objective) and quality of life but also prevents the development of obesity [49] and
ischaemic heart disease [50]. Patients exercising regularly are also likely to main-
tain a healthier lifestyle. As long as regular physical exercise is safe for the patient,
he/she can benefit from it. Patients with mildly elevated pulmonary artery pressures
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and no central cyanosis are advised to avoid physical activities with a high static
component and should exercise at moderate intensity (Borg scale 13—14, heart rate
60-75% of maximal heart rate achieved during exercise test). Patients with mildly
elevated pulmonary artery pressures and central cyanosis are also advised to avoid
highly static physical activities but are advised to exercise at a low dynamic exercise
intensity (Borg scale 11-12, heart rate < 60% of maximal heart rate achieved during
exercise test). In patients with moderately/severely elevated pulmonary artery pres-
sures, with or without cyanosis, physical activity with a low static component and at
low dynamic intensity is recommended. With regard to the frequency and duration
of each exercise session, a combined minimum of 3-4.5 h per week is recom-
mended, with a minimum 30 min per session. These recommendations are, of
course, arbitrary and validation is required.

Given the, often significant, symptoms experienced by PAH patient while exer-
cising, an interval-type training program, combining dynamic aerobic and resis-
tance exercises, is preferred. Moreover, respiratory muscle training seems to be a
useful add-on to the training program. However, data on the effects of respiratory
muscle training in PAH-CHD patients are lacking.

Conclusions

Data on the safety and efficacy of exercise training in patients with PAH-CHD
are scarce. However, the information from a small number of available studies,
as well as expert consensus, encourages PAH-CHD patients to remain physi-
cally active. Physicians should provide individualized recommendations based
on detailed clinical assessment while monitoring the safety and efficacy of the
recommended activity. Exercise training is believed to produce an improvement
in physical capacity, quality of life and outcome of PAH-CHD patients, both
directly and indirectly, through changes in lifestyle and health behaviour. More
research is needed to establish the role of exercise training in this population.
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Aleksander Kempny

Abbreviations

ACHD  Adult congenital heart disease
ASD Atrial septal defect

AVSD  Atrioventricular septal defect
CHD Congenital heart disease

ES Eisenmenger syndrome
PAH Pulmonary arterial hypertension
RV Right ventricle

SMR Standardized mortality ratio
VSD Ventricular septal defect

21.1 Introduction

Approximately 5—10% of patients with congenital heart disease develop pulmonary
arterial hypertension (PAH-CHD), which impacts on their quality of life and long-
term outcome [1-3]. Eisenmenger syndrome (ES) represents the extreme manifes-
tation of PAH in this setting. Patients with PAH-CHD, particularly those with ES,
are significantly impaired in their exercise capacity and have a relatively high mor-
tality compared to other groups of CHD patients [4-6] (Fig. 21.1).

Optimal clinical management of PAH-CHD patients requires validated morbid-
ity and mortality risk stratification algorithms. In fact, in other areas of cardiology
such as heart failure, coronary artery disease or atrial fibrillation, risk scores are
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Fig. 21.1 Five-year risk of death for 40-year-old patients. Projected 5-year mortality rates for
40-year-old ACHD patients compared with that expected for the general UK population, based on
the results of the standardized mortality ratio (SMR) analysis. Points present the estimated mortal-
ity within 5 years (on the x axis) and also indicate the equivalent age — expressed as the age of
subgroup of UK population with the most similar 5-year mortality (y axis). Horizontal lines repre-
sent 95% confidence intervals for the 5-year mortality. The black curve presents 5-year mortality
for the UK population based on life table data. ASD indicates atrial septal defect, AVSD atrioven-
tricular septal defect, RV right ventricle, VSD ventricular septal defect [5]

widely used for guiding therapy [7-12] and improving patient outcome [13, 14].
Risk stratification algorithms have also been developed for patients with idiopathic
PAH (iPAH), based on US, UK and French registries [15-18]. As the pathophysiol-
ogy and natural history of PAH-CHD differs significantly to that of iPAH, scores
developed for the latter may not be accurate for risk stratification in PAH-CHD
patients. Due to the heterogeneity of CHD lesions, wide spectrum of comorbidities,
gender differences and lack of validated risk stratification algorithms, mortality risk
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stratification in PAH-CHD remains challenging. This chapter focuses on parame-
ters used in clinical practice with documented significant association to mortality in
patients with significant PAH.

21.1.1 Underlying CHD Anatomy

The underlying CHD anatomy seems to be one of the most important parameters
influencing PAH-CHD prognostication. This refers to the size of defect, its loca-
tion, as well as the shunt direction.

Viktor Eisenmenger described in 1897 a case of patient with progressive heart
failure, cyanosis and postmortem diagnosed with a large ventricular septal defect
(VSD). It was later recognized that the cyanosis in this setting results from pulmo-
nary hypertension and, accordingly, ES became synonymous with PAH with bidi-
rectional or reversed shunt through a large VSD. As the clinical picture of heart
failure and cyanosis resulting from right-to-left shunt emerges in patients regardless
of shunt location, also patients with pre-tricuspid or complex shunts have been
included into the ES diagnosis [19, 20]. Recent studies demonstrated, however, sig-
nificant differences in morbidity, mortality and exercise performance depending on
the underlying lesion.

CHD Iesions associated with PAH may be classified into four categories based
on the location of the defect: pre-tricuspid (atrial septal defect or anomalous pulmo-
nary venous drainage), post-tricuspid (ventricular septal defect or patent ductus
arteriosus in the absence of a pre-tricuspid shunt), complex anatomy (other shunt
lesions including AVSD, univentricular physiology, transposition of the great arter-
ies, aortopulmonary window and common arterial trunk) and operated lesions
[21-23].

The majority of patients with pre-tricuspid defects tend to tolerate increased pul-
monary blood flow well and do not develop pulmonary vascular disease [24].
Nevertheless, a fraction of patients with pre-tricuspid shunt presents with PAH, usu-
ally in adulthood. The development of PAH in this setting seems to be the result of
a reaction of the pulmonary vascular tree to increased pulmonary blood flow: these
patients seem to be predisposed to adverse pulmonary vascular remodelling with its
negative impact on survival. In clinical practice, it is often not possible to define
whether the pre-tricuspid lesion, particularly if only of moderate size, significantly
contributed to the development of PAH or if the shunt is rather a bystander, while
other underlying processes contribute to the development of pulmonary vascular
disease. The prognosis in patients with pre-tricuspid lesions, compared to both post-
tricuspid and complex shunts, is significantly worse [25]. The reason for this appears
multifactorial and possibly includes the predisposition for progressive adverse pul-
monary vascular remodelling and also adverse cardiac remodelling in response to
increased pulmonary vascular resistance. In patients with pre-tricuspid shunts, in
contrary to patients with post-tricuspid or complex lesions, pressure load on the
right ventricle increases later on in life. Therefore, right ventricular adaptation may
be unfavourable, with progressive right ventricular dilatation, excessive ventricular
wall stress, right ventricular dysfunction and failure [26].
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Mortality is also higher in patients with repaired lesions and severe PAH com-
pared to Eisenmenger patients. Occasionally, patients may have normal pulmonary
vascular resistance at the time of repair and increase their PVR later on in life, pre-
sumably due to underlying predisposition of the pulmonary vascular tree. More
often, however, there is already significant PAH at the time of surgical or percutane-
ous repair, which may be not recognized or may not be deemed a contraindication
to repair of the defect. Closing defects in severe PAH, particularly in patients with
reversed shunt at rest or on exercise, can have an immediate and long-term negative
impact, both on haemodynamics and on tissue oxygenation, which may explain
the higher mortality in this group compared to all other forms of PAH-CHD [6, 27].

While some anatomical or clinical features may be significantly associated with sur-
vival, the absolute survival estimation remains challenging. This is particularly so in
patients with left-to-right shunts. While there is consensus that PAH in these patients
has a negative impact of prognosis, absolute survival prospects may vary considerably
in patients with PAH-CHD and still left-to-right shunting. The presence of cyanosis due
to reversed shunt in the presence of PAH, on the other hand, enables an unambiguous
diagnosis of ES. The diagnosis of ES can often be made without invasive testing, based
on the presence of a nonrestrictive lesion, and reversed or bidirectional shunting result-
ing in cyanosis. There are, to date, several publications reporting survival in Eisenmenger
patients [28]. Based on recent studies, the 1, 5 and 10 years survival is 94%, 80% and
69%, respectively (Table 21.1). These estimates are, however, based on cohorts of
patients, many of whom were not treated with advanced therapies (ATs) for PAH, which
are now known to be associated with improved survival in Eisenmenger patients [23].
Thanks to recent evidence of a positive impact of AT on survival, exercise performance
and quality of life, the majority of contemporary Eisenmenger patients in developed
countries are put on AT. There is also increasing awareness of conservative

Table 21.1 Overview on survival prospects in AT naive Eisenmenger syndrome patients

Study size  Average age Follow-up time

(n) (years) ly Sy 10y  Reference

201 19 97% 87% 80%  Saha A, IntJ Cardiol, 1994

188 33 - - - Daliento L, Eur Heart J, 1998

161 34 91% 76% — Dimopoulos K, Circulation/own data,
2010

109 29 - - - Cantor WJ, Am J Cardiol, 1999

106 34 98% T7% 58% OyaH, Am Heart J, 2002

92 38 - 83% 66% Sandoval J, Cong Heart Dis, 2012

68 29 91% - - Sun Y], J Clin Pharmacol, 2013

62 - - - 56%  Cerone S, Arch Mal Coeur Vaiss, 1992

57 21 - - - Young D, Am J Cardiol, 1971

47 — — — — Callegari G, Monaldi Arch Chest Dis,
2004

23 32 80% — - Sandoval J, Am J Resp Crit Care, 2001

17 34 88% 51% - Adriaenssens T, Eur Heart J, 2006

Y =1131 Mean=303y 94% 80% 69% -
Caption: Average survival calculated as weighed mean. Based on Diller G-P, et al. Heart 2014 [28]
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management guidelines, avoidance of pitfalls and outdated practices and tertiary care
for all Eisenmenger patients, survival has improved significantly [14]. For this reason,
the above-mentioned survival estimates are likely to underestimate the survival of con-
temporary Eisenmenger patients. Published survival estimates and models may be
interesting from a statistical perspective, due to the significant association of multiple
variables with mortality, but, in their current form, are less suited for individual patient
counselling.

21.1.2 Functional Class, 6-Min Walk Test and Survival

Patients with PAH-CHD, and particularly ES patients, are significantly impaired in
their exercise capacity [4]. The New York Heart Association functional class, on
which the WHO functional classification used in pulmonary hypertension is based,
is widely used both clinically and in studies. Patients with significant symptoms (i.e.
WHO > 3) are at significantly higher risk of death compared to those being oligo-
symptomatic. Most patients, however, are classified as functional class II or III. The
low discriminative power and also significant interobserver variability do not allow
to appreciate subtle changes in functional capacity, which may precede death or
clinical decompensation [29]. Extending the functional classification by adding, for
example, class II subgroups (i.e. Ila, IIb) seems promising, but data on the prognos-
tic and discriminative ability of such a modified scale are lacking at present [29, 30].

Moreover, patients may deny significant limitations and may be, thus, classified as
functional class II, while objective assessment with 6-min walk test (6MWT) or cardio-
pulmonary exercise testing (CPET) confirms severe exercise intolerance [31, 32]. In
fact, in many patients PAH is present already early in life and progresses gradually over
the years, allowing adaptation of daily activities [33], "masking" symptoms and contrib-
uting to the disparity between subjective and objective measures of functional capacity.

Assessment of exercise capacity with CPET is considered the golden standard in
CHD. As the majority of patients with PAH-CHD are, however, significantly
impaired in their exercise capacity, certain standard CPET protocols may be not
suitable. Some patients do not tolerate breathing through a mask and some may
struggle keeping up with a treadmill. Dizziness on exercise is not uncommon in this
cohort and is associated with a risk of fall and injury. Testing on a bike (cycloergom-
eter), is more safe and allows easy adjustment of the protocol to an intensity appro-
priate for even the most impaired patients. It is, however, considered less
physiological and not all patients may be familiar with this type of effort. Despite
the above, CPET should be the exercise test of choice, in all cardiovascular disease,
including PAH-CHD, both for diagnostic and follow-up purposes.

In the majority of PAH-CHD, it may however be more feasible to quantify exer-
cise performance with simpler tests designed for patients with significantly impaired
exercise performance, such as the shuttle walk test or 6BMWT [34]. The 6MWT is
the most popular test in PAH practice, and is also an endpoint in clinical studies on
pulmonary hypertension, including PAH-CHD [32, 35, 36]. The relationship of
6MWT distance and baseline oxygen saturation to survival is particularly well doc-
umented in Eisenmenger patients (Fig. 21.2), while oxygen saturation at peak effort
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Fig.21.2 Six-minute 1 ] 1 1 70
walk test distance, oxygen
saturation at rest and
survival in patients with 60
Eisenmenger syndrome.
The figure presents
predicted survival at 3
years in adult patients with
Eisenmenger syndrome.
Colour represents the
range of 95% CI, i.e., the
difference between the
upper and lower 95% CI
values [32]

50

40

- 30

- 20

Baseline oxygen saturation [%]
95% Cl range (upper - lower)

200 300 400 500
Distance [m]

and the Borg scale, used for the assessment of dyspnoea and overall fatigue, seem
not to significantly contribute to mortality risk stratification, but may be useful for
clinical monitoring in serial testing over time [32, 37].

21.1.3 Imaging

Imaging is an essential part of baseline assessment and follow-up in all PAH-CHD
patients. It enables guiding clinical management, and numerous studies have also
documented significant association of various measures of cardiac size, function
and also the presence or absence of pericardial collection with survival in PAH
patients.

Most CHD patients with significant PAH, particularly ES patients, present with
cardiomegaly. The cardiothoracic ratio (CTR), derived from plain postero-anterior
chest radiographs, is a robust and reproducible measure of heart size, suitable both
for baseline assessment and for monitoring changes during follow-up in adult CHD,
with confirmed positive association with increased mortality risk [38].

Yet, transthoracic echocardiography (TTE) and increasingly cardiac magnetic
resonance (CMR) imaging are performed in all patients for baseline assessment and
during follow-up, both to confirm diagnosis and to monitor the progression of dis-
ease and response to therapy. Particularly TTE has an established role in the clinical
management of various forms of PAH with demonstrated strong association of vari-
ous parameters with survival. These include indices of right heart dilatation and
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dysfunction, for example impaired tricuspid annular plane systolic excursion
(TAPSE), right ventricular (RV) fractional area change, presence of significant tri-
cuspid regurgitation, right atrial dilatation and presence of pericardial effusion [39,
40]. Echocardiographic parameters have been demonstrated to be significantly
associated with mortality in ES patients (see also Chapter 11). A composite echo-
cardiographic score outperformed resting oxygen saturation and brain natriuretic
peptide (BNP) in mortality risk stratification over a follow-up period of 1.5 years in
this cohort. The score included reduced TAPSE (<15 mm), increased RV systolic to
diastolic duration ratio (>1.5), right atrial area (>25.0 cm?) and right-to-left atrial
area ratio (>1.5) [41].

21.1.4 Blood Tests

Blood testing is obligatory for both baseline assessment and follow-up, particularly
in patients on ATs for PAH and those deteriorating over time. As advanced PAH
results in multi-organ dysfunction, many blood test parameters have been demon-
strated to be significantly associated with outcome in various forms of PAH, includ-
ing PAH-CHD patients.

21.1.4.1 Full Blood Count and Haematinics

Patients with advanced PAH-CHD may present with heart failure, which may, in turn,
be associated with anaemia and iron deficiency. Anemia in PAH-CHD is typically but
not always the result of iron deficiency (see Chapter 15): B12 or folic acid deficiency
may also be present, as well as coexisting renal dysfunction with reduced erythropoi-
etin synthesis or increased synthesis with resistance to erythropoietin, due to bone
marrow dysfunction and chronic inflammation [42]. As a consequence, in adult CHD
excluding cyanotic patients, anaemia is a strong predictor of mortality. The poten-
tial association of haemoglobin level to mortality in PAH-CHD patients is, however,
more complex, due to the right-to-left shunt with resulting cyanosis at rest or on effort.
In patients with normal oxygen saturation at rest, increased haemoglobin concentra-
tion is a sensitive indicator of shunt reversal and cyanosis on effort and may indicate
significantly increased pulmonary vascular resistance, associated with an increased
mortality.

In cyanotic PAH-CHD, higher haemoglobin levels result from more profound
cyanosis in iron-replete patients. Both haemoglobin levels and haematocrit seem
not to be significantly associated with survival in cyanotic PAH-CHD patients.
Relative anaemia, i.e. a lower than expected haemoglobin concentration in cyanotic
patients, confounds further the relationship of haemoglobin and haematocrit to sur-
vival [4, 43]. Iron supplementation in iron-deficient patients has been shown to have
a positive impact on symptoms in randomized studies in non-CHD heart failure, in
a pilot study in patients with iPAH and in a small cohort of cyanotic CHD/
Eisenmenger patients [44—47].
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21.1.4.2 Creatinine and Sodium

Both renal dysfunction and hyponatraemia are common in CHD, PAH and ES
patients, and are markers of more advanced disease, associated with an increased
mortality [48, 49]. The pathogenesis of renal dysfunction and hyponatraemia appear
multifactorial. As in acquired heart failure, low cardiac output in PAH-CHD results
in reduced renal perfusion and leads to arterial vasoconstriction and activation of the
renin—angiotensin—aldosterone system (RAAS). Patients presenting with pulmo-
nary congestion or fluid overload may require intense diuretic therapy, which may,
in turn, negatively impact on renal function and contribute to sodium loss.

21.1.4.3 Brain Natriuretic Peptide

BNP is often increased in symptomatic CHD patients, patients with various
forms of PAH and ES patients; it is also associated with higher mortality. The
reason behind the increased BNP in ES is likely multifactorial and includes
increased stretch of the ventricular myocardium and activation of RAAS sys-
tem. Assessment of BNP may be clinically useful in monitoring of patients,
particularly those in whom subjective and objective measures of functional
capacity and the effect of ATs are not available (e.g. patients with Down syn-
drome or other comorbidity).

21.1.4.4 High-Sensitivity Troponin

In a study by Schuuring et al., an elevated concentration (>99th percentile of nor-
mal, >0.014 pg/L) of high-sensitivity cardiac troponin T (hsTnT) was present in
26% of patients with significant PAH-CHD and was associated with an over 7-fold
higher risk of death, compared to patients with normal hsTnT [50]. It has been sug-
gested that an increased right ventricular pressure load results in higher myocardial
oxygen demand but reduced myocardial perfusion, resulting in ischemic injury.
Also standard TnT is elevated in a significant proportion of patients: in a study of 56
clinically stable PAH patients, including PAH-CHD patients, increased TnT was
present in 14% of patients and was associated with 5-fold higher mortality, also in a
multivariable model [51].

21.1.4.5 C-Reactive Protein

C-reactive protein (CRP) is commonly raised (>10 mg/mL) in adult patients with
PAH-CHD. In a retrospective study in ES patients, 26% had elevated CRP at base-
line, after exclusion of patients with infection, recent transfusions or procedures.
Mortality was four times higher in patients with increased CRP (>10 mg/dL), com-
pared to those with normal CRP concentration [52]. The strong association of
increased CRP with higher mortality has also been demonstrated in other forms of
pulmonary hypertension, including iPAH and thromboembolic pulmonary hyperten-
sion. High CRP levels were associated with more advanced disease, both in terms of
NYHA functional class and 6MWT distance [53]. The association of CRP with sur-
vival and clinical status in PAH-CHD patients supports the role of inflammation in
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cardiovascular remodelling. For example, CRP inhibits the production of nitric oxide
in the endothelium and attenuates angiogenesis [54]. Future studies with high-sensi-
tivity CRP and other inflammatory markers may provide further insight into the role
of inflammation in the pathogenesis and progression of PAH-CHD and its role in
influencing mortality.

21.1.4.6 Serum Proteins

In patients with acquired heart failure, including CHD patients, hypoproteinae-
mia and particularly hypoalbuminaemia are common and are associated with
significantly increased mortality and more advanced disease [55-58]. While in
the general CHD population hypoalbuminaemia (<35 g/L) was present in 13.3%
patients, in ES patients it was twice as common. Hypoalbuminaemia was associ-
ated with a 3-fold increased risk of death, even after adjustment for age, renal
function and serum sodium. The reasons for the strong predictive value of serum
albumins are likely multifactorial and include venous congestion, with increased
transcapillary albumin escape rate [59], amplified by chronic systemic inflamma-
tion and endothelial dysfunction with resulting increased vascular permeability
and extravascular albumin catabolism [52, 60].

21.1.5 Multivariable Mortality Risk Stratification

Although there are multiple published parameters related to mortality in PAH-
CHD, in the clinical setting risk stratification remains challenging. As the maxi-
mal number of parameters to be tested in a statistical multivariable model is
limited by the number of events, most studies are powered to test only a very
limited number of parameters. As PAH-CHD, and particularly ES, is a multi-
organ disease with multiple factors contributing to premature death, a prognosti-
cation model must be a multivariable one. In a recent, multinational study
including 1098 ES patients, many of the above-mentioned parameters were tested
for their significance in mortality risk stratification [25, 61]. Fig. 21.3 shows the
predicted 5-year mortality of contemporary patients with ES based on multivari-
able Cox regression model using data from the paper by Kempny et al. On multi-
variable Cox regression analysis, age (HR 1.35/10 years, 95% CI 1.14-1.61, P <
0.001), pre-tricuspid shunt (HR 1.97,95% CI 1.12-3.46, P = 0.019), oxygen satu-
ration at rest (HR 0.61/10%, 95% CI 0.46-0.82, P < 0.001), 6 MWT distance
(HR 0.67/100 m, 95% CI 0.54-0.82, P < 0.001) and presence of pericardial effu-
sion (HR 2.35, 95% CI 1.33-4.13, P = 0.003) remained significant predictors of
death. Absolute mortality risk stratification appears feasible (Figure 21.3),
although further studies are needed to validate the model. As mortality after heart
and lung transplantation remains high, approaching 55% at five years, Eisenmenger
patients with an estimated 5-year mortality above 55% may be appropriate candi-
dates for heart and lung transplantation.
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Fig.21.3 Predicted 5-years mortality in adult patients with Eisenmenger syndrome based on a
multivariable Cox regression model using age (in years), underlying shunt type, presence of
pericardial effusion (PE), six minute walk test (6MWT) distance and oxygen saturation (SO2)
at rest (on room air). This model is based on the data published by: Kempny A et al, Predictors
of death in contemporary adult patients with Eisenmenger syndrome: A multicentre study,
Circulation, 2016

Conclusions

There is significant ongoing mortality among contemporary adult PAH-CHD
patients, especially ES patients, those with repaired defects and patients with
small lesions. There is, however, also a large group of CHD patients with moder-
ate PAH, on whom information is scarce.
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As PAH in CHD patients often results in multi-organ failure, markers reflect-
ing ventricular pressure or volume overload (BNP), myocardial injury (tropo-
nin), renal dysfunction and inflammation are associated with increased mortality.
Moreover, the type and direction of the shunt and the degree of cyanosis are
significantly associated with mortality. A recent study, based on data from a large
cohort of patients provides estimates of 5-year survival in ES patients and may
facilitate risk stratification and referral for heart and lung transplantation, as well
as identify patients who are most likely to benefit from aggressive AT therapy
[25]. Future studies are needed to improve and externally validate prognostica-
tion models in PAH-CHD patients and prospectively investigate the impact of
ATs, iron supplementation and, potentially, anti-inflammatory agents on survival
in this high-risk population.
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PAH Pulmonary arterial hypertension
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UVH Univentricular heart

A univentricular heart (UVH) and single ventricle physiology are common terms
used to describe a heterogeneous group of congenital heart disease patients charac-
terized by only one functional ventricle. Examples of these heart defects are tricus-
pid or mitral atresia, hypoplastic left heart syndrome, double-inlet left ventricle,
pulmonary atresia with intact ventricle septum, severe Ebstein’s anomaly, unbal-
anced atrioventricular defect and large ventricle septal defect with straddling
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atrioventricular valve. The prevalence of UVH is approximately 350 per 1,000,000
live born or 3-5% of all congenital heart defects.

The natural history of UVH is dismal with a survival rate of less than 50% at 1
year and 10% at 10 years [1]. However, the introduction of Fontan-type circulation
in 1971 and its later modifications has dramatically changed the prognosis of
patients with UVH [2]. Today UVH children completing the Fontan procedure have
a 10-year post-operative survival rate above 90% [3, 4]. Despite improved survival,
patients with Fontan-type circulation face a number of complications including
exercise impairment, arrhythmia, thromboembolic events and secondary organ
complications such as protein-losing enteropathy (PLE), plastic bronchitis and liver
disease [5, 6].

The impaired exercise capacity may—among other factors—be due to the
absence of a sub-pulmonary ventricle, elevated pulmonary vascular resistance
(PVR) and diastolic dysfunction of the systemic ventricle. The Fontan-type circu-
lation and the staging of the surgical palliation may partly explain all three fac-
tors. The pulmonary and systemic circulations are in parallel and not serial in a
UVH (before Fontan palliation). This causes volume overload of the ventricle,
cyanosis and—in case of no pulmonary stenosis—pulmonary hyper-perfusion.
Within the neonatal period, the first stage is performed aiming to regulate the
pulmonary blood flow by banding the pulmonary artery or by disconnecting the
pulmonary artery from the heart and securing the pulmonary blood flow through
a shunt. After the first stage, the patient is still cyanotic and the ventricle volume
overloaded. The second stage is performed at age 6—18 months and involves an
anastomosis between the superior vena cava (SVC) and the pulmonary arteries,
the so-called Glenn anastomosis, which reduces the volume overload and cyano-
sis. The third and final stage is currently done at age 3—4 years, when a connection
from inferior vena cava to the pulmonary arteries is created, either as a lateral or
an extra-cardiac tunnel. At this point in-series circulation is established, the ven-
tricle is volume unloaded and the patient fully oxygen saturated. However, excep-
tions exist, e.g. in case of fenestration or veno-venous collaterals.

22.1 Absence of a Sub-pulmonary Ventricle

The single ventricle in a Fontan-type circulation needs to generate energy to
pump the blood through not only the systemic but also the pulmonary circula-
tion. This leads to a “Fontan portal system”, where one capillary bed pools blood
into another capillary bed without passing through the heart. A consequence of
this is a chronic state of systemic venous congestion and decreased cardiac out-
put with decreased exercise tolerance [5]. Thus, the pulmonary blood flow is
mainly passive, non-pulsatile or severely attenuated pulsatile and dependent of
elevated systemic venous pressure and negative intrathoracic pressure during
inspiration as the driving force.
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22,2 Elevated Pulmonary Vascular Resistance

An important criterion for successful palliation with a Fontan-type circulation is low
PVR. Due to the absence of a sub-pulmonary ventricle, even a modest increase in
PVR is likely to have a negative impact on the longevity of a Fontan-type circulation.
Mitchell and colleagues have shown that failing Fontan-type patients, who undergo
heart transplantation, often have mild-to-moderate pulmonary vascular disease [7].
Hyper-perfusion of the pulmonary vascular bed, as well as cyanosis in UVH prior to
palliation and Fontan completion, may both introduce vascular changes leading to
elevated PVR. Another possible explanation of the development of pulmonary vascu-
lar disease in Fontan patients is the non-pulsatile blood flow. Experimental studies
have shown that lack of pulsatility results in endothelial dysfunction and increased
PVR [8, 9]. Furthermore, exogenous nitric oxide (NO) late after Fontan operation has
been shown to reduce PVR [10].

22.3 Ventricular Diastolic Dysfunction

The ventricular volume overload prior to completion of the Fontan circulation induces
myocardial hypertrophy. At the time of the Glenn anastomosis and again at Fontan
completion, volume deprivation of the ventricle leads to a reduced ventricular volume
with myocardial hypertrophy. Although often presenting with normal systolic func-
tion, the less compliant single ventricle has diastolic impairment and requires a high
preload to maintain normal cardiac output, particularly during exercise. In the absence
of a sub-pulmonary ventricle and elevated PVR, an adequate rise in preload in
Fontan-type circulations is not possible and, thereby, limits exercise capacity.

224 Secondary Complications of the Fontan Circulation

The chronic systemic venous congestion and low cardiac output due to the Fontan
circulation may result in end-organ complications, such as liver cirrhosis or malig-
nancy, PLE and plastic bronchitis [11].

22.4.1 Hepatic Dysfunction, Liver Cirrhosis and Hepatocellular
Carcinoma

Hepatic dysfunction and cirrhotic changes are common in patients with UVH palli-
ated with a Fontan-type circulation. Observed changes are fibrosis, cirrhosis, focal
nodular hyperplasia and portal hypertension [12]. Baek et al. described a prevalence
of hepatic pathology of 57% in Fontan-palliated patients and that hepatic complica-
tions are correlated with the duration of Fontan circulation [13]. A feared
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complication to cirrhosis, which in itself is a potential precursor of carcinoma, is the
development of hepatocellular carcinoma in these young patients. Despite the
known risk of hepatic complications, it may be difficult to monitor the Fontan
patients regularly with traditional hepatic blood test, such as INR, albumin and
alpha-fetoprotein tumour marker, since some patients may be on oral anticoagula-
tion or have subclinical or clinical PLE. Furthermore, 10-20% of patients do not
produce the alpha-fetoprotein tumour marker. Imaging may be used, but there is
currently no consensus on which modality to use and how frequently the patients
should be screened. Besides improving haemodynamics, there is currently no treat-
ment to prevent the development of cirrhosis. If the patient develops hepatocellular
carcinoma, surgical resection may be limited by portal hypertension and regional
therapy by extrahepatic shunts (radioembolization) and abnormal vasculature (che-
moembolization). Other options are liver or liver and heart transplantation [12].

22.4.2 Protein-Losing Enteropathy

PLE is a well-known and severe complication after the Fontan-type palliation.
Although it only occurs in about 5% of the post-Fontan patients, it is associated
with high morbidity and mortality within 5 years of diagnosis. PLE is defined as an
abnormal loss of proteins such as albumin, immunoglobulin and clotting factors
through the gastrointestinal tract. As a result of low serum proteins, intravascular
oncotic pressure is reduced, and fluid leaks from the vascular space into the inter-
stitium, resulting in peripheral oedema, ascites or pleural effusion [14, 15]. The
pathophysiology remains unclear; however, it is thought to be mediated by chroni-
cally elevated central venous pressure causing intestinal lymphangiectasia, and low
cardiac output leading to reduced intestinal perfusion and chronic inflammation
[16, 17]. Consequently, multiple therapeutic approaches have been suggested with
varying success. These include dietary modifications with high-protein and high
medium-chain triglycerides, afterload-reducing agents, inotropic agents, pulmo-
nary vasodilators, low molecular weight heparin, corticosteroids, octreotide, albu-
min infusions, creation of a fenestration, Fontan revision or conversion and heart
transplant [18]. Heart transplant is the most effective therapy, but may not always
resolve PLE.

22.4.3 Plastic Bronchitis

Plastic bronchitis is a rare complication after Fontan palliation, most often seen in
paediatric patients but occasionally also in adults. Plastic bronchitis is occlusion of
major bronchial airways by a firm, gelatinous mucoid cast. It is a life-threatening
complication that can result in airway obstruction and asphyxiation. The patho-
physiology is not well understood, but is believed to be associated with high central
venous pressure. Treatment options are limited, but a favourable response to aero-
solized urokinase and tissue plasminogen activator has been described [19].
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Furthermore, sildenafil has been effective in selected patients affected by plastic
bronchitis and PLE [20, 21].

22,5 Management of Fontan Patients

Exercise capacity is known to be reduced in the Fontan circulation. Through childhood
and early puberty, the average maximal exercise capacity (peak oxygen consump-
tion) for patients with a Fontan circulation is in the range of 65% of normal [22]. This
initially only limits more strenuous activities, but as the patients get older, the exercise
impairment becomes more pronounced. The time course for this development is uncer-
tain, but Giardini et al. have described that exercise capacity declines over time, approxi-
mately 2.6% predicted per year [23]. This, in combination with diminished efficiency of
the Fontan circuit, may lead to hospitalization, need for transplantation and death [6].
Nevertheless some patients remain stable for several years before declining, and it seems
that underlying morphology, operation type and timing of operation matter [6, 23].

Standard heart failure therapies, which target the ventricular function through
remodelling and afterload reduction and improve cardiac output, seem to have limited
effects in Fontan patients, probably because the problem is often not systolic dysfunc-
tion, but diastolic ventricular failure due to chronic preload deprivation and ventricular
hypertrophy [24]. Angiotensin-converting enzyme inhibitors (ACE-I) dilate both the
arteriolar (afterload reduction) and venous circuits, as well as inhibit ventricular
remodelling, but also have beneficial effects on left ventricular diastolic dysfunction
[25, 26]. However, 10 weeks of enalapril treatment neither altered systemic vascular
resistance, resting cardiac index and diastolic function, nor exercise capacity in stable
Fontan patients compared to placebo [27]. Enalapril was also tested in patients with
single ventricle physiology administered prior to the bidirectional Glenn (BDG) oper-
ation [28]. Although treatment improved the inappropriate degree of ventricular hyper-
trophy secondary to a volume-overloaded ventricle, this anti-hypertrophic effect was
abolished 9 months post-BDG, and no difference in ventricular function was found.

The chronic low preload state results in remodelling, reduced compliance with
increasing end-diastolic pressure, impaired ventricular filling and, eventually, pro-
gressively declining cardiac output, which may partly explain the increasing exer-
cise impairment and increased hospitalization rate. One potential way to improve
the Fontan-type circulation is to target the preload, which may be possible by maxi-
mizing the efficiency of the portal system. An elevation of the systemic venous
pressure will lead to a chronic elevation in venous pressures with side effects such
as vascular congestion, oedema, ascites and lymphatic failure. Diuretics can par-
tially control these complications of congestion, but may further increase the prob-
lems related to low cardiac output. Modulation of resistance of the neo-portal
system may have a major influence on the haemodynamics. Therefore, it is impor-
tant to look for and address, if possible, focal areas of stenosis, hypoplasia, distor-
tion or abundant collateral flow in the Fontan circuit.

Another effective way of increasing cardiac output is to create a bypass around
the congested pulmonary circuit, in the form of a small fenestration between the
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conduit and the atrium. Whereas a fenestration at the time of Fontan completion
often reduces post-operative complications and length of hospital stay, the creation
of a fenestration in later years may not be as well-tolerated. These patients are
referred for fenestration because of the failure of their Fontan circuit, often charac-
terized by elevated PVR and high transpulmonary pressure gradient. In this setting,
achieving the proper balance in the creation of a fenestration is difficult and may not
be possible. A small fenestration will not allow the degree of decompression neces-
sary to alleviate symptoms, and a larger fenestration might alleviate congestion and
augment cardiac output, but may resultin an unacceptable desaturation. Nevertheless,
this is a potential treatment in failing Fontan patients, as bridge to transplantation.

22.5.1 Pulmonary Vasodilators in Fontan Patients

In Fontan patients, pulmonary blood flow is passive due to the lack of a sub-
pulmonary pump and depends on the gradient between the central venous pressure
and ventricular end-diastolic pressure, as well as the resistance to flow across the
pulmonary vascular bed. The modulation of the pressure gradient across the pulmo-
nary vasculature is limited, especially during exercise, since it is dependent on the
skeletal muscle pump and respiration, which are inferior to a sub-pulmonary pump
[29]. Instead pharmacological ways to improve pulmonary blood flow and perhaps
prevent or delay Fontan-related complications are intriguing. There has been an
increasing interest towards a decrease in the ventricular end-diastolic pressure and
directly modulating the PVR, both of which are theoretically relevant. Khambadkone
et al. showed that PVR was elevated late after the Fontan operation and could be
reduced by 25% with inhaled nitric oxide (NO), indicating pulmonary endothelial
dysfunction and reactivity [10].

Endogenous NO is an important mediator of vascular smooth muscle tone and
cell proliferation. Exogenous NO is a potent pulmonary vasodilator, but not practi-
cal for long-term therapy due to a very short half-life and need for administration
via a ventilator. Phosphodiesterase-5 enzyme inhibitors augment and prolong the
effect of endogenous NO in the pulmonary vascular bed and are, therefore, attrac-
tive for lowering PVR. Sildenafil and tadalafil are commercially available phospho-
diesterase-5 enzyme inhibitors for oral administration. In 2008 Giardini et al.
demonstrated an acute increase in exercise performance in Fontan patients after a
single dose of the pulmonary vasodilator sildenafil [30]. Two further studies have
examined the effect of phosphodiesterase type 5 inhibitors in Fontan patients.
Goldberg et al. did not find any beneficial effect after 6 weeks of sildenafil 20 mg
bid on peak VO, in 28 Fontan children/young adults, but found a significantly
improved ventilatory efficiency during peak and submaximal exercise [31]. Van de
Bruaene et al. examined ten adult Fontan patients with cardiac magnetic resonance
imaging at rest and during supine bicycle exercise before and after a single dose of
sildenafil [32]. Sildenafil improved cardiac index (CI) during exercise, mostly dur-
ing high-intensity exercise. The increase in CI may be attributed to a relative
increase in heart rate, an unchanged end-diastolic volume index (EDVi) and
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a decrease in both PVR and end-systolic volume index (ESVi). PVR was lower
throughout the exercise after sildenafil administration, but the most significant dif-
ference was again observed during high-intensity exercise, when PVR remained
unchanged in contrast to the increase observed during exercise before sildenafil.
EDVi did not increase after sildenafil administration. This may in part be explained
by the fact that the heart rate was consistently higher after sildenafil administration.
When compared with the baseline, sildenafil enhanced the ventricular filling rate, as
evidenced by the greater increase from ESVi to EDVi (i.e. higher filling volume)
within a shorter diastolic period. Recently, a small study examined the effect of 6
weeks of tadalafil treatment and found a significant improvement in myocardial
function, exercise performance and NYHA functional class [33].

Prostacyclin is an endogenous pulmonary and systemic vasodilator with inhibi-
tory effects on vascular smooth muscle cell proliferation. Synthetic prostacyclins
are available (epoprostenol, treprostinil and iloprost), but due to short plasma half-
lives, clinically relevant pulmonary vasodilatation requires drug administration to
be either continuous infusion or frequent inhalations. Prostanoids have also been
tested in a single study in Fontan patients. Rhodes et al. investigated the effect of a
single dose of inhaled iloprost on exercise capacity in 15 stable children and adult
Fontan patients and showed a significant improvement in peak oxygen pulse (a sur-
rogate for stroke volume) and peak VO, [34]. The treatment appeared to be particu-
larly beneficial among patients with substantially impaired exercise capacity.

Endothelin-1 is one of the most potent vasoconstrictive molecules, and also has
mitogenic properties. Endothelin-1 is elevated in patients with various types of pul-
monary arterial hypertension (PAH) and is also elevated following the Fontan oper-
ation [35]. A correlation was also shown between the endothelin-1 levels and PVR
[35, 36]. Ishida et al. reported that there is an overexpression of endothelin-1 and its
receptors in the pulmonary arteries, which can cause pulmonary vasoconstriction
and vascular remodelling, possibly leading to failing Fontan circulation [37].
Furthermore, endothelin-1 plasma levels have been shown to correlate with
increased PVR, Fontan failure and death [35, 37, 38].

The endothelin receptor antagonist bosentan has been examined in Fontan patients
with the longest follow-up and largest randomized study. Bosentan is an endothelin
receptor antagonist with vasodilation and possible antiproliferative effects on the pul-
monary vascular smooth muscle. A concern when using endothelin receptor antago-
nists in Fontan patients was drug-induced hepatic toxicity, since the Fontan circulation
itself may affect the liver [12]. An uncontrolled study on eight adult Fontan patients
reported that 6 months of bosentan was safe and resulted in improvements in NYHA
class and systolic ventricular function [39]. However, the initial open-label study
with bosentan treatment in 42 adult Fontan patients did not show any significant
improvement in peak VO, after 6 months of treatment. It is noteworthy that almost
25% of patients did not complete the study [40]. Hebert et al. tested the exercise
capacity and safety in 75 adolescents and adult Fontan patients treated with bosentan
for 14 weeks in a randomized placebo-controlled, double-blinded study. They found
that bosentan improved peak VO,, exercise time and functional class, without serious
adverse events or hepatotoxicity (Figs. 22.1,22.2 and 22.3 [41]).
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Fig. 22.1 A significant improvement in peak oxygen consumption (peak VO,) was observed in
Fontan patients after 14 weeks of treatment with bosentan compared to placebo. CI indicates
confidence interval. From: Hebert A et al. Circulation 2014; 130:2021-30
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Fig.22.2 Cumulative percentages of subjects achieving improvement in the study by Herbert et al.
Each point represents the percentage of patients achieving any particular change or better from base-
line. The vertical distance between the two curves marks the difference in percentage of patients with
a specific change between the two groups. The area between the curves can be interpreted as the
treatment effect. A positive change was achieved by 75% of subjects in the bosentan group vs. 54%
of subjects in the placebo group, and a change of >2 was achieved by 56% of subjects in the bosentan
group vs. 19% of subjects in the placebo group. A Peak VO, indicates change in peak oxygen con-
sumption from baseline to end of treatment. From: Hebert A et al. Circulation 2014; 130:2021-30
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Fig. 22.3 Changes in New York Heart Association (NYHA) class on bosentan or placebo in the
study by Herbert et al. CI indicates confidence interval and EOT end of treatment. From: Hebert A
et al. Circulation 2014; 130:2021-30

Despite promising results regarding pulmonary vasodilator therapy in Fontan
patients, there are still unanswered questions. Thus, it is debatable whether this
therapy should be targeting only symptomatic or also asymptomatic patients.
Moreover, since the longest treatment duration in reported studies was 6 months,
the long-term efficacy and safety still remains unknown. Currently there is no
consensus regarding routine use of bosentan or other vasodilators in Fontan
patients, beyond cases presenting with serious complication, such as PLE or plas-
tic bronchitis, where case reports have shown improvement of these conditions
[21, 42-44].

22.5.2 Anticoagulation in Fontan Patients

Patients with (especially idiopathic) PAH are in general treated with oral anticoagu-
lation, since retrospective studies have shown a high prevalence of vascular throm-
botic lesions, as well as possible abnormalities in coagulation and fibrinolytic
pathways [45]. These recommendations do not include patients with congenital
heart disease.

Fontan patients are known to have a high prevalence of thromboembolic events,
and the haemodynamic consequences of pulmonary emboli may be devastating and
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a cause of mortality in Fontan patients. Despite this, no consensus has been reached
regarding anticoagulation in Fontan patients [46]. The only existing randomized
study of antithrombotic treatment in Fontan patients did not show a significant dif-
ference in thromboembolic events between patients treated with anti-platelet and
well-regulated anticoagulation therapy during the first 2 years after Fontan comple-
tion [47]. The general recommendation is, therefore, for anti-platelet therapy, espe-
cially for newer version of the Fontan operation (total cavopulmonary connection,
TCPC), unless patients present with arrhythmias, atrial thrombus or previous throm-
boembolic events, when anticoagulation is recommended [48, 49]. The American
ACHD guidelines also recommend anticoagulation if patients have a classic Fontan
palliation a with dilated right atrium, fenestrated tunnel or veno-venous collaterals.
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23.1 Introduction: The Disease Trajectory of PAH-CHD

Pulmonary arterial hypertension related to congenital heart disease (PAH-CHD)
in most of its forms is a progressive condition with high morbidity and mortality
[1]. Despite huge leaps in managing this condition over the last three decades,
there remains no cure, and significant morbidity and mortality persist. The disease
trajectory of PAH-CHD varies significantly in this heterogeneous population and
does not necessarily follow the severity of pulmonary vascular disease. Adult
patients with Eisenmenger syndrome, the extreme end of the spectrum of PAH-
CHD, are expected to live for several years or even decades, while patients with
previously repaired defects and persistent (or newly developed) PAH appear to
have a far worse outcome [2]. Right ventricular (RV) maladaptation, comorbidities
relating to the congenital heart defect and pulmonary arterial hypertension (PAH),
other congenital abnormalities and complications relating to chronic cyanosis or
previous surgery impact on both the outcome and quality of life of patients with
PAH-CHD. Clinical problems encountered include arrhythmias, endocarditis,
cerebral abscess, renal dysfunction, restrictive ventilatory defects, obstructive or
central sleep apnoea, need for long-term oxygen therapy (LTOT) and osteopathy.
Ultimately, these lead to detraining, pain, discomfort, cardiac cachexia and a nega-
tive impact on prognosis.

While sudden death is not uncommon and usually attributable to events such as
ventricular or fast supraventricular tachycardias or massive haemoptysis, more
commonly death is the result of progressive right ventricular failure. This leads to a
gradual decline in exercise capacity and repeat hospitalizations for off-loading of
congestive heart failure (HF), uptitration of PAH therapies and treatment of chest
infections, arrhythmias and other precipitants or comorbidities. All of the above
impact on patients’ quality of life but also impart a burden, both psychological and
financial, upon patients and their families.

Currently available PAH therapies are able to improve symptoms and possibly
prolong life, but none are, as yet, curative [3—5]. Lung transplantation is considered
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Table 23.1 Definition of the candidates for end-of-life care, according to the General Medical
Council, UK [7]

Patients are “approaching the end of life” when they are likely to die within the next 12 months.
This includes patients whose death is imminent (expected within a few hours or days) and those
with:
(a) Advanced, progressive, incurable conditions
(b) General frailty and coexisting conditions that mean they are expected to die within 12
months
(c) Existing conditions if they are at risk of dying from a sudden acute crisis in their
condition
(d) Life-threatening acute conditions caused by sudden catastrophic events

the only curative treatment for PAH-CHD. However, few patients are listed, and
even fewer undergo successful transplantation, often requiring heart—lung trans-
plant or lung transplant plus repair of the cardiac defect in few centres with trans-
plant and congenital surgical expertise. Moreover, the appropriate timing of referral
of PAH-CHD patients for transplantation remains unknown. Survival rates for
recipients of heart-lung transplants are still suboptimal, with a reported 60% sur-
vival at 5 years in transplant survivors. As the expected survival of stable PAH—
CHD npatients is often much longer, transplant referral is usually delayed until
deterioration occurs. At this point, however, multi-organ failure has often occurred,
precluding transplantation. Therefore, a focus on relieving symptoms and improv-
ing quality of life is important.

23.1.1 Definition of Palliative Care (WHO) and End-of-Life Care
(General Medical Council UK)

“Palliative care is an approach that improves the quality of life of patients and
their families facing the problem associated with life-threatening illness, through
the prevention and relief of suffering by early identification and impeccable
assessment and treatment of pain and other problems, physical, psychosocial and
spiritual” [6]. Palliative care should be offered to any patient with a chronic life-
limiting condition. This includes both patients early in their disease trajectory
and those in whom death is imminent. The General Medical Council’s (GMC)
definition of patients who should be eligible to end-of-life care is summarized in
Table 23.1 [7].

23.2 What Palliative Care Can Offer to PAH-CHD Patients
23.2.1 The Aims and Delivery of Palliative Care to PAH Patients

While formal palliative care services may not be ubiquitously available in all coun-
tries worldwide, the issues addressed by palliative care are universal, and measures
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should be taken to address these uniformly across all PAH services. In a life-limiting
condition like PAH, for which no cure is yet available, management aims should
include both prolongation of life and preservation or improvement of the quality of
life of patients and their families. The latter can be achieved by preventing and man-
aging suffering: physical, psychosocial or spiritual. Palliative care can have multiple
benefits and it is not just targeted to patients who are dying. This should be empha-
sized when palliative care discussions with the patient and family are initiated.
Beyond improving patients’ quality of life and supporting patients and their fami-
lies, palliative care aids in establishing goals and coordination of care and psycho-
social, spiritual and bereavement support.

Palliative care should be provided within a multidisciplinary environment and
should involve PAH physicians and nurses, palliative care physicians, nurses and
pharmacists, general physicians, occupational therapists, physiotherapists and, if
appropriate, the chronic pain team. The first step should be assessing the patients’
understanding of their condition, the cause of their symptoms and their prognosis.
Thereafter, all symptoms, especially those spontaneously described, should be
explored, with a focus on provoking and related factors or symptoms, severity, tem-
porality and the response to therapies. Rating instruments are at times used to assess
symptom severity, such as the Borg and modified Borg scales (Table 23.4). Patients
should be followed up and reassessed to document the effectiveness of treatment or
changes in symptoms relating to disease progression.

In end-stage PAH-CHD, attempts to improve symptoms and if possible reverse
the process should be made. Medications should be reviewed for compliance and
uptitration, using stronger HF and PAH therapies and iron supplementation, when
needed; options such as atrial septostomy and transplantation should also be consid-
ered. Patients should be assessed with particular focus on ongoing haemodynamic
lesions and other factors that can aggravate symptoms such as sleep apnoea, loss of
muscle mass and detraining. Structured rehabilitation programmes can address
skeletal myopathy and improve these symptoms.

Palliative care should facilitate advance care planning (ACP), taking into account
the patient’s preferences on place of care and place of death and whether cardiopul-
monary resuscitation (CPR) should be performed in the event of cardiac arrest. The
latter is particularly important, as patients with PAH who experience a cardiac arrest
rarely survive. In a retrospective study of more than 3000 patients with PAH who
received CPR, only 6% survived at 90 days [8].

In England, service specifications for tertiary PAH centres dictate that patients
and their carers must receive a palliative approach, involving symptom control and
psychological, social and spiritual support throughout the course of the illness,
“regardless of whether they wish to receive active treatment”. Moreover, they rec-
ommend that patients with exceptional palliative care needs should, in agreement
with their general practitioner, be referred to specialists in palliative care and should
be managed in accordance with the National End of Life Care Strategy. Unfortunately,
many patients with chronic diseases, including PAH patients, are referred to pallia-
tive care late in life or not at all [9, 10]. This results in a larger number dying in
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hospital rather than at home with their family, after numerous hospitalizations, and
often in an intensive care setting [11].

Effective communication between patients and clinicians is important.
Clinicians are known to underrate the severity of symptoms and may also consider
tolerable, symptoms that patients find intolerable. Patients, on the other hand, may
downplay symptoms when they consider these to be an inevitable component of
their condition. Communication barriers may exist, e.g. cultural or language fac-
tors or cognitive impairment. Patient-centred achievable goals should be agreed
with the patients and their families, including appropriate ACP. Psychosocial and
spiritual support for both patients and their families is important, as is assistance in
bereavement.

23.2.2 Timing of Referral to Palliative Care and the Challenges
of Prognostication in PAH-CHD

Palliative care becomes essential in patients who are severely limited in their activi-
ties and symptomatic at rest or minimal effort. In these patients, palliative care
should be established early on, in order to help patients and relatives cope with
disease and its impact on everyday life. Discussions regarding palliative care and
end-of-life care should certainly be initiated while the patient is still capable of
participating in decision-making. Timing of referral to palliative care should also
incorporate measures of quality of life and other patient-reported outcomes.
Disease-specific quality of life (QoL) scores appear more appropriate than generic
or HF ones, assessing domains affected specifically by PAH and validated in this
population (Fig. 23.1). When assessing physical limitation and its impact on QoL,
physicians should remember that many patients with congenital heart disease will
underestimate their level of limitation, especially those in whom PAH developed
early in life leading to adaptation of ordinary activities.

Risk stratification and validated predictors of outcome are important in aiding
physicians to formulate an opinion on prognosis and deciding whether to refer a
patient to palliative care (see chapters 15 and 21, and Tables 15.5 and 23.2). The
great variability in the natural history of PAH-CHD and the response to therapies
make prognostication and timing of palliative care referral even more difficult [14].
It has been recommended that physicians should use the “surprise” question to iden-
tify people appropriate for referral to palliative care: “Would you be surprised if this
patient had died by next year?” [15, 16] However, physicians are known to overesti-
mate the life expectancy of patients with chronic conditions, perhaps in part due to
the close relationship established over time between the pulmonary hypertension
(PH) team and the patients and their families. PH clinicians may tend to focus on
positive aspects, encouraging patients to adhere to PAH medication despite impor-
tant side effects, in an effort to prolong life and alleviate symptoms. This optimistic
approach should not become an obstacle to open discussions with the patients with
regard to their prognosis and wishes [17].
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NHS/Hospital number:

Name Date of birth:

This questionnaire is designed to determine how pulmonary
hypertension (PH) affects your life. Please answer every question
by placing a tick over the ONE NUMBER that best describes your
recent experience of living with PH.

For each item below, place a tick (y) in the box that best describes your experience.

| am not frustrated by | am very frustrated by my
my breathlessness breathlessness
Being breathless never Being breathiess always
interrupts my conversations interrupts my conversations
| do not need to rest | always need to rest
during the day during the day
| do not feel exhausted | always feel exhausted
| have lots of energy | have no energy at all
When | walk up one flight of When | wak up one flight
stairs | am not breathless of stairs | am very breathless
| am confident out in public I am not confident at all in public
places/crowds despite my PH places/crowds because of my PH
PH does not control my life PH completely controls my life
| am independent | am completely dependent
| never fedl like a burden | always feel like a burden

[ Totak ﬁ { Date: ]
z
ohaf? R

Pumorany ypeweac snmcadie

Copyrigft © 2013 FHA UK. Date of pubicaion Ociobe 2013 V20

Fig.23.1 The emPHasis-10 questionnaire [12]
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Table 23.2 Risk assessment in pulmonary arterial hypertension [13]

Determinants of

prognosis (estimated Intermediate
1-year mortality) Low risk <5% risk 5-10% High risk >10%
Clinical signs of right ~ Absent Absent Present
heart failure
Progression of No Slow Rapid
symptoms
Syncope No Occasional Repeated syncope®
syncope®
‘WHO functional class I, IT 111 v
6MWD >440 m 165440 m <165 m
Cardiopulmonary Peak VO, > 15 mL/min/ Peak VO, Peak VO, < 11 mL/min/
exercise testing kg (>65% pred.) 11-15 mL/min/ kg (<35% pred.)
kg (35-65%
pred.)
VE/VCO; slope <36 VE/VCO, slope VE/VCO, slope > 45
36-44.9
NT-proBNP plasma BNP <50 ng/L BNP 50-300 ng  BNP > 300 ng/L
levels NT-proBNP <300 ng/L. ~ NT-proBNP NT-proBNP > 1400 ng/L
300-1400 ng/L
Imaging RA area < 18 cm? RA area RA area > 26 cm?
18-26 cm?
(echocardiography, No pericardial effusion ~ No or minimal  Pericardial effusion
CMR imaging) pericardial
effusion
Haemodynamics RAP < 8 mmHg RAP RAP > 14 mmHg
8—14 mmHg,
CI > 2.5 L/min/m? CI2.0-241L/  CI<2.0L/min/m?
min/m?
SvO, > 65% SvO, 60-65%  SvO, < 60%

Proposed variables and cut-off values are based on expert opinion. The proposed variables and
cut-offs apply to idiopathic PAH, but may not apply to PAH-CHD

*Occasional syncope during brisk or heavy exercise or occasional orthostatic syncope in an other-
wise stable patient

"Repeated episodes of syncope, even with little or regular physical activity

23.3 Approach to Palliative Care in PAH-CHD: Overlap
Between Heart Failure, Chronic Lung Disease
and Palliative Care for the Young

In other chronic diseases, there is increasing evidence of the positive impact of
early palliative care consultation on patients’ quality of life and even their survival
[18, 19]. Unfortunately, there are very few data in PAH-CHD on the ideal mode of
delivery and benefits of palliative care [20]. Hence, much of the data presented here
are extrapolated from HF and chronic lung disease. HF guidelines by the European
Society of Cardiology recommend that palliative care should certainly be offered to
patients with frequent admissions to the hospital due to decompensation or patients
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in functional class IV with poor quality of life, especially those with treatment-
refractory disease when heart transplantation and mechanical circulatory support
are not an option [21]. The guidelines recommend frequent assessment of the phys-
ical, psychological and spiritual needs of the patient, with a focus on relief of symp-
toms relating to the primary disease or comorbidities. A “needs assessment” tool to
help physicians assess palliative care needs of patients with irreversible interstitial
lung disease is currently undergoing validation and could potentially be adapted for
the PAH-CHD population in the future (Table 23.3) [22-24].

23.3.1 Physical Symptoms in PAH-CHD

PAH carries a high symptom burden relating to the disease itself but also to the
effects of the medication. A high prevalence of severe dyspnoea, tiredness, anxiety,
lack of well-being and depression is reported by PAH patients and their families,
and, when compared to published data, the symptoms appear to be more prevalent
than in cancer patients. Both oral and parenteral therapies can cause side effects,
which include mild or cosmetic to debilitating: common side effects range from
gastrointestinal problems, “red eyes”, headaches and peripheral oedema in oral
therapies, and severe pain, nausea and diarrhoea with prostanoids. Moreover, paren-
teral therapies are often difficult to manage, are time-consuming and may add to the
background anxiety and discomfort relating to the disease. Measures to minimize
symptoms and improve the quality of life should be an integral part of the manage-
ment of PAH-CHD patients.

The most frequent reported symptoms in patients with end-stage PAH were
assessed in a recent survey of physicians caring for PAH patients, including those
with PAH-CHD (Fig. 23.2) [25]. Dyspnoea on exertion, fatigue and oedema were
the most frequent symptoms, followed closely by depression and anxiety. Anorexia
and pain are also extremely common.

Table 23.3 The indications for palliative care

‘Who needs palliative care? Why?

High symptom burden or refractory symptoms Can improve symptom control and quality
of life

Significant psychological distress Reduces psychological distress

Difficulty coping with their illness Enhances patients’ coping strategies

Complex family and social needs Helps family caregivers and addresses

patients’ social needs
Significant and/or persistent misperceptions about  Enhances patients’ prognostic

their illness trajectory and overall prognosis understanding

May have a poor prognosis and limited life Upstream advance care planning,
expectancy (i.e. you would not be surprised if they preparing for any adverse event, not just
die within 1 year) the end of life

Adapted from [22, 23]
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Fig. 23.2 Symptoms encountered in patients with pulmonary arterial hypertension—from [25].
Y-axis shows percentage of respondents. SOB, shortness of breath

Pain I

Nausea NN

Headache NN

Snoring NN

Drowsiness N
Presyncope/syncope I
Cough NN

Other I

Anxiety
Constipation N

Palpitations I
Bloating N
Rest SOB I
Anorexia I
Flushing N

Exertional SO
Fatigu
Oedem
Depressio
Confusion

Table 23.4 The shortness of Score Description of breathlessness
breath modified Borg 0 Nothing at all
dyspnoea scale g
ysp 0.5 Very, very slight (just noticeable)
1 Very slight
2 Slight
3 Moderate
4 Somewhat severe
5 Severe
6
7 Very severe
8
9 Very, very severe (almost maximal)
10 Maximal

23.3.2 Dyspnoea

Dyspnoea is the most common symptom in PAH-CHD and a primary target for all
therapies in PAH. It is a subjective symptom, and objective parameters, such as
respiratory rate or oxygen saturations, often do not directly correlate with the sever-
ity of dyspnoea. The patient’s ability to perform everyday tasks is a good indicator
of the severity of dyspnoea, while scales (e.g. the modified Borg scale, Table 23.4)
may be utilized to quantify the severity of the dyspnoea.
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Dyspnoea (and fatigue or oedema) can be improved by initiation or escalation of
PAH therapy or by the use of diuretics, aimed at a reduction in RV filling pressures
and improvement in RV function. Recent PAH guidelines acknowledge that there
are no randomized controlled trials (RCTs) on the use of diuretics in PAH, but clini-
cal experience shows a clear symptomatic benefit in fluid-overloaded patients
treated. The choice and dose of diuretic therapy is left to the physician [13]. In
patients with severe PAH and RV dysfunction, optimizing RV filling is particularly
important, avoiding very high or very low RV filling pressures that may compro-
mise cardiac output. Patients with severe congestion and RV dysfunction who are
refractory to intravenous diuretics may benefit from dobutamine infusion [26].

Exercise training can also be considered in patients who are in World Health
Organization functional class (WHO FC) 2 or 3, improving their dyspnoea and quality
of life, even though evidence for this remains limited. In more advanced disease, with
dyspnoea refractory to medication, opioids could be attempted, as they reduce the
hypoxic ventilatory drive and may help with off-loading of fluid. When renal function
is impaired, morphine should be used with caution, and other opioids, which are more
appropriate in renal impairment, such as fentanyl and alfentanil, or perhaps even oxy-
codone should be considered. Evidence for the use of opioids in non-malignant dis-
eases comes from studies in patients with chronic obstructive pulmonary disease [27].
There is little evidence on the use of opioids in relieving dyspnoea in HF [28-30].
Local guidelines on the use of opioids should be consulted.

Nondrug options, including the use of a handheld fan directed to the face, can
help reduce the sensation of breathlessness, although this has not formally been
tested in PAH [31].

23.3.3 Pain

Pain is common in advanced chronic HF, most commonly affecting the lower legs, but
also the chest, back and major joints. It is important to routinely ask patients about
pain and manage this appropriately. Physical therapy or heat/cold therapy should be
considered. In HF (PAIN-HF study), only opioids appear to be effective in reducing
pain [32], and it is recommended that opioids are considered at low doses in patients
with advanced HF refractory to other treatments, adjusting for renal function: com-
pounds with renal-excreted metabolites (e.g. morphine and oxycodone) should be
used with caution, and other opioids, which are more appropriate in renal impairment,
such as fentanyl, alfentanil or transdermal buprenorphine, should be considered. Non-
steroidal anti-inflammatory drugs (NSAIDs) should also be avoided, as they can affect
renal function and may result in sodium and fluid retention.

23.3.4 Cachexia, Anorexia and Nausea
Neurohormonal and cytokine activation are known to occur in patients with

advanced HF of different causes and can result in anorexia, weight loss (cachexia)
and skeletal myopathy [33, 34]. Anorexia may also result from congestion of the gut
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and liver. Optimization of the PAH and HF medication should be pursued, always
remembering to adjust doses to the current lean mass as muscle wasting occurs.
Dietary advice should aim at optimizing calorie intake, with small frequent meals in
patients with advanced disease.

Nausea is a common feature in patients with advanced HF, due to medication,
gut oedema, and renal and liver dysfunction. Current medication should be reviewed
for causes of nausea, volume status optimized and a proton pump inhibitor consid-
ered. Local guidelines on the usage of anti-emetics should be consulted when deter-
mining which anti-emetic to prescribe, as some anti-emetics (e.g. haloperidol,
ondansetron and domperidone) may prolong the QT interval.

23.3.5 Psychological, Spiritual and Social Support

PAH, like HF, has a significant impact on the patients and their families. Physical
and social function is often affected, including work, sexual relations, family and
social life and financial uncertainty. Recurrent hospitalizations and cumbersome
therapies with a high side effect burden add to the psychological stress of a life-
threatening condition. Depression is more prominent in patients with advanced dis-
ease and a high symptom burden, who should be screened regularly and offered
counselling [35, 36]. In HF, paroxetine resulted in a reduction in depression and an
improvement in the psychological aspects of their quality of life [37]. Other medi-
cation may be considered, ensuring that the QT interval is monitored in patients
receiving tricyclic antidepressants and sodium levels in patients on serotonin reup-
take inhibitors. Spiritual support is also important.

23.3.6 Management of Patients Likely to Be in the Last Weeks
to Days of Life (End-of-Life Care)

In patients with severe, advanced disease, clear and honest communication with
individuals and their families of the approach to care is essential [38]. While medi-
cal management is being optimized in this context and ideally before all life-
prolonging interventions have been exhausted, attempts should be made for refer-
ral and involvement of palliative care teams in order to continue with an integrated
focus on the optimization of symptom control, quality of life and well-being.

Even when prognosis is short, many patients will request invasive or burdensome
treatments, so not to lose the hope of improvement. A “hope for the best, plan for
the worst” approach can then be followed, for example, even while working with the
patient to prolong life, gentle conversations about the end of life can be framed to
identify preferences for place of care and place of death if things do not go as hoped.
Discussions with patients and their loved ones at the end of life must be honest but
communicated sensitively. Table 23.5 provides a rough guide to approaching these
discussions and should be adapted to each individual’s information needs, level of
acceptance of their condition and level of distress that might be caused.



352

L.C. Price etal.

Table 23.5 Framework for end-of-life discussions in PAH (Adapted from [38, 39])

Steps to end-of-life discussion

Step 1: Discussions
with patients and
their loved ones

Step 2:
Rationalization of
life-prolonging
management

As cognition worsens, discussions regarding patient expectations should

be held promptly, with important topics including:

* Wishes relating to the place of care

* Wishes relating to the place of death

¢ Being connected to a machine or power source and its likely
implications, including needing assistance with all basic functions
and loss of the ability to talk with friends or family

e Cardiopulmonary resuscitation (CPR) in the event that the heart or
lungs stop working

¢ Ceilings of care, including:

— Step-by-step plan for symptom management, especially in the
event of discharge to home for end-of-life care (avoid unnecessary
readmission to hospital)

— General values and resources for spiritual and emotional support
for patient and family

If patients decide to spend their last weeks or months of life at home,
clear instructions should be provided to local healthcare teams and the
family with regard to medication

Withdrawal of treatments is a difficult topic: few patients are likely to
accept being taken completely off PAH medication. There are complex
ethical issues in withdrawing essential medication, which can accelerate
death

Medical treatment may need to be adjusted towards the end of life as
patients may not be able to tolerate certain drugs as well.

Patients with advanced heart failure may not tolerate large doses of
medication due to hypotension, and treatment should be adjusted
accordingly. Withdrawal of evidenced-based therapies may be
appropriate for some patients. When treatments are discontinued, a plan
to manage symptoms should be enacted. Life-prolonging therapies that
are also likely to improve symptoms should be continued as long as
possible

When patients with capacity have made a decision not to be informed that they
are approaching the end of their life, this should be documented and respected. In
the absence of this, all patients entering the last few days of life should be made
aware, alongside their loved ones, and offered discussions on their needs (shared
decision-making), preferences and how their end-of-life care will be managed on an
individualized basis (individualized care plan):

* Begin by establishing what the patient wants to know about the current changes
in their condition, their deterioration and the likelihood that they are entering the
last few days of life.

e Establish their understanding about their prognosis.

o Establish who they would like to involve in their end-of-life care including their
loved ones — family, relatives, carers, faith-based support, allied health profes-
sions and specialist teams including the palliative care team.



23 Palliative Care and End-of-Life Considerations in Patients with PAH-CHD 353

e Establish their preferences culturally, spiritually and emotionally and prefer-
ences with regard to management in the days preceding, during and after death.

e Establish their concerns and anxieties about their current and future manage-
ment now, through and beyond their death.

» Explore the preferences of the patient and their loved ones on where they wish to
receive end-of-life care, i.e. hospice, home, hospital, etc.

» Establish a management plan for anticipated symptoms in the last few days of
life including the management of pain, breathlessness, nausea/vomiting, respira-
tory secretions and terminal agitation, considering specialist symptoms such as
bleeding.

* Explain the need to manage these symptoms with subcutaneous injections of
anticipatory medications and a continuous infusion via a syringe driver when
indicated to continue symptom management when they are no longer able to
swallow.

* Explore the risks and benefits of clinically assisted nutrition and hydration at the
end of life including the importance of maintaining good mouth care, oral intake
of fluids and food and other appropriate means of nutrition and hydration, i.e. the
limitations of subcutaneous fluid and enteral and parenteral nutrition.

* Establish the management of body fluid and waste considering catheterization
when indicated and a suitable bowel management at the end of life.

e Lastly explain the practical support for the patient and their loved ones includ-
ing visiting hours, accommodation and parking for their love ones.

Having explored, established and communicated these preferences alongside the
patient, their loved ones and those involved in their care, document this carefully as
the patient’s individualized care plan.

23.4 Communication with Patients and Their Families

Misconceptions on the purpose of palliative care can make its introduction to the
patients and their families difficult [40, 41]. Discussion of palliative care issues will
differ depending on stage of disease, age and comorbidities. While an estimate of
life expectancy may be difficult to provide, it is important that patients and their
families are made aware of the effect that PAH may have on life expectancy early in
their care, ideally around the time of diagnosis, with the formulation of a long-term
management plan (ACP). Such plans should be reviewed and updated periodically.
Misperceptions by the patient or family can be clarified, and statements of estimated
prognosis should be offered if appropriate.

Palliative care is best introduced as a form of support (or supportive care) for
patients and their families, in addition to other therapies, focusing on symptom
management and improved communication with the healthcare team [40]. It is best
if family members are present, especially if ACPs are discussed, and it is preferable
that this occurs when the patient is stable and can participate in the discussion [42,
43]. Patients may be surprised by the information on their prognosis, and the
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uncertainty on predicting length of life should be acknowledged [44]. At the same
time, a commitment by the physician to keep providing care in parallel to palliative
care is helpful. An “ask-tell-ask™ and “hope for the best and prepare for the worst”
approach to the conversation may be taken, and the conversation should end by
explaining the management plan [41, 45-47]. Discussions with the patients and
their families should be repeated when there are changes in the patient’s status or
patient’s preferences [48]. Topics to be covered should include the patient’s values
and beliefs, in a patient-centred approach, balancing reality to sensitivity [49].

PAH is a severe condition, thus, discussions on prognosis, the goals of care and
ACP should ideally occur around the time of diagnosis. However, many PAH-CHD
patients are diagnosed in childhood, and hence other opportunities in the patient’s
disease trajectory should prompt initial or repeat discussions [1, 42, 49]. Examples
include when a new therapy is started because of a functional decline or when life-
prolonging therapeutic options have been exhausted. Moreover, repeated hospital-
izations for exacerbations, initiation of intravenous therapies or referral to
transplantation should trigger such discussions. Focus on uncontrolled dyspnoea or
other symptoms and the levels of dependence on others for ordinary activities may
facilitate discussion of referral to palliative care.

The discussion of end-of-life issues is, anecdotally, variable in clinical practice,
and we believe it should be discussed more openly. PH physicians are likely to have
a long-standing relationship with patients and their families, and the trigger for such
discussions is not universally agreed. In the PAH setting, and specifically in PAH—
CHD, there are no patient surveys to question opinion regarding timing and whether
such open discussions are useful in practice. Clinical experience in our unit is that
early discussions may be difficult but are best tailored to the individual patient. For
some, the setting for such discussions may be the outpatient setting, while for others
initiation of these conversations may be more appropriate during an inpatient admis-
sion. Time must be given to the patient and their families to reflect on the issues
raised and on the contents of the conversation. If decisions have not been made in
this setting, the decision regarding resuscitation (do not attempt cardiopulmonary
resuscitation (DNACPR)) should be made at the time of hospital admission, during
the day, ideally with the PH physician and specialist PH nurse known to the patient
and family. We believe that this should be a basic standard of care for our patients.
It is important that once an ACP is agreed upon, it is shared, with the patient’s per-
mission, with other relevant professionals, i.e. their GP, community palliative care
services and out-of-hour services in order to facilitate the preferences of the patient.
The Electronic Palliative Care Coordination System (EPaCCS) provides a tool in
the UK for sharing ACPs once agreed.

23.5 Barriers to the Use of Palliative Care to Improve Quality
of Life (QolL) in Patients with PAH

Provider knowledge and misperception about palliative care appear to be a major
barrier to its use in the setting of PH. Fenstad et al. surveyed PH physicians with
high levels of confidence in medically managing PAH, including medical therapy
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and end-of-life care [25]. Relatively few used palliative care on regular basis
throughout the trajectory of PAH. Fears that palliative care would be seen as if the
physician was “giving up hope” or that the name “palliative care” has a negative
connotation were commonly raised. Moreover, physicians often felt that patients
were not end of life and expressed the opinion that it was hard to aggressively
treat PAH and provide palliative care at the same time. Many physicians felt that
they were comfortable in dealing with end-of-life care; hence, palliative care
referral was unnecessary. As a result of the above misconceptions about palliative
care and the way in which it is presented to the patients and their relatives, the
most common barrier to palliative care referral remains patient or family refusal
to engage.

Grinnan et al. surveyed relatives of patients with PAH who had died, with the
scope of understanding the end-of-life experience of patients with PAH [11]. This
survey included demographic information and the Edmonton Symptoms Assessment
Scale. A 36% response rate was achieved, and the vast majority of patient deaths
(90%) were related to PAH. Two thirds of patients died in hospital (67%), the vast
majority (83%) in intensive care. Palliative care was infrequently involved in patient
care, and many surrogates were unaware of the palliative care and hospice services
available. A high symptom burden was reported, especially dyspnoea, tiredness,
lack of appetite, anxiety, lack of well-being and depression, which may be the rea-
son why most patients were in the hospital at the time of death. When compared to
published data, PAH patients appear to have a higher burden of all of the above
symptoms, suggesting a greater potential benefit from palliative care involvement.
Despite this, in few cases were palliative care services involved, and the high rate of
death in an intensive care environment suggests that more work is needed to pro-
mote the concept of advanced planning and ceiling of care. In this study, there was
no significant difference in symptom scores between patients dying at home or in
hospital. Moreover, educating local teams in managing patients on PAH therapies,
especially those on intravenous prostanoids, may lead to less need for patients being
admitted to intensive care.

Swetz et al. examined the QoL in PAH patients and assessed the use of palliative
care for addressing QoL issues and the barriers hindering its early implementation
in this population [50]. This was an Internet-based survey distributed through the
US Pulmonary Hypertension Association. Symptom burden was assessed using the
Linear Analogue Self-Assessment (LASA), while QoL was assessed by the
Cambridge Pulmonary Hypertension Outcome Review (CAMPHOR) score [51].
There was 41% overall response rate with 88% analysable responses. Mean age was
48.9 years, 86% were female (86%), and 42% had idiopathic PAH. Profound defi-
ciency in overall QoL (40%), fatigue (57%), physical well-being (56%), social
activity (49%), emotional well-being (49%) and pain (38%) was reported. Most
patients believed that their PAH physician had excellent understanding of PAH pro-
gression/plan of care (92%) but less were satisfied with care regarding QoL man-
agement (77%). Few patients considered palliative care (8%) or had pain
management (4%) or palliative care involved (1%). Most common reasons were
belief that patients were doing well/"not sick" (63%) or that palliative care had not
been suggested (22%). Less than one half of patients expressed wishes with regard
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to life support, resuscitation and end-of-life care. Even fewer had engaged in any
type of ACP, such as discussion with a loved one (38.4%), or completed a living will
(33.7%) or a durable healthcare power of attorney (25.4%). Very few (13.8%) had
completed a discussion with their PH physician with regard to ACP.

Reasons why patients had not pursued palliative care consultation included the
misconception that it equated to hospice and end of life, the fact that many patients
felt they were too well to need palliative care despite its supportive role, or that they
would need to stop their PAH medication once they received palliative care, while
others had not heard of it. Unfortunately, palliative care awareness by PH patients
and providers remains low. This study emphasizes the need to integrate palliative
care early into the care for PH patients [50].

23.6 Delivery and Funding for Palliative Care in the UK

Funding models vary between different services, with funding provided by chari-
table donations and state funding methods, resulting in most hospices being able to
provide free palliative care for all. There are 32 clinical commissioning groups
(CCGs) across London that commission differing amounts of specialist palliative
care, often from multiple providers. All the multi-speciality hospitals serving
London have palliative care teams which, in all but one case, are funded directly by
the National Health System (NHS) trust concerned. Eleven out of 15 inpatient units
in London are owned by charities and are mainly charitably funded; four are NHS-
run [52].

23.7 Sudden Death and the Role of Implantable
Defibrillators in PAH-CHD

While sudden death is not uncommon in PH, current PH guidelines do not provide
any guidance on which patients should receive an automated implantable converter
defibrillator (AICD). AICDs are implanted in other cohorts for either primary or
secondary prevention of sudden cardiac death. Secondary prevention with an AICD
is recommended when a patient has survived sudden cardiac death or a malignant,
haemodynamically significant tachycardia. The decision to implant an AICD should
be balanced against life expectancy and the expected mode of death. The American
Heart Association adult congenital heart disease guidelines make a generic comment
on this topic: “it is reasonable to recommend the use of an implantable cardioverter
defibrillator for any patient who has had a cardiac arrest or experienced an episode
of haemodynamically significant or sustained VT” [53]. The European Society of
Cardiology guidelines identify the five congenital defects with the greatest known
risk of late sudden cardiac death (tetralogy of Fallot, transposition of the great arter-
ies, congenitally corrected transposition, aortic stenosis and univentricular hearts)
and provide recommendations for individual conditions and the overall CHD popu-
lation (Table 23.6), without, however, taking into account the functional status and
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Table 23.6 European Society of Cardiology guidelines on the use of automated implantable con-
verter defibrillators (AICDs) in adults with congenital heart disease [54]

Indications for an AICD in adults with congenital heart disease

» ICD implantation is indicated in survivors of cardiac arrest after exclusion of reversible
causes

» Patients with spontaneous sustained ventricular tachycardia (VT) should undergo invasive
haemodynamic and EP evaluation. Recommended therapy includes catheter ablation or
surgical resection to eliminate VT. If that is not successful, ICD implantation is
recommended

* Invasive haemodynamic and electrophysiology (EP) evaluation is reasonable in patients
with unexplained syncope and impaired ventricular function. In the absence of a defined and
reversible cause, ICD implantation is reasonable

» EP testing may be considered for patients with ventricular couplets or nonsustained VT to
determine the risk of sustained VT

e Prophylactic antiarrhythmic therapy is not indicated for asymptomatic patients with isolated
premature ventricular beats

overall prognosis of the patients [54]. The ESC HF guidelines, on the other hand,
recommend that AICDs should be implanted in patients with good functional status
and a life expectancy of over | year, in whom the intent is to increase survival.
Moreover, they state that ACP is important and should take account of preferences
for place of death and resuscitation, and may include deactivating of the AICD [21].
Indeed, the same guidelines do not recommend AICDs for patients in New York
Health Association (NYHA) class IV with severe, drug-refractory, symptoms who
are not transplantation candidates, as such patients have a very limited life expec-
tancy and are more likely to die from pump failure rather than an arrhythmia. It is
reasonable to apply similar recommendations to patients with advanced PAH-CHD,
who are likely to die of congestive HF rather than arrhythmia. Moreover, implanta-
tion of the device and the use of sedation to test its efficacy can carry significant risks
in PAH. For these reasons, currently few patients with PAH-CHD receive an AICD.

If an AICD is recommended, patients should be counselled on the purpose of the
device and possible complications relating to implantation and function, including
the risk of inappropriate shocks. In very advanced disease, deactivation of a patient’s
AICD (shock therapies) may be considered with the scope of preserving quality of
life during the dying process, after appropriate discussion with the patients and fam-
ily. An AICD deactivation policy has been proposed for patients with HF, which
takes into account ethical considerations and informed consent.

Conclusions

PAH remains a life-threatening condition, despite advances in management.
Palliative care has an important role in patients with advanced disease, aiding the
PH clinicians to support the patients and their families and maintain an accept-
able quality of life both in and out of the hospital. It is increasingly recognized
that best care for PAH patients can only be provided through a collaborative,
person-centred, multidisciplinary, partnership approach, and palliative care is an
integral part.
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Early and timely referral is the key to the successful integration of palliative care
services in the delivery of care to patients with severe, advanced, deteriorating
PAH. This aims to optimize the patient’s QoL, while the PAH team continues with
ongoing management of a challenging condition for which a cure has yet to be estab-
lished. This symbiotic relationship between PAH and palliative care services, intro-
duced in a timely manner during disease progression, will help to dispel myths and
establish joint working between expert teams to maximize the patients’ quality of life.
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Pulmonary arterial hypertension (PAH) has received incremental attention over the
past two decades from the medical profession, health administrators, patient associa-
tions and pharmaceutical industry. The design and completion of numerous multi-
centre randomized controlled trials and the development of new compounds have led
to enhanced survival prospects and improved quality of life for patients with
PAH. However, the majority of these randomized controlled studies have excluded
patients with Eisenmenger syndrome, namely, those with severe PAH related to bidi-
rectional or right-to-left congenital heart shunts. Due to similarities with idiopathic
PAH, PAH in patients with congenital heart disease (PAH—CHD) and previous repar-
ative surgery were the only adult congenital heart disease (ACHD) subgroup to be
included in major PAH trials. This subgroup, however, represents a small proportion
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of patients in large PAH studies (typically less than 10% of the total population
enrolled). Despite some progress in recent years, it is necessary to invest further in
clinical research and collaboration between expert ACHD centres and address areas
of controversy and lack of evidence in PAH-CHD.

Significant advances in our understanding and management of PAH-CHD have
occurred since 1897, when Viktor Eisenmenger first described a typical example of
the syndrome that would later bear his name: a detailed anatomical and clinical
account of a man with cyanosis and a ventricular septal defect presenting with heart
failure and dying of hemoptysis. However, there are still numerous questions to be
addressed [1, 2]. Firstly, we need robust data on the epidemiology of PAH-CHD. For
instance, the exact number of patients with Eisenmenger syndrome worldwide
remains unknown [3]. Previous studies have based the diagnosis on echocardiogra-
phy and included patients from previous eras, when early reparative or palliative
surgery of congenital cardiac disease was not always available. This may still be
applicable in some parts of the developing world, but it is not the case in most devel-
oped countries. Moreover, little is known about the natural history and appropriate
management of paediatric patients with PAH-CHD, who have been reported to
have a far worse outcome compared to their adult counterparts [4]. Research is also
required into understanding how best to functionally assess patients with Down
syndrome, who at present, constitute a significant proportion of the Eisenmenger
syndrome cohort (up to a third is some series) [5].

Although current guidelines and recommendations have defined criteria for
shunt closure in patients with net left-to-right shunting and PAH, a significant grey
area of uncertainty remains [6]. There are unresolved issues, such as the manage-
ment of patients with borderline pulmonary vascular resistance at rest, the long-
term implications and prognostic relevance of reversibility studies using pulmonary
vasodilators for the purpose of assessing operability, and the use of a staged treat-
ment approach, e.g. partial defect closure with one-way flaps or a small fenestration
to act as a “pop-off” valve. Critically, the decision for intervening and closing a
defect should not be based solely on procedural feasibility or other technical aspects,
as such a decision may compromise the long-term prospects for these patients by
converting the disease into a more aggressive and malignant form of PAH. We sub-
mit that patients with PAH and left-to-right shunts need to be followed in tertiary
academic centres, with experience the use of PAH therapies and the management of
borderline cases, and where patients can be included in long-term follow-up clini-
cal studies or international registries. Patients with PAH-CHD and left-to-right
shunts should only undergo defect repair, if a clear and long-standing benefit from
such intervention can be expected. The exact circumstances in which this can be
sufficiently guaranteed are currently uncertain, and both surgical and catheter thera-
pies may have long-term detrimental effects. Moreover, indications for a “treat-and-
repair” approach in this population (i.e. to treat patients with PAH-specific therapy
and, if they respond well, consider defect closure) are based on expert opinion,
and there is no substantive evidence to support this approach at present [7].

The response of the pulmonary vascular bed to similar haemodynamic stimuli
varies between patients, which implies a different underlying predisposition to pul-
monary vascular disease relating to, as yet, unknown genetic factors [5]. This is also
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supported by the different phenotype and natural history of PAH in patients with
Down syndrome and those with PAH-CHD in the presence of an atrial septal defect
[8]. Some patients develop PAH later on in life, even after timely early childhood
repair of a defect and the absence of significant residual haemodynamic lesions (e.g.
PAH in the setting of repaired transposition of the great arteries). Much work is
needed to understand the genetic and molecular mechanisms underlying the devel-
opment of PAH, both in CHD and other types of disease, leading to a common
endpoint of histologically deranged pulmonary vascular bed. Therefore, there is a
need for closer collaboration between CHD and PAH physicians and geneticists/
epidemiologists towards this end, with inclusion of PAH-CHD patients in national
and international registries and detailed genotypic/phenotypic characterization.

The traditional belief that survival prospects are far superior in PAH-CHD com-
pared to other PAH aetiologies has not been supported by recent studies [9, 10].
There is now evidence that, at least patients at the extreme end of the spectrum of
PAH-CHD, namely patients with Eisenmenger syndrome, respond well and safely
to PAH-specific therapy and improve their haemodynamics, 6-min walking test dis-
tance, functional class and survival prospects [11]. It is, therefore, appropriate to
treat these patients proactively, similar to patients with idiopathic PAH. Although
the positive impact of disease-targeting therapies in PAH-CHD is now widely rec-
ognized, there are areas of uncertainty, such as the timing of initiation of medical
therapy, the indications and optimal use of combination medical therapy (upfront
versus sequential), the administration of parenteral prostanoids and the potential use
of novel treatments based on alternative pathophysiology pathways, known to be
prominent in PAH-CHD (e.g. inflammation). Furthermore, the efficacy of disease-
targeting therapies in PAH-CHD with a net left-to-right shunt remains unclear:
administration of targeted PAH therapies with the scope of increasing pulmonary
blood flow in patients in whom this is already high due to the shunt may appear
counterintuitive and may even accelerate the progression of pulmonary vascular
disease. Hence, physicians remain somewhat hesitant to treat such patients, although
data from the Bologna pulmonary hypertension (PH) group suggest that they do
respond well to PAH-specific therapy, in an intention-to-treat protocol. Other unex-
plored areas are the administration of targeting therapies in patients with complex
disease, such as those with univentricular heart and PAH, and in patients with seg-
mental PH, as these patients have been excluded from major trials thus far [12].

It is unclear to date whether PAH-CHD patients should be treated with a goal-
oriented strategy (as has been proposed for idiopathic PAH) and what these treat-
ment targets should be. The optimal use of antiplatelet and oral anticoagulation
therapy in Eisenmenger patients, who are prone to both thrombosis and bleeding,
also remains unknown [13]. Further data are needed to establish the role of physical
rehabilitation and exercise prescription, iron supplementation, long-term oxygen
therapy, etc. [14] Finally, it remains unclear which clinical endpoints should be
used in trials on PAH-CHD and especially in adult patients with Eisenmenger syn-
drome [15]. In fact, the relative stability of adults with Eisenmenger syndrome,
who may live for several decades after diagnosis, makes hard endpoints, such as
mortality or morbidity, difficult to implement in such an uncommon disease. There
is, therefore, a need for closer collaboration between PAH-CHD centres to
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establish multicentre collaborations and facilitate randomized trials, overcoming
limitations in sample size. All efforts should be made to obtain adequate funding
from national and international bodies to support such endeavours. Finally, in line
with the idiopathic PAH paradigm, additional endpoints, beyond exercise capacity,
that reflect clinical changes should be agreed and validated, such as quality of life
and overall prognosis [16].

Lately, the utilization of PAH-specific therapies in populations beyond the
Eisenmenger complex has gained increased interest. Indeed, a large patient group,
which remains untreated, is the Fontan population. These patients, strictly speaking,
do not meet criteria for PAH. However, recent evidence has suggested an abnormal
vascular bed in the Fontan circulation, with low cardiac output and increased pul-
monary vascular resistance, which in theory could be modulated by PAH-specific
therapy. Although recent randomized controlled trials have shown that bosentan or
other pulmonary vasodilators have small but significant beneficial effects on impor-
tant cardiopulmonary measures [17], there is still uncertainty, and future research is
needed in order to identify which Fontan patients are true responders and whether
earlier than later treatment may maximize efficacy.

There are inherent difficulties in performing randomized controlled trials in the
field of PAH-CHD in order to overcome areas of controversy and lack of evidence.
Blinding can be difficult, and it is not clear how such trials can be funded, unless a
strong case for greater cost-effectiveness against the standard treatment can be made
or industry develops an interest. Therefore, a need arises to perform collaborative
clinical research between specialist centres, organize international registries and
strengthen expert opinion and consensus.

It is paramount for PAH-CHD patients to be followed in tertiary centres and
benefit from a multidisciplinary approach, including areas such as complex electro-
physiology, anaesthesia, gynaecology, haematology, high-risk obstetrics, dentistry,
etc. [18]. The improvement in referral patterns will lead to diminishing numbers of
patients who are lost to follow-up or present late with advanced disease, while closer
collaboration between CHD and PAH centres can improve the clinical outcome of
this population. Patients who are lost to follow-up globally should be brought back
to tertiary care and offered PAH-specific therapy, when in functional class III or
greater. Inappropriate practices of the past, such as routine venesections and abso-
lute exercise restriction, should be abandoned. Education in ACHD and specifically
in the field of PAH is a key task [19]. There is, clearly, a need for wider engagement,
including education on PAH-CHD for a broader healthcare professional audience,
with direct links to tertiary centres to achieve optimal patient care in this complex
area, minimizing risks through safety mechanisms and avoidance of pitfalls.

One of the future aims for PAH-CHD physicians and policymakers should be a
coordinated effort in support of developing countries. This can be achieved through
greater allocation of resources and the collaboration and support of international
bodies and the PAH-CHD community worldwide, aiming at better awareness and
improved diagnosis, followed by wider availability and affordability of PAH
therapies.

Medical and scientific research in this field in the past few years has gradually
become globalized, inclusive and collaborative. Looking ahead, national and
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Table 24.1 Future global prospects in the field of PAH associated with CHD

Provide early diagnosis and timely repair of congenital heart lesions that are prone to PAH
development, especially in developing countries (thus, preventing the development of PAH)

Improve transition patterns in tertiary centres from paediatric care

Patients lost to follow-up should be brought back into expert care and offered PAH-specific
therapy, when in functional class III or greater

Develop registries/genetic databases in order to elucidate the pathophysiologic mechanisms
(e.g. patients who develop PAH late despite early intervention)

Organize multicentre collaboration between centres of excellence in developed countries and
improve infrastructure in developing countries

Organize collaboration and alliance between research organizations and scientific societies that
share common interests

Support the development of national/international registries (e.g. on anticoagulation and
haemoptysis in Eisenmenger patients, parenteral prostanoids in PAH-CHD, etc.)

Study pathophysiology pathways (e.g. inflammation) with the view to develop novel
therapeutic modules

Encourage the design of multicentre randomized trials with novel hypotheses/targets (e.g. early
treatment of Eisenmenger syndrome, the potential role of supplemental oxygen, targeted PAH
therapy in the Fontan population)

international registries should provide a better understanding of the epidemiology,
genetics, natural history and therapeutic outcomes of what is a very heterogeneous
PAH population (Table 24.1). Registries should focus on areas, such as safety and
efficacy of anticoagulation, pregnancy, management of patients with shunts and
mild or moderately elevated pulmonary vascular resistance and long-term assess-
ment of the “treat-and-repair” approach in carefully selected subgroups. Finally, we
urge that randomized controlled trials assessing the benefits of PAH-specific ther-
apy should now be extended to less symptomatic Eisenmenger patients, to those
with “pre-Eisenmenger physiology” (i.e. PAH-CHD patients with a large commu-
nication, severe PAH but no cyanosis) and those with a Fontan circulation. A stan-
dardized assessment approach for PAH-CHD and Eisenmenger syndrome, as
presented herewith and in international guidelines, should be applied widely and
validated prospectively, so that more patients may benefit and reach their full life
potential.
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