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Chapter 1



General introduction and outline of this thesis




Clinical aspects and pathophysiological mechanisms of (systemic) right ventricular
failure

General aspects of the left ventricle and right ventricle

Proper cardiac performance to sustain the body depends heavily on an a well
developed biventricular (left and right) anatomy and adequate function. In the normal
heart, the right ventricle (RV) provides blood flow to the lungs and the left ventricle
(LV) provides (oxygenated) blood flow to the systemic circulation. The LV and the RV
are morphologically, developmentally, and functionally different (1). Generally, the RV
has a smaller contractile reserve and, for its output, depends more on heart rate than
the LV (2). In the past, scientific studies in the field of cardiac disease have initially
focused more on the LV than on the RV. However, it has become increasingly clear that
knowledge regarding the RV is also of great importance in many settings, such as in the
setting of congenital heart disease, where in many patients the RV is the ventricle that
is primarily affected. It has been recognized however, that findings derived from
studies in the LV, can not be randomly extrapolated to the RV. For example, in cases of
heart failure, the RV does not respond the same way to medication as the LV does (3)
and information derived from randomized clinical trials based on large patients
cohorts, are lacking in many instances. In addition, it is increasingly recognized that RV
function may also contribute to prognosis in left sided heart disease. For example,
independently of LV function, RV function may be the most important predictor of
mortality in patients with ischemic or dilated cardiomyopathy and a reduced LV
function (4).

Historical perspective of the systemic right ventricle

In specific cases, the focus on the RV is even more important. In the current thesis, the
focus lies on patients with a RV in the systemic position in a biventricular circulation.
Patients with a systemic RV comprise two main groups groups. The first group has
been diagnosed with transposition of the great arteries (TGA) and received a
physiological surgical correction with an atrial switch operation according to Mustard
(5) or Senning (6). The second group of patients has been diagnosed with congenitally
corrected TGA (ccTGA) (Figure 1).

After the era of Mustard and Senning, due to improved surgical techniques, the arterial
switch operation became feasible, providing patients diagnosed with TGA with an
anatomical correction, resulting in a systemic LV. During this procedure the great
arteries are “switched”, making the native aortic root, a neo-pulmonary trunk, whereas
the pulmonary root becomes the neo-aorta, with re-implanted coronary arteries (7).
For the ccTGA group, nowadays a “double switch operation” (i.e. performing both an
atrial as well as arterial switch) is an option in selected patients, which also leads to the

8



restoration of the LV as the systemic ventricle. Despite these new treatment options,
there are still several generations of patients with a systemic RV, currently mostly in
their 30s, 40s, and 50s. Every new decade that this group faces, brings new clinical
challenges which were unseen before. To be able to provide this group of patients with
optimal health care, continuous monitoring and research efforts are necessary. This
also encompasses the exploration of new management techniques that have proven
efficient in patients with LV failure, but that have often not been evaluated yet in the
smaller group of patients with (systemic) RV failure.

(Figure 1): TGA after atrial switch correction and ccTGA

Ao: aorta; Baff: systemic venous baffle; LA: (morphologically) left atrium; Pt: pulmonary trunk; PV
tunnel: pulmonary venous atrium; RA: (morphologically) right atrium; Subp. LV: subpulmonary LV;
Sys. RV: systemic RV; VCI: inferior vena cava; VCS: superior vena cava

Development and epidemiology of TGA and ccTGA

TGA, representing about 5-8% of all adult congenital heart disease (8), is characterized
by a concordant atrioventricular connection (i.e. the morphological right atrium drains
to the morphological right ventricle, and the morphological left atrium drains to the
morphological left ventricle) and a discordant ventriculo-arterial connection (i.e. the
morphological right ventricle drains to the aorta and the morphological left ventricle
drains to the pulmonary trunk). In complex forms, a hemodynamically relevant
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ventricular septal defect and/or left ventricular outflow tract obstruction are also
present. The course of great arteries and their outflow tracts is usually parallel in TGA,
often with a right anterior position of the aortic orifice, which is a distinctive feature on
for example echocardiography. During normal embryonic development, the entire
outflow tract (later to be separated into left and right) is initially positioned above the
RV. Due to asymmetric contributions of cells from the second heart field (the
splanchnic mesoderm posterior to the heart, that contributes a.o. myocardium to the
heart during development), the right ventricular outflow tract grows and thereby
“pushes” the pulmonary trunk to its normal left anterior position, as related to the
aorta (9-12). Variations/errors in this process of the so-called “pulmonary push” and
anomalous development of the subpulmonary myocardium are thought to give rise to
congenital heart defects with abnormal position of the great arteries, such as TGA,
double outlet right ventricle, or tetralogy of Fallot (10, 12).

CCTGA is rarer than TGA, representing only about 1% of all adult congenital heart
defects (13). It is characterized by both a discordant atrioventricular connection as well
as a discordant ventriculo-arterial connection. As such, in uncomplicated cases,
although the systemic ventricle is a RV, a functioning circulation is present at birth and
problems may not arise until decades later (14). However, ventricular septal defects
and left ventricular outflow tract stenosis are often present, and the tricuspid valve is
regularly found to be structurally abnormal and may have Ebstein-like characteristics,
making it prone to dysfunction. These associated anomalies can negatively influence
the disease course of ccTGA (15). Less is known about the embryology of ¢ccTGA. The
heart defect is thought to (partly) arise through faulty looping of the primitive heart
tube.

Autonomic function and cardiac disease

Function and dysfunction of the autonomic nervous system play an important role in
cardiac disease and many treatments rely on its modification. The sympathetic system
optimizes heart function for active or stress situations (fight or flight) and is
responsible for increases in heart rate, conduction speed, and contractility. The
parasympathetic system optimizes heart function for restorative states (rest and
digest) by lowering these parameters, thus conserving energy. Generally, decreased
cardiac autonomic function is associated with adverse prognosis in both primary and
secondary prevention settings (16).

Cardiac autonomic innervation is involved in the pathophysiology of heart failure and
arrhythmias, both of which are important problems in patients with a systemic RV.
10



Regarding heart failure, as a response to reduced cardiac output, the sympathetic
branch of the autonomic nervous system becomes activated. Initially, sympathetic
activation leads to restoration of cardiac output through increased inotropy on the
cardiac level. On the long term, chronically increased catecholamine levels lead to
downregulation of cardiac B-adrenergic receptors as a protective mechanism against
myocardial norepinephrine toxicity, but this desensitization also leads to loss of
adrenergic functional reserve (17, 18).

Compared to sympathetic involvement in heart failure, less is known about
parasympathetic involvement. It is generally thought that, in contrast to sympathetic
activity, parasympathetic activity in heart failure is cardioprotective, but that this is
downregulated through pathophysiological mechanisms. Clinically, reduced
parasympathetic tone can be observed for example as reduced baroreflex sensitivity,
impaired heart rate deceleration after exercise, or reduced heart rate variability (HRV)
in patients with heart failure (19-22). Briefly, HRV analysis quantifies the spontaneous
fluctuations in heart rate. These are mainly caused by parasympathetic modulation, so
generally, higher indices of HRV indicate higher parasympathetic activity which implies
intact parasympathetic innervation, at least of the sinus node (23). Furthermore, heart
rate turbulence (HRT) also provides information about parasympathetic function: HRT
describes the pattern of acceleration and deceleration of heart rate after a premature
ventricular complex, and reflects baroreflex function (24).

Regarding arrhythmias, the left atrial area around the pulmonary veins contains many
ganglionated plexuses which receive sympathetic as well as parasympathetic output
(25). Atrial fibrillation can be triggered by stimulation of these areas, and can be
successfully treated with ablation of these sites. Atrial fibrillation can be
sympathetically or parasympathetically mediated (26, 27). Changes in autonomic tone
appear to immediately precede ventricular arrhythmias, as becomes clear through HRV
analysis of ICD or Holter records (28-34). However, the direction of the changes and the
exact parameters concerned are inconsistent and probably highly dependent on
patient factors and specific etiology of the arrhythmia. Only an increase in heart rate
preceding arrhythmias is consistently seen in these recordings (28-34).

Specifically in congenital heart disease, abnormal autonomic function is common and

may result from abnormal development of innervation, altered hemodynamics, or

thoracic surgery (35-37, 38). Abnormal autonomic function as a consequence of altered

hemodynamics can for example be seen in patients with an atrial septal defect, where

stretch of the sinoatrial node alters HRV (39). Another example is in coarctation of the

aorta: here, renal hypoperfusion may lead to neurohumoral activation and
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subsequently increased sympathetic output, despite adequate left ventricular function
(40). Heart failure can also cause reduced autonomic function: for example, in adults
with tetralogy of Fallot, reduced heart rate turbulence is correlated with reduced LVEF
and RVEF (41). Cardiac nerves can be damaged and hemodynamics can be stressed
during surgery, which may lead to a decrease in HRV immediately after surgery and an
increase at longer follow-up, indicating nerve recovery and improved hemodynamic
status (38). Generally, knowledge regarding asymmetry and heterogeneity in cardiac
autonomic innervation, which is especially relevant in patients with a systemic RY, is
scattered. In this thesis, chapter 2 aims to link and summarize existing literature.
Furthermore, in patients with a systemic RV, cardiac autonomic function has not yet
systematically been quantified and correlated with clinical features and outcomes, such
as arrhythmias, in adult patients. In this thesis, chapters 3 and 4 address these gaps in
current knowledge.

The systemic right ventricle in adult patients: (patho)physiology and complications

In the past decades, survival of patients with a systemic right ventricle has shown a vast
improvement thanks to improved surgical and percutaneous techniques, expertise,
routine follow-up, and focus on early detection of complications (42-44). This has
confronted clinicians with problems previously unencountered as patients with
complex cardiac anatomy and physiology reached the adult age and became older.
Challenges have been posed by progressive heart failure, baffle leakage/stenosis,
valvular defects, arrhythmias, and conduction disorders. These problems and their
urgency in this group of relatively young patients with serious risks of morbidity and
mortality have been increasingly recognized by the research agenda (44, 45).

Systemic right ventricular failure and tricuspid valve (systemic atrioventricular valve)
regurgitation may arise in the course of the years due to progressive dilatation caused
by the high systemic pressure to which the RV is exposed. Especially in ccTGA, this can
be exacerbated by Ebstein-like structural valve defects. Endocarditis may cause
additional valve damage. In patients post Mustard or Senning procedures, the atrial
kick contributing to ventricular filling is virtually absent, due to the usually stiff baffle
between the pulmonary veins and the systemic RV. Surgery may be considered in
patients with progressive tricuspid valve regurgitation. Due to a high relapse rate of
valve regurgitation after valvuloplasty, valve replacement is the preferred option (46).

Baffle-related complications may occur in patients after the atrial switch operation
(Mustard/Senning). Obstruction of the systemic venous baffle may be chronic or acute.
Chronic obstruction is usually accompanied by the formation of a collateral circulation
and may therefore be asymptomatic (47). Balloon dilation with/without stenting or
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surgical correction are possible treatments. Obstruction of the pulmonary venous
conduit may be suspected in the case of turbulent high flows at the pulmonary veins as
shown by Doppler echocardiography. Pulmonary venous obstruction may lead to
pulmonary hypertension and should be surgically relieved (48). Baffle leakage can lead
to shunting and puts the patient at risk for paradoxical emboli. The diagnosis can
usually be made with transoesophageal echocardiography. The leakage may be treated
interventionally or surgically (48).

Arrhythmias in patients with a systemic right ventricle, apart from bradycardias and
other arrhythmias caused by conduction system damage/maldevelopment (see
paragraph below), mostly consist of atrial flutter. Scarring at the atrial level can create
areas prone to slow conduction, increased automaticity, and re-entry, predisposing to
atrial flutter. These arrhythmias may be difficult to treat and further exacerbate
systemic RV dysfunction (49). Specifically in ccTGA, arrhythmias may also be a
consequence of congenital accessory pathways (49).

Conduction disorders in patients with a systemic right ventricle may also be due to
scarring on the atrial level as a late complication of Mustard or Senning surgery. In
patients with ccTGA, complete atrioventricular block is highly prevalent due to an
anatomically abnormal and fragile conduction system, and may be caused by fibrosis of
conduction fibres or a greater distance between the AV-node and the septum (50).

Generally, since major clinical events are common in patients with a systemic RV, a
relatively simple risk score for the prediction of these events would be useful in follow-
up and counselling. In this thesis, chapter 6 incorporates data from multiple centers to
address this question.

Routine follow-up, treatment, and imaging in patients with a systemic RV

In the 2020 ESC guidelines on congenital heart disease in adults, at least annual follow-
up in a specialized adult congenital heart disease center is recommended, where
special attention can be paid to the possible complications described above (48). For
follow-up of the systemic RV function, echocardiography is described as the first-line
diagnostic modality, which can provide information about a.o. the systemic RV size and
function. Cardiac magnetic resonance imaging may provide more robust quantification
of systemic RV function when compared with echocardiography. Echocardiography is
more readily available and is also feasible in patients with devices and potentially
present epicardial or abandoned leads, in contrast with cardiac magnetic resonance
imaging (48, 51, 52). However, the complex three-dimensional shape of the systemic
RV, its pronounced trabeculations, and the presence of a moderator band limits the
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assessment of systemic RV function with echocardiography (53) which complicates
routine assessment. Global longitudinal strain is a promising variable to quantify
systemic RV function, as recent studies show (54). However, echocardiographic
protocols for the routine follow-up of patients with a systemic RV have not been
standardized, as it is currently unclear which echocardiographic variables correlate best
with cardiac magnetic resonance imaging and are also feasible across the whole,
heterogeneous group of patients with a systemic RV. In this thesis, this subject will be
addressed in chapter 5.

Regarding medical treatment, no specific recommendations are currently made in the
ESC guidelines. There is no strong evidence that heart failure medication improves
outcome in patients with a systemic RV (48), although the angiotensin receptor blocker
valsartan may slow the progression of systemic RV failure (55, 56), and the cautious use
of ACE inhibitors and B-blockers may be beneficial in symptomatic patients (57). The
European guidelines recommend considering diuretics for symptom relief and to
prescribe heart rate-lowering drugs with caution because of the risk of brady-
arrhythmias (48). For patients with heart failure with a normal biventricular circulation,
sacubitril/valsartan has recently proven to improve outcome (58). For patients with a
systemic RV, this drug has not yet been investigated. In this thesis, this subject will be
addressed in chapter 7.

In adult patients with congenital heart disease, including patients with a systemic RV, it
may be especially valuable to integrate home monitoring through eHealth in the follow-
up routine: these patients are younger compared to the general population of cardiac
patients, are likely to own a smartphone device, and have a high degree of digital
literacy (59). In this thesis, the experience of titration of sacubitril/valsartan using
eHealth smart technology in the cohort of chapter 7 will be described in chapter 8.

For selected patients with a systemic RV and end-stage heart failure , ventricular assist
device implantation in the failing systemic RV may be an option (60). In this thesis,
chapter 9 describes the first two cases in the Netherlands where this treatment was
used.

Aim and outline

The aim of this thesis is to explore the systemic right ventricle from different

interrelated angles. In part I, (patho)physiology and mechanisms, we have studied the

anatomy and function of the autonomic nervous system in the setting of CHD with a

systemic RV, as related to outcome. In part Il, clinical applications, we aimed to predict

and monitor clinical deterioration, and to explore treatment options of complications
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accompanying the circulation with a systemic right ventricle. Part I of this thesis
consists of chapters 2-4. In chapter 2, the differences between the LV and the RV
regarding cardiac autonomic innervation are reviewed. In chapters 3 and 4, noninvasive
measures of cardiac autonomic function are investigated in a group of patients with a
systemic RV and related to clinical outcome. Part Il of this thesis consists of chapters 5-
8. In chapter 5, different imaging modalities are compared and from these data, the
most reliable and practical echocardiographic measures of systemic RV function are
extracted. In chapter 6, the patterns of the clinical course and a prediction model of
clinical outcome in patients with a systemic RV are described. Chapter 7 reports on the
first results of the treatment of systemic RV failure with the drug sacubitril/valsartan.
Chapter 8 describes the experience of titration of sacubitril/valsartan using eHealth
smart technology in the cohort of Chapter 7. Finally, chapter 9 describes the first two
cases of implantation of a ventricular assist device in patients with a systemic RV in the
Netherlands.
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