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Introduction

Right ventricular overload can be described as a situation in which the normal limits of 
right ventricular dimensions or stroke work are exceeded. Such a condition can be of sudden 
onset, leading to acute overload (e.g. in pulmonary embolism) or of gradual onset, leading to 
subacute or chronic right ventricular overload. Theoretically, right ventricular overload can 
be limited to volume or pressure overload alone, but in general these conditions accompany 
one another to a certain extent. To understand the effect of the dominant mechanism of 
overload, i.e. pressure or volume overload, one must be familiar with the normal anatomy 
and function of the right ventricle. Suspecting right ventricular overload is the first step 
towards its diagnosis. Using the correct tools will assure adequate diagnosis, and will allow 
for unambiguous follow-up of the observed abnormalities. It is important to be familiar 
with the natural history of right ventricular overload. This introduction will focus on normal 
and pathological right ventricular anatomy before and after surgery, prenatal and postnatal 
physiology, pathophysiology, functional assessment, and the consequences of right ventricular 
failure. 

General anatomy of the right ventricle
The right ventricle, positioned in the thoracic cavity directly behind the sternum, lies to the 
front and to the right of the left ventricle. In series with the left ventricle, the right ventricle 
generates the same output directed towards the lungs, aimed at blood re-oxygenation. 
Blood enters the right ventricular cavity once it passes the tricuspid annulus, and leaves 
the right ventricular cavity through the pulmonary valve. The three cusps of the tricuspid 
valve are connected to the septum, and the anterolateral and posterolateral walls of the right 
ventricle by their chordae tendinae and papillary muscles [1]. The semilunar cusps of the 
pulmonary valve resemble the cusps of the aortic valve, closing passively as blood pressure 
in the pulmonary artery exceeds right ventricular pressure. The right ventricle has three 
characteristic properties, which allow it to be distinguished morphologically from the left 
ventricle. Firstly, the right ventricle is identified by its tricuspid atrio-ventricular valve with 
one septal insertion, whereas the left ventricle with its bicuspid mitral valve has two opposing 
groups of papillary muscles inserted in the free wall. Secondly, the right ventricle has a 
trabeculated myocardium, especially towards the apex. The left ventricular myocardium, in 
contrast, is more solid. Finally, the right ventricle contains a muscular band of heart tissue 
running from the base of the anterior papillary muscle to the interventricular septum, called 
the septomarginal trabeculae or moderator band [1]. These characteristics often help identify 
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the right ventricle in echocardiography or magnetic resonance imaging in situations where 
both ventricles are comparable in size due to right ventricular overload. The right ventricle, 
by many physicians overlooked or seen as a separate entity, in fact shares many features with 
the left ventricle. Contained by the pericardial sac, the ventricles contract virtually at the 
same time, activated by their common conductance system and individual bundle branches 
and Purkinje fibers. The sole right ventricular bundle branch is often affected in right heart 
disease. However, in the general population too, depending on the age group observed, a right 
bundle branch block can be found in otherwise healthy subjects [2-4]. The interventricular 
septum is an essential part of both ventricles’ contractile system [5]. Under physiological 
conditions, however, the left ventricle intracavitary pressure exceeds that of the right ventricle 
by far during systole (and by little during diastole), generating a globular shape of the left 
ventricular, with the right ventricle almost wrapped around it [6]. The fibrous skeleton of the 
heart, lying mainly around the heart valves, not only functions as an electrically inert barrier 
between atria and ventricles, but also forms a solid base when ventricular contraction brings 
the apex inward [7]. The muscle array of the heart, aligned for optimal conduction times and 
contraction efficiency, is such that during contraction the heart shortens along its longitudinal 
axis, and twists at the same time, effectively wringing most of the blood out of the ventricular 
cavities [8]. Since the pulmonary circulation is a low-resistance system, right ventricular 
oxygen consumption per gram of myocardium is normally only approximately half of left 
ventricular oxygen consumption per gram of myocardium [9-11]. Generally speaking, the 
left ventricle is predominantly supplied by the left coronary artery, while the right coronary 
artery generally supplies the right atrium and sinus node, the right ventricle, and the left 
ventricular wall and part of the apex [9, 11]. 

Anatomy in tetralogy of Fallot
Patients with a tetralogy of Fallot have four explicit coinciding features of the heart, first 
reported by Etienne-Louis Arthur Fallot in 1888. Dr. Fallot was able to understand the 
clinical consequences of the observed four cardiac abnormalities: a ventricular septum defect 
under the aortic root, a right ventricular outflow tract obstruction (with a generally abnormal 
pulmonary valve and underdeveloped pulmonary vasculature), an ‘overriding’ aorta (the aorta 
is positioned more rightward, receiving blood from both ventricles), and right ventricular 
hypertrophy (Figure 1). Consequently, blood can travel freely between both ventricles in 
favor of the pulmonary or systemic circulation, depending on vascular resistance, and the 
right ventricular outflow tract pressure gradient [12, 13]. The fact that there is relatively 
uninhibited flow between the ventricles signifies that there is a pressure equilibrium between 
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the ventricles, which inhibits postnatal decline of relative right ventricular muscle mass [14]. 
This explains the right ventricular hypertrophy in Fallot patients. Due to the septal defect and 
an incomplete or malalignment of the endocardial cushions, the aorta is said to override the 
septum. The aorta therefore directly receives a mix of blood from the right and left ventricle 
(Figure 1).
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Figure 1
Schematic outline of the Fallot anatomy and circulation: there is a ventricular septal defect (1) located under 
the aorta (2), which ‘overrides’ the septum and hence there is a pressure equilibrium between the right and 
left ventricle, preventing loss of prenatal right ventricular hypertrophy (3: right ventricular wall thickness 
equals left ventricular wall thickness).  The degree of right ventricular outfl ow tract stenosis (4: infundibular 
and pulmonary valve stenosis) then determines the balance between the pulmonary and systemic circulation. 
RA=right atrium, LA=left atrium, RV=right ventricle, LV=left ventricle, PA=pulmonary artery, Ao=aorta, 
VCI=inferior vena cava, VCS=superior vena cava. Shortly after birth Fallot patients may present as ‘blue 
babies’ in cases where (sub)pulmonary stenosis is severe, and desaturated blood will fl ow towards the systemic 
circulation more easily. In patients with a less severe (sub)pulmonary stenosis, pulmonary blood fl ow may 
exceed systemic blood fl ow, but there may also be a more or less ‘balanced circulation’. In the latter situation, 
the pressure gradient over the right ventricular outfl ow tract - i.e. the pressure drop, - is such that equal volumes 
of blood fl ow through the pulmonary and systemic circulation. Only in situations where pulmonary vascular 
resistance increases, will pink babies present with cyanosis. This is typically the case during feeding, or when a 
baby is crying. In the case of feeding, heart rate increases and systemic vascular resistance decreases, allowing 
desaturated blood to fl ow more easily towards the systemic circulation. A similar phenomenon occurs during 
crying, when a rise in intrathoracic pressures increases pulmonary vascular resistance even more. 
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Early surgical correction in tetralogy of Fallot
The objective of early surgical correction is to separate the pulmonary and systemic 
circulation, and to relieve right ventricular outfl ow tract stenosis, in order to prevent right 
ventricular failure [12]. There has been considerable progress in surgical techniques over 
the years. Initially, Fallot patients would often receive a systemic-to-pulmonary-artery shunt 
[15]. These shunts were designed to increase pulmonary blood fl ow, allowing the pulmonary 
vasculature to mature in anticipation of fi nal correction at a later age [16]. Several shunts 
have been used (Figure 2), but the modifi ed Blalock shunt (a side-tot side artifi cial shunt 
between the subclavian artery and the pulmonary artery) is probably the most practical shunt. 
The modifi ed Blalock shunt does not require sacrifi ce of the subclavian artery, since it does 
not directly compromise the original vasculature. Furthermore, blood fl ow can be controlled 
better, and the shunt can be occluded more easily at a later stage, either by percutaneous 
intervention or by surgical intervention [12, 13, 17].
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Figure 2
Schematic representation of the surgical palliative shunts used early in life for augmentation of pulmonary 
blood fl ow. The classic Blalock-Taussig shunt (1) requires sacrifi ce of the distal subclavian artery with an 
end-to-side anastomosis on the pulmonary artery (left or right). The upper limb supplied by the subclavian 
artery will receive blood from collateral vessels. The modifi ed Blalock-Taussig shunt (2) is an artifi cial graft 
implanted end-to-side between the subcavian and pulmonary artery. There are several advantages over the 
classis Blalock-Taussig shunt: fl ow is easier to control by choice of the graft diameter, there is no need to 
sacrifi ce the vessel supporting the upper limb, and it is more easily occluded or resected at a later stage. The 
aorto-pulmonary Waterston (3) and Potts (4) shunts are no longer in use due to the often massive fl ow over a 
diffi cult-to-control shunt.
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Subsequent corrective surgery then consisted of relieving (sub)pulmonary stenosis, 
ventricular septal defect closure, and closure of the artificial shunt [17]. Historically, the 
infundibulum was approached transventricularly, allowing the surgeon a clear view of the 
muscular subpulmonary obstruction [18, 19]. Often, the incision over the right ventricle was 
extended over the pulmonary valve, and subsequently closed with a patch. This patch relieved 
right ventricular outflow tract stenosis, and hence decreased right ventricular afterload. At the 
same time though, pulmonary regurgitation was created, inducing long-term volume-loading 
of the right ventricle [20].
Nowadays, complete surgical correction is often performed without prior palliative surgery, 
and the right ventricular outflow tract is approached through the right atrium [21], without 
the need for a patch in the right ventricular outflow tract [12, 13, 22].  The one-step surgical 
correction of tetralogy of Fallot patients is expected to result in a better long-term outcome 
in these patients, but definite results are still awaited, since this approach did not really catch 
on until approximately twenty-five years ago.

Late surgical correction in tetralogy of Fallot
After total correction in early childhood, patients are left with an incompetent pulmonary 
valve which becomes progressively insufficient, inducing volume loading of the right 
ventricle [20, 23, 24]. As a consequence, the right ventricle dilates, and the tricuspid valve 
often becomes insufficient. Even in the absence of right ventricular outflow tract stenosis, 
and with normal pulmonary vascular resistance, right ventricular stroke work is necessarily 
much higher than normal. Hence, adult patients with tetralogy of Fallot generally present with 
right ventricular dilatation and hypertrophy. Especially dilatation is thought to be detrimental 
to right ventricular function, characterized by poor right ventricular ejection fraction, 
and limited exercise capacity [25]. Furthermore, dilated right ventricles, associated with 
prolonged QRS duration, predispose to fatal arrhythmias [24, 26-28]. Surgical reintervention 
aimed at preservation and possibly restoration of right ventricular function has received much 
attention in the past ten to fifteen years [29-32]. After the initial success of pulmonary valve 
replacement with respect to positive right ventricular remodeling [32], well-being [33, 34], 
and exercise capacity [25, 35], there has been much debate regarding the optimal timing of 
pulmonary valve replacement [15, 30, 36, 37].
Although surgical pulmonary valve replacement is an intervention with low mortality [29], 
there is considerable associated morbidity. Since the use of a homograft is preferred over 
the use of a mechanical pulmonary valve with the need for long-term anticoagulant therapy 
[38], (surgical) reintervention for pulmonary valve replacement is anticipated in all of these 
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patients [39-41]. Apart from pulmonary valve replacement, patients often require resection 
of the aneurysm in the region of the right ventricular outflow tract, possibly dilatation or 
resection of a persistent peripheral pulmonary artery stenosis (either congenital or as a 
consequence of a prior palliative shunt), closure of a residual ventricular septal defect, and/or 
tricuspid annuloplasty or valvuloplasty [36, 42]. Although reports of repeated pulmonary 
valve replacement are encouraging [43, 44], available long-term follow-up of cryopreserved 
homograft in adult Fallot patients indicate that these patients will likely require multiple 
reinterventions [40].
For patients meeting the criteria, there is currently also the possibility of percutaneous 
pulmonary valve replacement, a minimally invasive procedure with good short-term results 
in expert centres [39, 45-50].

Anatomy in pulmonary arterial hypertension
Patients with pulmonary arterial hypertension can roughly be divided in those with congenital 
heart disease related pulmonary arterial hypertension, and those with post-natal onset of 
pulmonary arterial hypertension, without congenital heart disease [51-54]. The latter group 
of patients has a normal anatomy at birth and will not be discussed here. Pulmonary arterial 
hypertension associated with congenital heart disease is a consequence of an incompletely 
separated pulmonary and systemic circulation, allowing volume and/or pressure overload 
of the pulmonary circulation [6, 55, 56]. So-called pre-tricuspid shunts (i.e. atrial septal 
defect, aberrant pulmonary venous return) generally cause volume loading of pulmonary 
circulation, whereas post-tricuspid shunts (ventricular septal defect, persistent ductus 
arteriosus, and oversized palliative shunts) may cause both volume and pressure loading 
of the pulmonary circulation, depending on associated congenital abnormalities or surgical 
interventions (Figure 2 and 3) [57]. There is a strong association between excessive volume 
loading of the pulmonary circulation (Qp:Qs > 1.5) and the prevalence of late pulmonary 
arterial hypertension. However, there is by no means a cause-effect relationship, and even 
in the presence of pulmonary arterial hypertension late shunt closure may be beneficial in 
patients [58, 59]. The right ventricle is often dilated, and hypertrophied in volume loading of 
the pulmonary circulation, due to an increased right ventricular stroke volume [12]. Increased 
pulmonary artery pressures may reflect an increased pulmonary vascular resistance in the 
presence of a near-normal right-sided cardiac output, but may also reflect the necessarily 
increased driving pressure in the setting of a supra-normal right-sided cardiac output [60]. 
A careful measurement of Qp:Qs is therefore essential before increased pulmonary artery 
pressures are explained as a consequence of increased pulmonary vascular resistance.
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Figure 3
Schematic representation of the foetal situation in which pre-tricuspid and post-tricuspid shunts are not yet 
harmful to the right ventricle or the pulmonary circulation.
RA=right atrium, LA=left atrium, RV=right ventricle, LV=left ventricle, PA=pulmonary artery, Ao=aorta, 
VCI=inferior vena cava, VCS=superior vena cava.
Pre-tricuspid shunts primarily induce right ventricular volume loading. Anomalous pulmonary venous return 
(1) to the right atrium is of no consequence before birth. However, once the patent oval foramen (dotted 
line between RA and LA) closes after birth, the right ventricle undergoes volume loading, since much of the 
blood that is pumped into the pulmonary circulation, directly returns to the right atrium. There is therefore a 
discrepancy in pulmonary fl ow (Qp) and systemic fl ow (Qs): Qp>Qs. The same is true when there is an atrial 
septal defect (2). The higher left atrial pressure will allow blood to fl ow into the right atrium, again causing 
volume loading of the right ventricle. A small atrial septal defect with a Qp:Qs < 1.5:1 will rarely cause any 
symptoms, yet larger shunts are associated with long-term right ventricular dysfunction. Interestingly, when 
left ventricular diastolic function decreases with age, the atrial shunt may increase due to increased fi lling 
pressures. Patients may therefore only present in their forties or fi fties.
Post-tricuspid shunts directly induce right ventricular pressure loading. The degree of additional volume 
loading is inversely related to the resistance of the right ventricular outfl ow tract and pulmonary circulation. 
Apart from the surgically created shunts (Figure 2) the ventricular septal defect (3) and persistent ductus 
arteriosus (4) are the most common congenital causes of right ventricular pressure load and pulmonary arterial 
hypertension. Initially, the pulmonary blood fl ow may be many times that of the systemic circulation (Qp>>Qs). 
As pulmonary vascular resistance rises due to vasoconstriction and progressive pulmonary vascular damage, 
blood fl ow becomes more balanced. As long as the fi xed pulmonary vascular resistance is substantially lower 
than systemic vascular resistance, patients may still effectively increase oxygen delivery by increasing cardiac 
output. Eventually, however, pulmonary vascular resistance may supersede systemic vascular resistance, and 
an increase in cardiac output will not necessarily lead to an increase in oxygen uptake, and therefore not to an 
increase in oxygen delivery either.
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In contrast, in post-tricuspid shunting without a signifi cant pressure-drop between systemic 
and pulmonary circulation, there is direct pressure overload of the pulmonary vasculature, 
which may lead to irreversible changes in the pulmonary arterioles within months to years 
[57, 61, 62].
In the face of congenital heart disease associated pulmonary arterial hypertension, surgical 
correction is often considered impossible, with the exception of patients who qualify for heart 
transplantation [54, 63-65]. 

Prenatal physiology
Early in intrauterine life, the right ventricle is essentially the left ventricle’s equal (Figure 4). 
The presence of an open oval foramen and ductus arteriosus allow the separated chambers 
to function more or less as one, propulsing approximately 90% of the placenta-oxygenated 
blood into the systemic circulation, bypassing the non-ventilated lungs. Shortly after birth, 
the circulation is changed dramatically in response to the presence of intra-alveolar oxygen 
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Figure 4
Schematic representation of the intra-uterine circulation. Pulmonary and systemic circulation are not yet 
independent entities, but function in parallel. Blood oxygenated by the placenta enters the heart through the 
right atrium, and then fl ows either into the right ventricle, or passes through the oval foramen into the left 
atrium and then into the left ventricle. Over 90% of the blood leaving the ventricles subsequently fl ows towards 
the systemic circulation, either directly through the left ventricle, or through the ductus arteriosus. The right 
and left ventricle are essentially performing as one, and as such are equally thick-walled, and perform similar 
stroke work.
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[66, 67]. The latter decreases pulmonary vascular resistance almost instantly, allowing blood 
to fl ow through the lungs, which increases pulmonary venous pressure by enough to close the 
oval foramen, preventing oxygen-poor systemic venous blood entering the left ventricle. At 
the same time, the smooth muscle cells in the ductus arteriosus contract, preventing further 
fl ow between the systemic and pulmonary circulation (Figure 5). 

Postnatal physiology
After approximately 6-12 weeks, the pulmonary circulation will have reduced its resistance 
from several times that of the systemic circulation before birth to a fraction of the vascular 
resistance of the systemic circulation [68]. The reduction in afterload is believed to induce 
both atrophy and a certain degree of apoptosis of the right ventricle [14, 68]. The persistent 
right ventricular hypertrophy after birth is one of the explanations for the observed better 
survival in patients with pulmonary arterial hypertension related to congenital heart disease 
[14]. As discussed above, both ventricles roughly perform similarly in the antenatal period 
when systemic and pulmonary circulations are situated in parallel. Once the circulations are 
separated after birth, the right heart soon delivers no more than a fraction of the work the 
left ventricle delivers [11, 69, 70]. Under normal conditions the right ventricle is therefore 
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Figure 5
Schematic representation of the postnatal circulation. Pulmonary and systemic circulation are now independent 
entities, and function in sequence. Oxygenation of the lungs decreases pulmonary vascular resistance, and 
induces vasoconstriction, and subsequent obliteration of the ductus arteriosus. The subsequent rise in left 
atrial pressure due to pulmonary blood fl ow closes the oval foramen, effectively separating the pulmonary and 
systemic circulation.
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thin-walled, and exercise will be limited by left ventricular performance. The self-regulatory 
nature of the coronary arteries is such that coronary venous blood is virtually always oxygen-
depleted [11]. Nevertheless, in contrast to left coronary artery flow - which is predominantly 
diastolic due to systemic pressures in the left ventricular cavity during systole - right coronary 
flow is both systolic and diastolic, since systemic pressures in the right ventricular cavity do 
not exceed systemic pressures under physiologic conditions [71].

Pathophysiology
Although patients with a Fontan circulation prove that a right ventricle is not paramount for 
adequate systemic oxygen delivery in patients with a univentricular heart, the latter is only 
true for Fontan patients with a physiological pulmonary vascular resistance [13, 56, 72]. 
Furthermore, exercise capacity is markedly impaired in patients without an adequate right 
ventricle supporting the pulmonary circulation [25]. When pulmonary vascular resistance 
increases, pulmonary driving pressure needs to increase in order to maintain pulmonary 
flow [71]. This situation demands increased right ventricular performance, and induces right 
ventricular hypertrophy [73]. Resting cardiac output is generally maintained at rest until 
end-stage pulmonary arterial hypertension is present [60]. However, the fixed pulmonary 
vascular resistance in pulmonary arterial hypertension patients generally precludes an 
increase in cardiac output to normal physiological limits, because the right ventricle is unable 
to increase pulse pressure enough [74, 75]. Unable to adequately increase stroke volume [75], 
patients with pulmonary arterial hypertension will not reach normal exercise levels due to 
inadequate oxygen delivery, and virtually always present with excessive exertional dyspnea 
[76]. Furthermore, mean right coronary artery driving pressure decreases with an increasing 
right ventricular systolic pressure, since right coronary artery perfusion mimics left coronary 
artery perfusion, which is predominantly diastolic [71]. Impaired stroke volume may 
therefore paradoxically decrease right ventricular myocardial oxygen supply in the face of 
an already increased right ventricular oxygen demand [71]. Diastole therefore becomes even 
more important as right ventricular pressure overload progresses. However, the compromised 
cardiac output induces reflex noradrenergic activation [77], effectively decreasing net diastolic 
duration per heart beat. Patients with right ventricular pressure overload are therefore at risk 
of ischemia at higher heart rates. Even without macrovascular right coronary artery flow 
impairment, ischemia may therefore present as a result of a mismatch between oxygen supply 
and demand [78]. Patients with pulmonary arterial hypertension due to congenital heart 
disease have a few important differences in the heart, exercise hemodynamics, and blood, 
that explain their overall better survival compared to patients with other forms of pulmonary 
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arterial hypertension [79-81]. Firstly, the fact that pulmonary arterial hypertension is present 
from birth, prevents right ventricular atrophy to normal wall-size limits. Theoretically, 
muscles fibers that do not atrophy or go into apoptosis are better suited for the job than 
right ventricular muscle fibers that have to undergo compensatory hypertrophy later in life 
[14]. Patients with a post-tricuspid shunt related pulmonary arterial hypertension often 
have a much higher pulmonary vascular resistance than patients with pulmonary arterial 
hypertension of different etiology [54, 82-84]. Nevertheless, right ventricular peak pressure 
may be higher in pulmonary arterial hypertension patients without congenital heart disease 
[60], since the ventricles function in sequence, rather than partially in parallel (Figure 3 
and 5). This is easily understood when considering what the right ventricle is required to 
do in order to increase output twofold. At a given fixed pulmonary vascular resistance of 
800 dynes·s·cm-5 with pulmonary artery pressures of 84/40 mmHg (mean 55 mmHg), and 
a pulmonary venous pressure of 5 mmHg, cardiac output is 5 L/min. To increase cardiac 
output to 10 L/min, the right ventricle needs to double the transpulmonary gradient (=mean 
pulmonary artery pressure – pulmonary venous pressure). To achieve a mean pulmonary 
artery pressure of 105 mmHg, pulmonary artery pressures would need to be in the order of 
160/80 mmHg. In contrast, a patient with congenital heart disease associated pulmonary 
arterial hypertension would not be able to achieve such an increase in pulmonary perfusion 
pressure, since the post-tricuspid shunt serves as a pop-off valve, effectively shunting right 
ventricular blood into the systemic circulation, proportionate to the pressure difference 
between the right and left ventricle. In the face of a systemic circulation that is still able to 
decrease its vascular resistance with exercise, the shunt may be quite large. This explains the 
deep hypoxemia that can be observed in patients with pulmonary arterial hypertension related 
to uncorrected congenital heart disease [35, 51, 54-56, 72, 83]. An important hematological 
disorder is present in all patients with congenital heart disease associated pulmonary arterial 
hypertension and normal renal function: erythrocytosis due to an increased erythropoietin 
drive. This enables these patients to secure oxygen delivery despite lower arterial oxygenation 
[56, 85, 86]. Furthermore, erythropoietin enhances exercise capacity [86] not only by 
increasing hemoglobin levels, but likely also by inducing neovascularization through its 
anti-apoptotic, mitogenic, and angiogenic effects [87-90]. Importantly, an “anti-pulmonary 
hypertensive” effect is also attributed to erythropoietin, given the observed beneficial effect 
on the pulmonary vasculature as well [91]. The atrioseptostomy procedure, regarded as a 
rescue-procedure or a bridge to transplantation renders a similar situation [92]. Hence, it 
is understandable that patients surviving the procedure, tend to live longer, despite lower 
arterial oxygenation [93].
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Functional assessment of right ventricular function
A patient will almost always present with complaints of dyspnea associated with inadequate 
oxygen delivery as a result of right ventricular overload. Patients often complain of fatigue, 
and approximately one in two patients experiences chest pain on exertion, likely related to 
right ventricular ischemia [6, 71, 78]. Furthermore, patients with right ventricular overload 
may complain of palpitations or recurrent (pre-)syncope due to supraventricular or ventricular 
arrhythmias [76]. Also, patients may experience peripheral edema and ascites. Once there is 
considerable right ventricular diastolic dysfunction and/or tricuspid regurgitation, right atrial 
pressure tends to rise [60]. Furthermore, once the right ventricle fails to secure left ventricular 
preload, systemic blood pressure falls [94, 95], and renal perfusion becomes suboptimal. 
Hence, the renin-angiotensin-aldosterone system is activated, which leads to sodium and 
water retention [52, 76]. As in left-sided heart failure, patients with end-stage right ventricular 
failure may experience spectacular weight gain in just a few days as a result of fluid retention. 
In patients with congenital heart disease related pulmonary arterial hypertension, cyanosis may 
be observed, as well as hour-glass like fingernails [55, 85]. In patients with systemic sclerosis, 
sclerodactyly and even digital ulcers may be observed [52, 76]. Raynaud’s phenomenon is also 
common in these patients, although rare in pulmonary arterial hypertension patients without 
connective tissue disease [76, 96, 97]. In other pulmonary arterial hypertension patients there 
may be no abnormalities at all, apart from peripheral edema. On chest examination a right 
ventricular ‘heave’ may be felt in the left 3rd and 4th intercostal space; although not very 
sensitive, this is a highly specific sign of right ventricular hypertrophy [97]. On auscultation, 
with increased right ventricular pressure load, tricuspid regurgitation is heard more easily, 
since the gradient over the tricuspid valve increases likewise [98]. There is often a loud 
second heart sound, and in case of right ventricular volume loading, there is often a split 
second heart sound due to the increased time necessary for propulsing a larger stroke volume 
than the left ventricle. In case of a right bundle branch block, the splitting of the second heart 
sound may be even more prolonged, since activation of the right ventricular myocardium then 
depends on cell-to-cell activation instead of diffuse activation by the Purkinje fibers [99]. In 
adult Fallot patients, a pulmonary regurgitation murmur is almost always present due to 
the incompetent pulmonary valve. A louder regurgitation murmur generally denotes a larger 
pressure gradient, but more important is the duration of the regurgitation murmur: the shorter 
the duration, the sooner a pressure equilibrium is reached between the pulmonary artery and 
right ventricle. A regurgitation murmur of a short duration is therefore more serious than a 
regurgitation murmur that lasts throughout the diastole [100].
The electrocardiogram is no less important in evaluation of patients with suspected right 
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heart overload than it is in evaluation of patients with suspected left heart overload [26, 68, 
101-107]. There is an increased incidence and prevalence of atrial fi brillation and atrial fl utter 
in patients with right heart overload [26, 108-110]. Especially in Fallot patients with post-
surgical scars in the right atrium and/or in the right ventricle, a range of arrhythmias may be 
observed [111, 112]. The majority of patients with right heart overload will present in sinus 
rhythm, however. Established markers of compromised cardiac function in left heart disease, 
resting heart rate [113], heart rate variability [114], and heart rate response with exercise [115-
119], are likely just as important in right heart disease. Important markers of right heart disease 
are the heart rate at rest, since this likely refl ects refl ex noradrenergic activation in response to 
cardiac output [120]; i.e. heart rate will be higher in patients with poor stroke volume (Chapter 
IX). In severe right heart overload, a rightward deviation of the electrical axis of the heart is 
almost always present, with the exception of patients with a large ventricular septal defect, 
who mostly have a leftward oriented heart axis. That the standard 12-lead ECG contains more 
information than meets the eye, is explained in Chapter V, Chapter VI, and Chapter VII. In 
short, ventricular depolarization is characterized on the ECG by the QRS complex, whereas 
ventricular repolarization is characterized by the T wave. Both QRS complex and T wave 
have amplitudes during a certain amount of time (mV·ms). The ECG is therefore a simple 
representation of three-dimensionally moving electrical wave fronts. Both QRS complex and 
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Schematic depiction of the ventricular gradient (VG) as a summation of net QRS and net T electrical activity. 
QRS and T vectors each depict net electrical activity, measured three-dimensionally, with a magnitude and 
direction. Summation of these vectors renders the ventricular gradient, i.e. the net electrical force of the whole 
myocardium. Depending on both individual magnitude and orientation of QRS and T vectors, the resultant 
vector depicting the ventricular gradient will be larger or smaller.
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T wave can be represented by a vector, refl ecting the orientation and magnitude of these 
wave fronts (Figure 6). The ventricular gradient, i.e. the resultant vector of the individual 
QRS and T vectors, defi nes the net magnitude and orientation of the electrical wave fronts 
of the ventricles during one cardiac cycle. Interestingly, the ventricular gradient is highly 
stable, and to a large extent independent of activation order [121]. Nevertheless, there are 
considerable gender differences in the ventricular gradient, and heart rate also infl uences the 
ventricular gradient within individuals [122]. An increased PR-interval, and/or QRS duration 
may be observed in right heart overload, as a consequence of increased fi brosis [123, 124]. 
Typically, a right bundle branch block may be a sign of right ventricular overload, although 
there is a relatively high prevalence of right bundle branch block in the general population 
without right heart disease [2-4]. Conventionally, voltage criteria for right atrial enlargement 
are based on a ‘P pulmonale’, a P wave ≥ 0.25 mV in lead II, or a P wave with an amplitude of 

Figure 7
Typical ECG observed in right ventricular pressure load: there is a sinustachycardia of approximately 115 
bpm, a rightward oriented heart axis, a borderline fi rst degree AV-block, an increased QRS duration with a 
right bundle branch block confi guration, and inverted T-waves – a ‘strain pattern’, most prominent in the right 
ventricular leads (V1, V2) and the inferior wall leads (II, III, aVF).
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≥ 0.1 mV or a duration of ≥ 40 ms in lead V1. Voltage criteria for right ventricular hypertrophy 
are based on an R wave > 5mm with R:S > 1 in lead V1, overlying the right ventricle, and 
an R:S < 1 in lead V5, overlying the left ventricle [103, 125]. Repolarization disorders are 
often seen in right ventricular overload, most likely as a consequence of right ventricular 
hypertrophy, fibrosis and recurrent ischemia. A typical ‘strain’-pattern may be observed in 
leads V1 and V2: the J-point is normal, but there is a down-sloping ST-T segment, discordant 
with the QRS complex (Figure 7).
A chest X-ray may indicate whether there is severe pulmonary disease, left heart disease 
(Kerley-B lines) or long-standing pulmonary hypertension (prominent proximal pulmonary 
arteries) [6, 51, 76]. Standard blood tests may clarify whether there is concomitant thyroid 
disease [126, 127], increased wall stress (elevated (NT-pro)BNP), or ischemia (elevated 
Troponin I or T) [128-130]. Every patient deserves adequate assessment of pulmonary 
function, including an arterial blood sample analysis, and spirometric analysis. In specific 
cases where alveolar hypoventilation is suspected, one should perform overnight oximetry. 
Similarly, when hypoxia is observed, alveolar diffusion capacity should be measured, 
corrected for alveolar volume [51, 52]. Exercise capacity is an important marker of disease 
burden, and can distinguish pulmonary impairment from cardiac impairment [131]. Although 
not as thorough as for instance bicycle ergometry, the 6-minute walk test is an adequate 
reflection of exercise capacity, oxygen consumption, and daily functioning [25, 33, 35, 56, 
72, 76, 131-135]. This test is especially useful in advanced right ventricular failure when 
more vigorous exercise tests, such as bicycle ergometry, are no longer feasible [132].
Right heart imaging is not as easy as left heart imaging due to the directly retrosternal 
position, and functional assessment is only reliable in experienced hands. In contrast to the 
globular-shaped left ventricle, the normal right ventricle is not easily reflected by a common 
mathematical three-dimensional figure [136]. This becomes evident when the heart is imaged 
in its orthogonal planes: at best it can be stated that after birth, under physiological conditions, 
the right ventricle is crescent-shaped, half wrapped around the left ventricle (Figure 8). This 
is easily understood considering the higher systolic and diastolic left ventricular filling 
pressures, rendering the left ventricle globular-shaped in a physiological situation. 
The use of Simpson’s rule has allowed radiologists to accurately calculate right ventricular 
volumes in diastole and systole, as well as ejection fraction [136]. Cardiac MRI has 
helped greatly to understand the contraction pattern of the right ventricle, and is nowadays 
considered the gold standard for measurement of volume and ejection fraction [32, 75, 104, 
137-139]. Nevertheless, echocardiography - which revolutionized cardiology by producing 
straightforward moving images of the heart - is easier to perform, less expensive, more 
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readily available, and allows a fairly reliable estimation of right atrial, right ventricular, and 
pulmonary pressures, the latter by application of the simplifi ed Bernoulli equation [24, 60, 
97, 100, 140, 141]. Although echocardiography is beyond the scope of this thesis, it should be 
considered an essential part of evaluation of patients with suspected right heart disease [51, 
52, 76]. In patients with suspected pulmonary embolism the use of a computed tomography 
(CT) angiogram may help diagnose both large and small vessel thrombosis [62, 142]. So far, 
CT imaging is not yet of much help for assessment of right ventricular function, although a 

Frontal Plane

Transversal Plane

Sagittal Plane

Anterior

RVRV

Posterior

LV

Superior

RV LV
Right RV LV

Inferior

Left

Right Left

Posterior

Superior

Anterior        

RV

LV

RV

LV

Inferior

Figure 8
Cardiac magnetic resonance imaging of the normal heart in orthogonal slices. 
Top: depiction of the left and right ventricle in the frontal plane. There is clear bulging of the septum towards 
the right ventricular cavity, which seems smaller in this section. 
Middle: depiction of the left and right ventricle in the transversal plane. It is clear that the right ventricle is 
thin-walled with a trabeculated aspect. 
Bottom: depiction of the left and right ventricle in the sagittal plane. The right ventricle lies retrosternally on 
the diaphragm, within the pericardial sac. Although the left ventricle has a consistent globular-shape, the right 
ventricle may at best be appreciated as crescent-shaped.
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rough idea of right-to-left ventricular volume ratios is also rendered by CT imaging.
In general, right ventricular overload is often diagnosed with considerable delay, except for 
in patients with congenital heart disease, who are generally recognized before or shortly after 
birth [51, 76]. Due to successful research there is an increasing awareness for the entity of 
right ventricular overload in the setting of pulmonary arterial hypertension. However, good 
screening methods are lacking [143]. Since right ventricular overload is generally already 
moderate-to-severe when patients become symptomatic, there is a theoretical benefit of case-
finding and/or screening. Whether indeed earlier treatment initiation secures a better long-
term outcome is unknown. The current concept of pulmonary arterial hypertension, however, 
is that of a progressive disease that should best be treated earlier, rather than later [144]. 

The significance of right ventricular overload
A chain is as strong as its weakest link. An otherwise perfectly healthy person with a good 
left atrium and ventricle may therefore be highly symptomatic when faced with right 
ventricular overload. Of course, right ventricular pressure overload is ultimately more 
limiting than right ventricular volume overload, since the Fontan circulation proves that with 
normal pulmonary vascular resistance a reasonable cardiac output is feasible [13, 25, 55]. 
Nevertheless, right ventricular overload is generally associated with poor exercise capacity, 
arrhythmias, and poor survival. The reason why pulmonary arterial hypertension is defined 
as a mean pulmonary artery pressure of >25 mmHg, is that this is approximately double 
of what is normally found in healthy subjects [60]. At less than systemic pulmonary artery 
pressures still, e.g. 78/36 mmHg (mean 50 mmHg), the right ventricle would therefore have 
to produce approximately four times the normal work [60, 84]. Despite the misleading right 
ventricular hypertrophy and impressive stroke work, the right ventricle likely passes a point 
of compensated adaptation early on in the process of overload. This view is supported by the 
reports regarding the poor right ventricular remodeling after pulmonary valve replacement in 
adult tetralogy of Fallot patients with severely dilated right ventricles [30, 31, 36]. Similarly, 
the right ventricle appears to be physiologically limited in its hypertrophy [84, 145], most 
likely due to maximum myocardial oxygen delivery. This then leads to an increase in heart 
rate once stroke work - and hence stroke volume - can no longer be increased [75]. A decrease 
in stroke volume and a compensatory increase in heart rate should therefore be regarded as 
relatively late symptoms of compromised cardiac output [113].
Early detection of right ventricular overload therefore remains a clinical challenge [146]. A 
challenge we best face with non-invasive diagnostic modalities.
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Aim and outline of the thesis

The main aim of this thesis was to improve non-invasive diagnosis and follow-up of right 
ventricular function in the setting of right ventricular volume and/or pressure overload. The 
thesis focused on right ventricular volume overload in the setting of adult Fallot patients who 
underwent pulmonary valve replacement, and on right ventricular pressure overload in the 
setting of pulmonary arterial hypertension. 

Part I focuses on right ventricular volume overload in adults with Fallot’s tetralogy after 
correction in early childhood. The innate pulmonary valve abnormality precludes long-
term surgical correction, and many adult Fallot patients will require repeated pulmonary 
valve replacement. In Chapter II we attempt to elucidate which patient characteristics were 
associated with a more prompt recovery time after surgical replacement, describing a small, 
yet well-documented cohort of adult Fallot patients who underwent elective pulmonary 
valve replacement. In Chapter III we analyze what may be expected from pulmonary valve 
replacement with respect to right ventricular reverse remodeling: i.e. what post-operative 
results may be expected based on the degree of pulmonary regurgitation and right ventricular 
function. In Chapter IV we determine what effect pulmonary valve replacement has on cardiac 
repolarization characteristics in adult Fallot patients, since many adult Fallot patients have 
a high arrhythmia propensity as a consequence of long-standing right ventricular volume 
overload.

Part II concentrates on right ventricular pressure overload due to pulmonary arterial 
hypertension. In Chapter V, using an animal experimental setup, we document the 
evolutionary changes in right ventricular morphology and function during the development of 
pulmonary arterial hypertension. We compare electrocardiography, echocardiography, heart 
catheterization and right ventricular histology to monitor this chain of events. Documentation 
of evolutionary electrocardiographic changes due to right ventricular pressure overload helps 
to understand especially the early right ventricular changes in developing pulmonary arterial 
hypertension. In Chapter VI we subsequently study the additional value of three dimensional 
vectorcardiography for diagnosis of increased right ventricular pressure load, compared 
to conventional 12-lead ECG diagnosis. In Chapter VII we report on a particular patient 
whose ECG recordings changed markedly after developing idiopathic pulmonary arterial 
hypertension, and briefly review the available literature on this subject. In Chapter VIII, 
based on the hemodynamic abnormalities associated with electrocardiographically detectable 
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abnormalities, we define electrocardiographic cut-off points for determination of treatment 
response in pulmonary arterial hypertension patients. In Chapter IX we determine that 
resting heart rate, reflecting hemodynamics and neurohumoral activation, is a very important 
marker of prognosis in pulmonary arterial hypertension. Finally, in Chapter X we discuss the 
individual chapters, the conclusions we may draw from this research, and we reflect on future 
research and what this should address with respect to right ventricular failure.
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