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CHAPTER 1

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




CHAPTER 1

VvCs

S

’ gug
v T

RV <« LV

§ysten}ic vel
circulation

Pulmonary
circulation

PA A:]2
P

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 outflow 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,
VCl=inferior vena cava, VCS=superior vena cava. Shortly afier birth Fallot patients may present as ‘blue
babies 'in cases where (sub)pulmonary stenosis is severe, and desaturated blood will flow towards the systemic
circulation more easily. In patients with a less severe (sub)pulmonary stenosis, pulmonary blood flow may
exceed systemic blood flow, but there may also be a morve or less ‘balanced circulation’. In the latter situation,
the pressure gradient over the right ventricular outflow tract - i.e. the pressure drop, - is such that equal volumes
of blood flow 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 flow more easily towards the systemic circulation. A similar phenomenon occurs during
crying, when a rise in intrathoracic pressures increases pulmonary vascular resistance even more.

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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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 outflow 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 flow, allowing the pulmonary
vasculature to mature in anticipation of final correction at a later age [16]. Several shunts
have been used (Figure 2), but the modified Blalock shunt (a side-tot side artificial shunt
between the subclavian artery and the pulmonary artery) is probably the most practical shunt.
The modified Blalock shunt does not require sacrifice of the subclavian artery, since it does
not directly compromise the original vasculature. Furthermore, blood flow 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].

Figure 2

Schematic representation of the surgical palliative shunts used early in life for augmentation of pulmonary
blood flow. The classic Blalock-Taussig shunt (1) requires sacrifice of the distal subclavian artery with an
end-to-side anastomosis on the pulmonary artery (lefi or right). The upper limb supplied by the subclavian
artery will receive blood from collateral vessels. The modified Blalock-Taussig shunt (2) is an artificial graft
implanted end-to-side between the subcavian and pulmonary artery. There are several advantages over the
classis Blalock-Taussig shunt: flow is easier to control by choice of the graft diameter; there is no need to
sacrifice 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 ofien massive flow over a
difficult-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
harmfil 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,
VClI=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 flow (Op) and systemic flow (Os): Op>Qs. The same is true when there is an atrial
septal defect (2). The higher left atrial pressure will allow blood to flow into the right atrium, again causing
volume loading of the right ventricle. A small atrial septal defect with a Op: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 filling
pressures. Patients may therefore only present in their forties or fifties.

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 outflow 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 flow 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 flow becomes more balanced. As long as the fixed 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:

14
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In contrast, in post-tricuspid shunting without a significant 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

Systemic
circulation

Pulmonary
circulation

Umbilical cord

Placenta

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 flows either into the right ventricle, or passes through the oval foramen into the left
atrium and then into the lefi ventricle. Over 90% of the blood leaving the ventricles subsequently flows towards
the systemic circulation, either directly through the left ventricle, or through the ductus arteriosus. The right
and lefi ventricle are essentially performing as one, and as such are equally thick-walled, and perform similar
stroke work.
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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 flow closes the oval foramen, effectively separating the pulmonary and
systemic circulation.

[66, 67]. The latter decreases pulmonary vascular resistance almost instantly, allowing blood
to flow 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

flow 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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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™ 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 3% and 4% 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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Figure 6

Schematic depiction of the ventricular gradient (VG) as a summation of net QRS and net T electrical activity.
ORS 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:

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 fibrillation and atrial flutter
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 reflects reflex noradrenergic activation in response to
cardiac output [120]; i.e. heart rate will be higher in patients with poor stroke volume (Chapter
1X). 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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T wave can be represented by a vector, reflecting 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, defines 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 influences 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 fibrosis [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

Lo
e et o b

Typical ECG observed in right ventricular pressure load.: there is a sinustachycardia of approximately 115
bpm, a rightward oriented heart axis, a borderline first degree AV-block, an increased QRS duration with a
right bundle branch block configuration, and inverted T-waves — a ‘strain pattern’, most prominent in the right
ventricular leads (V1, V2) and the inferior wall leads (11, IIl, 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 > Smm 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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Figure 8

Cardiac magnetic resonance imaging of the normal heart in orthogonal slices.

Top: depiction of the lefi 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 lefi ventricle has a consistent globular-shape, the right

ventricle may at best be appreciated as crescent-shaped.

readily available, and allows a fairly reliable estimation of right atrial, right ventricular, and
pulmonary pressures, the latter by application of the simplified 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
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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 Il 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 Il 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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CHAPTER II

Introduction

Tetralogy of Fallot is the most common type of cyanotic heart disease. Surgical correction at
an early age offers good long-term results [1]. Pulmonary valve disease and right ventricular
outflow tract size determine right ventricular function, and prognosis [2]. Success of
pulmonary valve replacement has led to a debate regarding its optimal timing [3-5]. Recovery
time, defined as time between pulmonary valve replacement and return to work or school,

should be an important part of this discussion.

Methods

Patients

Records of 23 consecutively operated adult Fallot patients (15 male) of normal intelligence,
working or in school before pulmonary valve replacement, were reviewed, and patients were
interviewed regarding their recovery time. Concomitant interventions were necessary in 9
patients: right ventricular infundibulum resection (1), tricuspid valve annuloplasty (5), and

residual ventricular septal defect closure (3).

Methods

Evaluated preoperative parameters were: gender, age, presence of symptoms (New York Heart
Association functional class >2, n=14), necessity for concomitant surgical intervention(s),
QRS duration, and right ventricular volumes and function (assessed by magnetic resonance
imaging). Also assessed were: age at total correction (range 0.4 — 11.9 years), history of
palliative intervention (n=8) and use of a transannular patch (n=10), and time since total
correction (range 15.4 — 40.2 years). Cardiac magnetic resonance (CMR) was performed as
previously described [4]. Right ventricular end-diastolic and end-systolic volume, pulmonary
regurgitation severity, right ventricular ejection fraction, and restrictive right ventricular
function (defined as end-diastolic pulmonary forward flow) were evaluated. Data evaluation
was performed with SPSS (bivariate correlation analysis, Mann—Whitney test, and linear
regression analysis). A value of P<0.05 was considered statistically significant.
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Results

All patients fully recovered. Median recovery time was 14.1 weeks (range 5 — 43 weeks).
After 3 and 6 months 15 (65%) and 21 (91%) patients, respectively, had fully recovered. In
one patient with a protracted recovery time elective balloon dilatation was necessary to relieve
a residual right pulmonary artery stenosis. Recovery time was not associated with gender,
presence of symptoms, need for concomitant surgery, history of palliative surgery, use of a
transannular patch, or restrictive right ventricular function. QRS duration, right ventricular
end-diastolic and end-systolic volume, right ventricular ejection fraction, and severity of
pulmonary regurgitation were not associated with recovery time either. Recovery time was
only associated with age at total correction (1=0.49, P<0.05), time between total correction
and pulmonary valve replacement (r=0.58, P<0.01), and patient age at the time of pulmonary
valve replacement (r=0.64, P<0.01). Multivariate regression analysis was not allowed due to
substantial collinearity, rendering age at pulmonary valve replacement the best predictor for

recovery time (Fig. 1).
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Figure 1

Recovery time after pulmonary valve replacement in patients according to New York Heart Association
(NYHA) functional class. Open circles = NYHA class < II, open squares = NYHA class > Il (n=23,
r=0.64, P<0.01), ‘+’= Patient with residual right pulmonary artery stenosis
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Discussion

The fact that recovery time was not associated with presence of symptoms or decreased
right ventricular function may come as a surprise. However, all patients were active in
school or work, regardless of symptoms and, as reported before, right ventricular function
improved in all patients [4]. Although it may be debated that comparing symptomatic and
non-symptomatic patients is biased, correction for presence of symptoms did not change
the age-effect. Given the excellent survival after pulmonary valve replacement, expected
recovery time is the next most important parameter from a patient’s point of view [6]. Since
re-intervention indications were given careful consideration it was unexpected that two
mildly symptomatic patients experienced a substantially protracted recovery time. Ideally,

eligible patients would nowadays benefit from percutaneous valve implantation [7].

Conclusion

The majority of adult Fallot patients recover within reasonable time after pulmonary valve
replacement. However, older adult Fallot patients should expect a more prolonged functional
recovery time after pulmonary valve replacement, regardless of functional class or right
ventricular function.
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Abstract

Background
Predicting changes in right ventricular (RV) size and function after pulmonary valve
replacement (PVR) is important for timely reintervention in adult tetralogy of Fallot

patients.

Methods

We analyzed the influence of pulmonary regurgitation severity and RV size and function
before PVR on the outcome of RV size and function after PVR in 27 adult Fallot patients who
had cardiac magnetic resonance imaging before and after PVR. RV dimensions were indexed

for body surface area.

Results

Pulmonary regurgitation (48% =+ 11% of RV stroke volume) was not related to RV dimensions
and function before PVR. Moreover, severity of pulmonary regurgitation did not influence
changes in RV dimensions after PVR. The indexed RV end-systolic volume before PVR
(median, 98 mL-m?; range, 52 - 235 mL-m?) best predicted the indexed RV end-systolic
volume after PVR (median, 59 mL-m?; range, 24 - 132 mL-m, =0.78, P<0.001) and the
indexed RV end-diastolic volume after PVR (mean, 107 mL-m?; range, 70 - 170 mL-m?,
r=0.73, P<0.001). Baseline RV ejection fraction corrected for valvular insufficiencies and
shunting (21% =+ 7%) best predicted the RV ejection fraction after PVR (43% + 10%, »=0.77,
P<0.001).

Conclusions
Timing of PVR should be based on indexed RV end-systolic volume and corrected RV

ejection fraction rather than on severity of pulmonary regurgitation.
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Introduction

Tetralogy of Fallot is a common form of cyanotic heart disease [1]. Correction in infancy
offers good long-term results with minimal morbidity [2]. In most Fallot patients, however,
residual pulmonary regurgitation, stenosis, or both, is present after total correction, the degree
and duration of which determine size and function of the right ventricle (RV) [3-5]. Increased
RV end-diastolic and end-systolic volumes are associated with diminished RV function and
increased arrhythmia propensity [6, 7]. For patients with a dilated RV caused by significant
pulmonary valve regurgitation, pulmonary valve replacement (PVR) has been proven to be
beneficial with respect to reverse remodeling of the RV and a decrease in QRS duration [8,
9]. PVR is therefore the therapy of choice in patients with pulmonary regurgitation, a dilated
RV, and risk factors for developing arrhythmias [10]. Although PVR is associated with low
mortality, its intrinsic morbidity and the preferred use of non-mechanical valve substitutes in
younger patients have led to an ongoing debate about the optimal timing of this intervention
[11-17]. PVR is clearly indicated when patients become symptomatic or at risk for (fatal)
arrhythmias [18]. Hence, PVR should preferably be performed before the right ventricle is
dilated beyond a “point of no return,” yet no sooner than necessary. Timing of PVR during
this arbitrary time interval is therefore dependent both on patient features and the preference
of the team of specialists involved. Because the shape of the RV cannot be described by
a simple geometric model, adequate volumetric calculations of the RV have only become
feasible in recent years with the advent of multiplanar magnetic resonance imaging [19].
Using Simpson’s rule for analysis of serial tomographic slices acquired at the end of RV
systole and diastole, RV volumes and function can be calculated reliably [20]. Considering
the PVR-related reduction in RV volumes and improvement of ejection fraction, it would be
of great interest to be able to predict the outcome of PVR for individual patients with respect
to the degree of improvement in RV size and function [8, 13]. Despite overt evidence of
benefit of PVR in groups of Fallot patients, lack of unequivocal data for individuals has led
our group to analyze which cardiac magnetic resonance (CMR) imaging measurements of
RV size and function best predict the degree of improvement in RV dimensions and function
after PVR.
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Methods

Patients

The CMR studies were part of a study protocol for preoperative and postoperative evaluation
that had been previously approved by the Institutional Review Board. All data used were from
patients who gave their informed consent.

Data on patients’ surgical history are presented in Table 1. CMR imaging was available in 27
patients before and after PVR from a group of 31 consecutive adult Fallot patients who underwent
operation. Total surgical correction of tetralogy of Fallot had been performed at a median age
of 5.6 years (range, 1.3 - 13.2 years). At the time of the study, all patients had significant
pulmonary regurgitation and a dilated right ventricle. All patients received an orthotopically
implanted cryopreserved pulmonary homograft using normothermic or moderately hypothermic
cardiopulmonary bypass. Residual RV outflow tract obstruction was relieved by resection of
infundibular muscular tissue in two patients or augmentation with the implanted homograft
itself in two other patients. An aneurysmatic RV outflow tract was corrected during the same
operation in two patients. Other associated procedures were closure of a residual atrial defect in
one patient and ventricular septal defects in three (one had been closed before), tricuspid valve
repair in one, or annuloplasty or both in six others, if necessary. Residual pulmonary artery
stenosis was relieved in one patient. All interventions were performed by a team of surgeons
specialized in congenital heart disease. All patients were assessed for validity according to New
York Heart Association (NYHA) class by the principal cardiologist both before and after PVR
(within 1-4 weeks of the CMR studies) during outpatient visits. CMR studies were conducted
at a median of 4.8 months (range, 0.7 - 15.4 months) before PVR. A similar CMR study was

made for follow-up at a median of 7.3 months (range, 4.4 - 19.7 months).

TABLE 1: PATIENTS’ HISTORICAL SURGICAL DATA

n=27, 17 (63%) male n %

History of palliative surgery 12 444
Use of RV patch 1 3.7
Use of transannular patch 13 48.1
APC patch only 6 222
No patch 7 25.9
Transatrial VSD closure 4 14.8
Transventricular VSD closure 21 77.8
VSD not closed 2 3.7

RV = right ventricle, APC = common pulmonary artery, VSD = ventricular septal defect
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CMR Imaging

CMR imaging was performed as previously described [8]. In brief, these studies were
performed on a 1.5 Tesla scanner (NT15 Gyroscan, Philips, Best, The Netherlands). Short-
axis images of the heart were acquired with a multiphase, electrocardiogram-triggered, multi-
shot echoplanar gradient echo technique during breath holds. We used a slice thickness of
10 mm and a 0.8 mm - 1.0 mm section gap. The flip angle was 30 degrees, and echo time
was 5 to 10 ms. Between 18 and 25 frames per cycle resulted in a temporal resolution of 22
to 35 ms. Volumetric and functional RV measurements were derived from these studies, and
differences between measurements over time were calculated. Variables were indexed for
body surface area. Variables selected as end points of interest after PVR were indexed RV
end-diastolic volume (mL-m?), indexed RV end-systolic volume (mL-m™), and RV ejection
fraction (%). Also calculated was the so-called corrected RV ejection fraction (%), which
corrects for pulmonary regurgitation, tricuspid regurgitation, and residual shunting (which
equals net pulmonary forward flow/RV end-diastolic volume). Because surgery corrects such
regurgitation and shunting, RV ejection fraction no longer needs correction after PVR. We
tested the relationship between each of these variables before and after PVR. We also assessed
the influence of severity of pulmonary regurgitation (as a percentage of RV stroke volume) on
RV dimensions and function. We further evaluated consequences of postoperative pulmonary
valve gradients (maximum and mean as seen with transthoracic echocardiography) as well as

RV pressures (tricuspid regurgitation gradient estimated right atrial pressure).

Statistical Analysis

The SPSS 12.0.1 (SPSS Inc, Chicago, IL) software for Windows (Microsoft Inc, Redmond,
WA) was used for data analysis. Assessment of the association between two continuous
variables was performed with a correlation analysis. When two groups of patients were
compared for differences in a factor described by a continuous variable, use was made of a
two-tailed independent t-test or a Mann-Whitney test. Correlations are shown in parentheses.
Values of P<0.05 were considered to be statistically significant. Baseline indexed RV end-
systolic volume, baseline RV end-diastolic volume, baseline uncorrected RV ejection fraction,
baseline corrected RV ejection fraction, and pulmonary regurgitation severity were entered in
a multiple linear regression model, and a backward selection procedure (removed if P>0.10)
was performed to determine the most significant predictor(s) of RV size and function after
PVR. Additional logistic regression analysis was performed, incorporating the same baseline
variables of pulmonary regurgitation and RV size and function, to construct a model for

prediction of outcome below a cutoft value of RV end-systolic volume.
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Results

CMR images were assessable for indexed RV end-diastolic volume, indexed RV end-systolic
volume, and RV ejection fraction in all 27 patients. Measurements of corrected RV ejection
fraction and pulmonary regurgitation severity were obtained in 26 patients because one CMR
study showed artifacts. Mean patient age at the time of PVR was 30.8 + 8.2 years. Median
patient age at the time of palliation (n=12) was 2.0 years (range, 0.2 - 6.4 years), and mean
patient age at the time of total correction was 5.6 = 2.8 years. Pulmonary valve replacement
had a clinically relevant result, reflected by mean patient NYHA class change from 2.0 + 0.6
before PVR to 1.3 + 0.3 after PVR (P<0.001).

Pulmonary Regurgitation

As summarized in Table 2, baseline pulmonary regurgitation as percentage of RV stroke
volume (48% + 11%) was not correlated with baseline indexed RV end-systolic volume
(median, 98 mL-m™; range, 52 - 235 mL-m™), baseline indexed RV end-diastolic volume
(median, 166 mL-m; range, 113 - 290 mL-m?), or baseline RV ejection fraction (42% =+ 11%).
Moreover, pulmonary regurgitation severity was not related to the significant postoperative
decrease in indexed RV end-diastolic volume (66 + 30 mL-m?) or the decrease in indexed RV

end-systolic volume (40 + 26 mL-m™).

Right Ventricular Volumes

Indexed RV end-systolic volume and indexed RV end-diastolic volume were closely related
before PVR (r=0.91, P<0.001). After PVR, indexed RV end-systolic volume (median, 59
mL-m; range, 24 - 132 mL-m™) remained closely associated (r=0.77, P<0.001) with indexed
RV end-diastolic volume (109 + 26 mL-m™). Linear regression analysis defined baseline
indexed RV end-systolic volume as the best predictor of both indexed RV end-systolic and
indexed RV end-diastolic volume after PVR (Figure 1). Prediction of outcome of indexed RV
end-systolic volume (mL-m) was defined by 17.3 + [0.45-baseline indexed RV end-systolic

TABLE 2: BASELINE RV SIZE AND FUNCTION IN RELATION TO PR SEVERITY (N=26)

PR as % of RV stroke volume

Indexed RV end-systolic volume r=0.14 P=0.50
Indexed RV end-diastolic volume r=0.16 P=0.42
RV ejection fraction r=-0.04 P=0.84

RV = right ventricular, PR = pulmonary regurgitation
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Figure 1

Baseline indexed right ventricular end-systolic volume (RVESVI) is an excellent predictor of indexed RV
end-systolic volume and end-diastolic volume (RVEDVI) after pulmonary valve replacement (PVR).
Open circles=postoperative RVESVI plotted against baseline RVESVI. Predicted postoperative
RVESVI=17.3 + [0.45-baseline RVESVI] (n=27, r=0.78, P<0.001). Open squares=postoperative
RVEDVI plotted against baseline RVESVI.

Predicted postoperative RVEDVI=58.8 + [0.49-baseline RVESVI] (n=27, r=0.73, P<0.001).

volume] (r=0.78, P<0.001). Prediction of outcome of indexed RV end-diastolic volume
(mL-m?) was defined by 58.8 + [0.49-baseline indexed RV end-systolic volume] (r=0.73,
P<0.001). An indexed RV end-systolic volume of less than 60 mL-m™ was reached in 14
patients. Binary logistic regression analysis correctly identified patients who did or did not
reach an indexed RV end-systolic volume of 60 mL-m? in 92.3% of cases with the following
formula: predicted indexed RV end-systolic volume after PVR =-3.3 +[0.3-baseline indexed
RV end-systolic volume] - [0.16-baseline indexed RV end-diastolic volume]. Patients with
an outcome of indexed RV end-systolic volume of less than 60 mL-m? after PVR also had
a lower mean indexed RV end-diastolic volume after PVR (97 + 17 mL-m? versus 123 £+ 29
mL-m?2, P<0.01) and better mean RV ejection fraction after PVR (0.50 + 0.07, versus 0.36 +
0.06, P<0.001) than patients with an outcome of indexed RV end-systolic volume exceeding
60 mL-m? (n=13). Preoperative characteristics of patients with an indexed RV end-systolic

volume after PVR above or below 60 mL-m™ are summarized in Table 3.
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TABLE 3: BASELINE RIGHT VENTRICULAR VOLUME AND CORRECTED RIGHT VENTRICULAR EJECTION FRACTION
DETERMINE RIGHT VENTRICULAR END-SYSTOLIC VOLUME AFTER PULMONARY VALVE REPLACEMENT

RVESVI < 60 mL'm? (n=14)  RVESVI> 60 mL-m? (n=13)

Mean + SD Mean + SD P
RVESVI 81+18 130 £41 0.001
RVEDVI 157 £ 24 196 + 50 0.020
Corrected RVEF 25+£5 17+7 0.002

RV =rightventricular, PVR = pulmonary valve replacement, RVESVI = indexed right ventricular end-systolic volume,
RVEDVI = indexed right ventricular end-diastolic volume, RVEF = right ventricular ejection fraction

Right Ventricular Function Before and After Pulmonary Valve Replacement

RV ejection fraction did not change significantly after PVR, increasing from a 42% + 10%
to 43% + 10% (P=0.30). The change from baseline mean corrected RV ejection fraction to
uncorrected RV ejection fraction after PVR was considerable with 22% + 6% (P<0.001).
According to regression analysis, RV ejection fraction after PVR was best predicted by 21.6
+[1.02 - baseline corrected RV ejection fraction] (r=10.77, P<0.001). Results are illustrated in
Figure 2. After PVR, uncorrected RV ejection fraction was no longer different from corrected
RV ejection fraction (0.43 £ 0.10 versus 0.42 + 0.10, P=0.65).

Right Ventricular Pressure Load After Pulmonary Valve Replacement

Echocardiography was available in 26 patients within a median of 3 months (range, 0.3 - 8
months) after PVR. Tricuspid regurgitation in 23 patients was grade I or lower, and three
patients had grade II residual tricuspid regurgitation. The median peak pulmonary valve
gradient was 16.5 mmHg (range, 4.0 - 43.0 mmHg), and the median of the mean pulmonary
valve gradient was 8.3 mmHg (range, 2.0 - 23.0 mmHg). The median peak RV pressure
(tricuspid valve gradient + estimated right atrial pressure) was 35.0 mmHg (range, 23.0 - 78.5
mmHg). The calculated median pulmonary artery systolic pressure, which was calculated as
[tricuspid valve gradient + estimated right atrial pressure] - mean pulmonary valve gradient,
was 27.0 mmHg (range, 9.0 - 71.5 mmHg). One patient needed percutaneous balloon
dilatation of a residual pulmonary artery stenosis. Pulmonary arterial hypertension developed
in one patient a few weeks after PVR through recanalization of an old Potts shunt. This shunt
was closed with a percutaneous intervention. An effect of higher pulmonary valve gradients
or estimated pulmonary artery systolic pressures toward increased RV size or decreased RV
function after PVR could not be found.
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Left Ventricular Size and Function

Indexed left ventricular end-systolic volume did not change after PVR, from 40 + 18 mL-m
t0 39+ 11 mL-m (P=0.71). Similarly, indexed left ventricular end-diastolic volume remained
unchanged, from 89 £+ 31 mL-m? to 87 + 18 mL-m? (P=0.76). Hence, left ventricular
ejection fraction remained essentially unchanged after PVR, from 56% + 12% to 55% + 9%
(P=0.87).

Discussion

Our results show that the right ventricle improved in dimensions and function after PVR in
all 27 Fallot patients. Although our group previously reported a similar outcome, we were
now able to demonstrate that changes in RV size and function after PVR are proportionate
to baseline status [8]. It is important to realize that after PVR, patients may thus experience
a large decrease in both RV end-diastolic and end-systolic volume as well as an increase in
corrected RV ejection fraction, whereas absolute RV measurements of size and function may

not normalize. Similar results have been reported by Therrien and colleagues [13] and Dave

70 7
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50 1

30 1

20

10 A

RV ejection fraction after PVR (%)

Corrected RV ejection fraction before PVR (%)

Figure 2

Baseline corrected right ventricular (RV) ejection fraction is the best predictor of RV ejection fraction after
pulmonary valve replacement (PVR). Predicted RV ejection fraction after PVR=21.6 + [1.02-baseline corrected
RV ejection fraction] (n=26, r=0.77, P<0.001).
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and colleagues [17], suggesting that PVR should be performed before an indexed RV end-
diastolic volume of 150 - 170 mL-m? is reached. Despite overt evidence of the importance
of pulmonary regurgitation in adult Fallot patients, RV dimensions and function may vary
greatly in patients with the same degree of pulmonary regurgitation [4]. And although
pulmonary regurgitation is held responsible for RV dilatation and decrease of RV function
over time, the absence of overt influence of pulmonary regurgitation severity on RV size or
function before or after PVR strongly suggests that pulmonary regurgitation severity should
not be the variable of primary consideration in deciding when to perform pulmonary valve
replacement in adult Fallot patients [5, 10]. Rather, when pulmonary regurgitation is present,
we should focus on variables of RV size and function that indicate how the individual’s RV
is coping with the burden of pulmonary regurgitation, and at the same time predict change
in RV size and function if PVR were performed. Our results suggest that RV end-systolic
volume and corrected RV ejection fraction are the most important measurements of RV
size and function to assess. Baseline corrected RV ejection fraction had the closest relation
with RV ejection fraction after PVR in our group. This can be explained by the fact that
pulmonary regurgitation, tricuspid regurgitation, and shunting over a residual ventricular
septal defect may all lead to a compensatory increase in RV stroke volume to maintain net
pulmonary forward flow with each heartbeat. Hence, without correction for regurgitation and
shunting, RV ejection fraction overestimates true RV performance. To evaluate the true RV
performance and possible benefit of PVR for the patient, it has therefore been suggested that
the corrected RV ejection fraction should be used in the preoperative situation [8]. Several
reports have addressed changes in RV volumes after PVR, rendering different cut-off values
for indexed RV end-systolic and end-diastolic volumes [13, 14, 17]. Indexed RV end-systolic
volume is probably the most important preoperative measure of RV dimensions and function
because it incorporates both RV volume overload and systolic function, variables strongly
related to clinical status [5]. Five patients in our study returned to an indexed RV end-systolic
volume within normal limits [21]. Ideally, lifelong optimal management of a Fallot patient
would prevent important RV dilatation while preserving RV systolic function. That such
management still requires repeated surgical intervention implies that the pursuit of optimal
RV hemodynamics may not be successful in most patients [22]. Perhaps it is therefore more
realistic to strive towards a near-normal RV size and function in adult Fallot patients that have
not had the benefit of current surgical techniques and medical management. In our group,
little over half of patients reached an indexed RV end-systolic volume of less than 60 mL-m?,
which was associated with a better RV ejection fraction and a lower indexed RV end-diastolic

volume. Preoperative cut-off values likely to result in a favorable outcome are therefore an
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indexed RV end-systolic volume of 100 mL-m™ and a corrected RV ejection fraction that
exceeds 20%. The strong relation between indexed RV end-diastolic volume and indexed
RV end-systolic volume, both before and after PVR, likely reflects ventricular adaptation in
response to increased wall stress and volume loading. RV fibrosis might explain why in some
patients RV dimensions regressed less, and RV ejection fraction remained impaired [23].
Although changes in surgical practice and techniques now allow for total correction much
earlier in life, mostly with a transatrial approach, and with less need for prior palliation, we
believe that our cohort of patients still represents an important part of adult Fallot patients

who require long term management, and probably repeat PVR in time to come.

Conclusion

In patients with important pulmonary regurgitation, timing of pulmonary valve replacement
should be based on indexed right ventricular end-systolic volume and corrected right ventricular
ejection fraction rather than on severity of pulmonary regurgitation.
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Abstract

Background

Pulmonary valve regurgitation may cause right ventricular failure in adult patients with
Fallot’s tetralogy. In these patients, prolonged depolarization and disturbed repolarization
are associated with ventricular arrhythmias and sudden cardiac death. We aimed to assess the
effect of pulmonary valve replacement (PVR) on the repolarization of patients with tetralogy
of Fallot.

Methods

Thirty Fallot patients (age 32 + 9 years, 19 male) eligible for PVR were studied with cardiac
magnetic resonance imaging (CMR) before and 6 months after PVR. Electrocardiograms
obtained during initial and follow-up CMR were analyzed and occurrence of ventricular

arrhythmias was studied.

Results

Right ventricular end-diastolic volume (RVEDV) decreased from 322 + 87 mL to 215 +
57 mL after PVR (P<0.001). The spatial QRS-T angle normalized from 117 & 34° to 100 +
35°, P<0.001 (normal angle <105°). QT dispersion and T-wave complexity did not change
significantly. T-wave amplitude decreased from 376 + 121 uV to 329 £+ 100 puV (P=0.01).
T-wave area decreased from 43 + 15 uV-s to 38 + 13 uV-s (P=0.02). Decreases in T-wave
amplitude and area were most prominent in the right precordial leads overlying the RV. Three
patients had sustained ventricular arrhythmias and one patient died suddenly. These patients
had a QRS duration >160 ms. No severe ventricular arrhythmias were found in patients with
a RVEDV <220 mL, QRS-T angle <100°, QT dispersion <60 ms or T-wave complexity
<0.30.

Conclusion
Normal repolarization indices may be associated with the absence of severe ventricular
arrhythmias. PVR in Fallot patients with dilated right ventricles has a beneficial effect on

electrocardiographic indices of repolarization heterogeneity.
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Introduction

The prognosis of patients with a tetralogy of Fallot has improved dramatically after the
introduction of complete surgical repair at young age. However, in adult Fallot patients,
residual pulmonary regurgitation may cause right ventricular failure [1, 2]. These patients
are prone to develop ventricular arrhythmias and/or sudden cardiac death. This risk increases
significantly when QRS duration is larger than 180 ms [3]. In addition to prolonged
depolarization, disturbed repolarization may play a role in arrhythmogenesis. Repolarization
disturbances are widely recognized as contributors to arrhythmias [4, 5]. QT dispersion has
been shown to refine risk stratification for arrhythmias in Fallot patients [6], and several
other electrocardiographic indices have been suggested to assess various characteristics of
the repolarization. The spatial angle between the QRS and T axes is an electrocardiographic
index that comprises both depolarization and repolarization and has prognostic value in normal
subjects and selected patient groups [7-9]. T-wave complexity is related to repolarization
heterogeneity, which is a pro-arrhythmogenic factor [10]. T-wave amplitude and T-wave area
are also measures of repolarization heterogeneity [11, 12]. We have previously demonstrated
that pulmonary valve replacement (PVR) reduces QRS duration and right ventricular end-
diastolic volume [13]. In the present study we tested whether PVR has beneficial effects on
the repolarization and whether electrocardiographic indices of the repolarization are related

to ventricular arrhythmias.

Methods

Patients

Thirty Fallot patients (19 male/11 female) were evaluated. The age of the patients at the
initial surgical procedure was 5.7 + 3.1 years. In 15 patients a transannular patch had been
applied during the initial procedure. Age at PVR was 31.8 + 9.1 years. Indications for PVR
were moderate to severe pulmonary regurgitation in combination with right ventricular
dilatation. In addition to PVR, tricuspid regurgitation was corrected in 6 patients and residual
ventricular septal defects were closed in 4 patients.

Cardiac Magnetic Resonance imaging
CMR was performed on a 1.5 Tesla scanner (NT15 Gyroscan, Philips, Best). Briefly, short axis
images of the heart were acquired with a multiphase, ECG-triggered, multishot echoplanar

gradient echo technique. Images were acquired during breath holds with a slice thickness of
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10 mm and a 0.8 to 1.0 section gap. The flip angle was 30° and echo time was 5 to 10 ms.

Eighteen to 25 frames/cycle resulted in a temporal resolution of 22 to 35 ms [14].

ECG analysis

ECGs were obtained before the initial CMR and during the follow-up procedure 6 months
after surgery. The routinely made 10-s ECGs, digitally stored (sampling rate 500 Hz,
resolution 5 uV/bit) in our hospital ECG database, were imported into LEADS, a MATLAB
(The Math Works, Natick, USA) computer program that was developed for research oriented
ECG analysis [15]. The ECGs were randomly renamed to assure blinded analysis. After
QRS detection and fiducial point determination, the QRS-T complexes in the 10-s ECG were
averaged in order to minimize noise. Besides the standard 12-lead ECG representation of the
averaged beat, a vectorcardiographic X—Y—Z representation and the magnitude of the heart
vector were computed using the inverse Dower matrix [16]. Onset and end of QRS were
computed in the vector magnitude signal by a threshold procedure and by determining the
minimal vector size in between the QRS complex and the T-wave, respectively. The default
end-of-QRS instant was then manually adjusted to meet the Minnesota criteria [17] for end-
of-QRS determination (being the last J point in any of the ECG leads, while in leads with
two candidate J points the earliest J point is taken). End-of-T instant was set automatically in
every lead at the intercept of the steepest tangent to the terminal limb of the T-wave with the
baseline. QT dispersion was calculated as the longest minus the shortest QT interval in any
lead. The spatial angle between the mean electrical axes of the QRS complex and the T-wave
was computed from the vectorcardiogram [18]. T-wave complexity was derived by means of
singular value decomposition of the 8 independent ECG leads I, IT and V1-V6 [10, 19]. T-
wave complexity was calculated by dividing the square root of the summed squared singular
values 2—8 by the first singular value. Finally, the absolute T-wave amplitude and T-wave area
were computed and averaged from the ECG leads.

Ventricular arrhythmias

The occurrence of ventricular arrhythmias and the relation to ECG and CMR measurements
were studied. Sustained ventricular tachycardias (lasting >30 s or causing symptoms) and
sudden cardiac death were categorized as severe ventricular arrhythmias. Postoperative data
were used for this analysis, except in one patient that suffered from arrhythmias before PVR

only, from whom the preoperative measurements were used.
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Statistical analysis

All data are reported as mean + standard deviation. Two-sided paired and unpaired
Student’s t-tests were used wherever appropriate. To correct for multiple testing, the
significance level of the P-values was determined according to the false discovery rate
method [20].

Results

Changes in right ventricular volume and QRS duration

Surgery had a positive effect on the right ventricular end-diastolic volume (RVEDV)
which decreased from 322 + 87 mL before surgery to 215 + 57 mL after surgery (P<0.001).
QRS duration decreased from 158 + 34 ms to 153 + 32 ms (P<0.01).

Changes in repolarization

The spatial angle between QRS and T axes decreased significantly from a preoperative
value of 117 +34° to 100 + 35° postoperatively (P<0.001). QT dispersion did not change
significantly, with a preoperative value of 78 + 27 ms and a postoperative value of 85 +
30 ms (P=0.19). Pre- and postoperative values of T-wave complexity were 0.49 + 0.22
and 0.44 + 0.21, respectively (P=0.16). T-wave amplitude decreased significantly from
376 £ 121 uV to 329 £ 100 uV (P=0.01). T-wave area decreased significantly from 43 +
15 pV-s to 38 £ 13 uV-s (P=0.02). These results and the cut-off values for significance

TABLE 1. VALUES OF RIGHT VENTRICULAR END-DIASTOLIC VOLUMES, QRS DURATION, AND
ELECTROCARDIOGRAPHIC REPOLARIZATION INDICES, MEASURED BEFORE AND AFTER PULMONARY
VALVE REPLACEMENT

n=30 pre-PVR post-PVR P significant
cut-off value

RVEDV (mL) 322487 215457 <0.0001* <0.007
QRS duration (ms) 158+34 153+32 0.002* <0.021
QRS-T angle (°) 117+34 100435 0.0004* <0.014
QT dispersion (ms) 78+27 85+30 0.19 <0.05
T-wave complexity 0.49+0.22 0.44+0.21 0.16 <0.04
T-wave amplitude (LV) 376+121 329+100 0.01* <0.029
T-wave area (LV-s) 43+15 38+13 0.02* <0.036

PVR = pulmonary valve replacement, RVEDV = right ventricular end-diastolic volume,
*Significant P-values after false discovery rate correction, i.e. below the cut-off values provided
in the last column
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according to the false discovery rate method [20] are summarized in Table 1. Changes
in T-wave amplitude and area for all 12 leads are shown in Fig. 1. Note that changes are

most pronounced in the leads overlying the right ventricle.

Relations between right ventricular volume and QRS duration
The average of the pre- and postoperative QRS duration related linearly to the average RVEDV
(r=0.58, P<0.01). Changes in QRS duration correlated with changes in RVEDV (1=0.45, P=0.03).
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=
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Lead aVvL | -avVR Il aVvVF il Vi V2 V3 V4 V5 V6
P 0.58 0.19 0.54 0.78 0.90 0.92 0.17 0.005 0.002 0.12 0.04 0.17
Figure 1
A. T-wave amplitude pre-PVR and post-PVR for all leads. Right precordial leads show the largest changes in
T-wave amplitude.
B. T-wave area pre-PVR and post-PVR for all leads. The changes in T-wave area were most significant in
leads V2 and V3, leads overlying the right ventricle.
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Relations between QRS duration and repolarization indices
Average QRS durations correlated with the spatial angle (r=0.70, P<0.001), QT dispersion
(r=0.62, P<0.001), T-wave complexity (r=0.52, P<0.01) and T-wave area (r=0.43, P=0.02).

Ventricular arrhythmias

Follow-up was available up to 5.5 + 1.9 years after PVR. Three patients had sustained ventricular
tachycardias and one patient died suddenly. This patient died 18 months post-PVR. The cause
of death was uncertain, but the patient was hemodynamically stable and had no co-morbidity,
making arrhythmia the most probable cause of death. Two of the patients had pre- as well as
postoperative ventricular tachycardias and (pre)syncope, for which automatic internal cardiac
defibrillators were implanted postoperatively. The last patient had preoperative repetitive
sustained ventricular tachycardias, requiring cardioversion and hospitalization. After PVR this
patient remained free of serious arrhythmias. All patients with severe ventricular arrhythmias
had a QRS duration >160 ms. Among the 26 patients without severe ventricular tachycardias,
10 patients also had a postoperative QRS duration >160 ms. The group size was too small to
analyze whether the combination of QRS duration and a repolarization measure or RVEDV
could improve the specificity. However, no severe arrhythmias were found in patients with
QRS-T angle <100°, QT dispersion <60 ms, T-wave complexity <0.30 or a RVEDV <220 mL.

Discussion

In this study we assessed the effects of pulmonary valve replacement in Fallot patients with
dilated right ventricles on electrocardiographic indices of repolarization heterogeneity. We
found that PVR alters the repolarization process. PVR results in normalization of the spatial
QRS-T angle and reduction of T-wave amplitude and area. Furthermore, we analyzed the
occurrence of ventricular arrhythmias in these patients. Although the findings are limited by the
small number of patients with arrhythmias, the optimal discriminator of patients with severe
arrhythmias was a QRS duration >160 ms. No severe arrhythmias were found in patients with
RVEDV <220 mL, QRS-T angle <100°, QT dispersion <60 ms or T-wave complexity <0.30.
In previous studies in Fallot patients late after initial surgical correction, repolarization
heterogeneity was implicated as a potential mechanism for arrhythmias [6, 21, 22]. In the
current study, we used a dedicated computer program to enhance the reproducibility and
accuracy of ECG analysis. This allowed concomitant calculation of electrocardiographic
repolarization indices like the QRS-T angle, T-wave complexity, T-wave amplitude and T-

wave arca.
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Spatial QRS-T angle

The spatial QRS-T angle comprises properties of both depolarization and repolarization and
has prognostic capabilities. Kardys et al. showed that a wide QRS-T angle predicted cardiac
death in a general population of more than 6000 men and women older than 55 years [7].
After adjustment for cardiovascular risk factors, hazard ratios of abnormal QRS-T angles for
sudden death were 4.6 (CI 2.5 — 8.5). Zabel et al. showed that the QRS-T angle contributed
to the risk stratification of patients after myocardial infarction, independent of classical risk
factors [8]. Other studies underscored the prognostic value of the spatial QRS-T angle and
the orientation of the T axis [9, 23, 24]. The large QRS-T spatial angle in our study is related
to the right bundle branch block present in most Fallot patients. Subsequently, their right
ventricles are mostly activated by the relatively slow myocardial cell-to-cell conduction
instead of the specialized conduction system. Consequently, the order of repolarization is no
longer predominated by primary factors (differences in action potential duration); instead,
secondary factors (the depolarization order resulting from slow cell-to-cell conduction)
predominate the repolarization order. The resultant similar order of de- and repolarization
in combination with the opposed direction of the de- and repolarizing currents cause large
differences in the orientation of the QRS and T vectors, i.e., a wide QRS-T angle. An increased
QRS-T angle may also be caused by a disturbance in the distribution of myocardial action
potential durations. Previous studies showed that increased wall stress and hypertrophy have
a direct influence on action potential duration [25, 26]. In dogs, volume overload leading to
eccentric hypertrophy caused interventricular differences in action potential durations and
an increased sensitivity to arrhythmogenic medication [26]. Normal values for the QRS-
T angle were defined as being smaller than 105° [7, 27]. The QRS-T angle in our Fallot
patients decreased from 117 +34° to 100 + 35°, denoting a transition from a value outside the
normal range to a smaller value within the normal range after PVR. We observed no severe
arrhythmias in patients with a QRS-T angle <100°.

QT dispersion

Previously, Gatzoulis et al. used QT dispersion to refine risk stratification of Fallot patients
with a wide QRS complex [6]. All patients with clinically relevant arrhythmias appeared to
have a QRS duration of more than 180 ms and a QT dispersion of more than 60 ms. In our
patient group the combination of QRS duration and QT dispersion could not be assessed as
only four patients had severe arrhythmias. However, we found no ventricular tachycardias
in patients with QT dispersion <60 ms. Furthermore, our group of Fallot patients with large

RVs had relatively high pre- and postoperative QT dispersion values. Surprisingly, we found
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no change in QT dispersion after PVR, despite the relatively large right ventricular volume
reduction in most patients. This finding is in agreement with the study of Helbing et al. [28§],
who did not find a correlation between right ventricular volume and QT dispersion in a group
of Fallot patients and normal subjects. Initially, QT dispersion was proposed as a measure
of local repolarization differences [29]. However, QT dispersion is strongly dependent on
the orientation of the T vector, which represents the summed electromotive forces [30]. The
QT interval is shortest in the ECG lead that is perpendicular to the orientation of the last part
of the T vector. This shortest QT interval has a large influence on the magnitude of the QT
dispersion, calculated as the longest minus the shortest QT interval in any lead. Thus, QT
dispersion depends on projections of the global T vector on the different lead vectors and
does not necessarily represent local repolarization differences [30].

T-wave complexity

T-wave complexity has been shown to yield independent prognostic information in patients
with cardiovascular disease [31]. In patients with arrhythmogenic right ventricular dysplasia,
higher T-wave complexity is associated with ventricular arrhythmias [32]. Additionally, T-
wave complexity is increased in patients with primary repolarization disturbances and can
be used to discriminate these patients from healthy individuals [10]. We calculated T-wave
complexity by means of singular value decomposition, which is an algebraic algorithm used
to characterize the T-waves of the eight independent ECG leads I, IT and V1-V6. If the eight
T-waves can be described by only the first few singular values, these T-waves are relatively
simple as they can be composed from a limited set of basic patterns. The more singular values
are needed to accurately describe the T-waves, the more complex the T-waves. We observed
a non-significant reduction in T-wave complexity in our relatively small study, which can be
interpreted as a trend in the direction of a more normal repolarization. Additionally, patients

with a T-wave complexity <0.30 had no severe arrhythmias.

T-wave amplitude and area

T-wave amplitude and area were related to repolarization heterogeneity in previous studies. In
rabbit hearts, T-wave area was strongly correlated to repolarization heterogeneity as measured
by 7 monophasic action potential electrodes [33]. T-wave amplitude and area were also related
to repolarization heterogeneity, measured as the difference in repolarization time between the
left and right ventricle in canine hearts [12]. Experiments in preparations of the left ventricular
wall mimicked Long QT-1 syndrome and increased repolarization heterogeneity, which was
reflected by an increased T-wave amplitude and area [34]. Mathematical simulation studies
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confirmed these experimental findings [11, 35]. In our Fallot patients we measured a decrease
in T-wave amplitude and T-wave area after PVR, suggesting decreased repolarization
heterogeneity. The changes in T-wave area and amplitude were more explicit in leads V2
and V3 than in the other ECG leads (Fig. 1). Leads V2 and V3 may display more electrical
activity from the right ventricle than the other standard ECG leads due to their proximity
to the right ventricle [36, 37], underscoring that the observed changes in T-wave amplitude
and area were indeed related to changes in the right ventricle. The observed changes in T-
wave amplitude and T-wave area suggest decreased repolarization heterogeneity in the right
ventricle due to PVR.

Arrhythmias

The patients with severe arrhythmias had a QRS duration longer than 160 ms. Gatzoulis et al.
found that every Fallot patient with symptomatic ventricular arrhythmias had a QRS duration
longer than 180 ms [3]. Our study suggests that this criterion should be lowered to ascertain
identification of patients with ventricular arrhythmias. The patient who died suddenly had a
QRS duration of 164 ms. Our study was too small to combine electrocardiographic indices of
the repolarization with the QRS duration to improve specificity. However, patients with either
a QRS-T angle lower than 100°, a QT dispersion lower than 60 ms, a T-wave complexity
lower than 0.30 or a RVEDYV lower than 220 mL had no severe arrhythmias.

Limitations

The number of patients with arrhythmias is obviously too small to draw solid conclusions
regarding the predictive value of arrhythmias. However, the observed association between
normal repolarization indices and the absence of severe ventricular arrhythmias in this
relatively small group has a physiological basis. Repolarization heterogeneity may form
the substrate for ventricular arrhythmias: as irregular repolarization sequences facilitate
the formation of functional barriers, an adversely timed extra stimulus may initiate a re-
entry arrhythmia [5]. Furthermore, most electrocardiographic repolarization indices are
related to the QRS duration, which in turn is related to RVEDV. This interdependency can
be seen as a limitation towards the additional value of repolarization analysis. However,
mechanical factors, depolarization and repolarization may all play a role in the process of
arrhythmogenesis. A previous study in Fallot patients after total surgical correction registered
body surface maps that showed a high similarity between de- and repolarization patterns [38].
Repolarization differences influenced by a smoothly progressing depolarization wave front

do not necessarily increase the susceptibility to arrhythmias. However, in volume overloaded
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ventricles, fibrosis and mechanically induced changes in conduction velocity may cause

patchy, irregular repolarization sequences.

Conclusions

Normal repolarization indices may be associated with the absence of severe ventricular
arrhythmias. Pulmonary valve replacement in Fallot patients with dilated right ventricles has

a beneficial effect on electrocardiographic indices of repolarization heterogeneity.
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CHAPTER V

Abstract

Background
The study aim was to assess three-dimensional electrocardiogram (ECG) changes during

development of pulmonary arterial hypertension (PAH).

Methods

PAH was induced in male Wistar rats (n=23) using monocrotaline (MCT; 40 mg-kg' sc).
Untreated healthy rats served as controls (n=5). ECGs were recorded with an orthogonal
three-lead system on days 0, 14, and 25 and analyzed with dedicated computer software.
In addition, left ventricular (LV)-to-right ventricular (RV) fractional shortening ratio was

determined using echocardiography.

Results

Invasively measured RV systolic pressure was 49 = 10 mmHg on day 14 and 64 = 10 mmHg
on day 25 vs. 25 =2 mmHg in controls (both P<0.001). Baseline ECGs of controls and MCT
rats were similar, and ECGs of controls did not change over time. In MCT rats, ECG changes
were already present on day 14 but more explicit on day 25: increased RV electromotive
forces decreased mean QRS-vector magnitude and changed QRS-axis orientation. Important
changes in action potential duration distribution and repolarization sequence were reflected
by a decreased spatial ventricular gradient magnitude and increased QRS-T spatial angle. On
day 25, LV-to-RV fractional shortening ratio was increased, and RV hypertrophy was found,
but not on day 14.

Conclusions

Developing PAH is characterized by early ECG changes preceding RV hypertrophy, whereas
severe PAH is marked by profound ECG changes associated with anatomical and functional
changes in the RV. Three-dimensional ECG analysis appears to be very sensitive to early
changes in RV afterload.
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HYPERTENSION CAN BE DETECTED WITH THREE-DIMENSIONAL ELECTROCARDIOGRAPHY

Introduction

Pulmonary arterial hypertension (PAH) is a rare and severe disease of the afferent pulmonary
vasculature, characterized by a progressive increase in pulmonary vascular resistance and
overloading of the right side of the heart [1]. In patients with developing PAH, there is
generally a considerable delay between the onset of pulmonary vasculature loss and the onset
of PAH-related symptoms [2-5]. Diagnosis of PAH is therefore often delayed [6]. Hence,
a simple noninvasive diagnostic test for PAH is warranted to allow earlier detection of the
disease [6]. The routine electrocardiogram (ECG) is a very simple test but has proven to be
of limited value in the evaluation of patients with suspected PAH [6, 7]. In rats it has been
demonstrated that pulmonary hypertension precedes right ventricular hypertrophy, where the
latter can be detected with sequentially recorded ECGs [8]. The vectorcardiogram (VCG) has
been considered of additional value to ECG analysis, since it renders different information
and allows calculation of parameters that cannot be computed from separate ECG leads [9-
11]. However, the potential value of sequentially recorded VCGs for detection of changes
in developing pulmonary hypertension has not been studied. Information recorded by three
orthogonally oriented bipolar leads can be readily reconstructed into a three-dimensional
VCG with the help of dedicated software. Since the right ventricle (RV) has a lower mass
than the left ventricle (LV) in both rats [8, 12] and humans [13], RV electrical activity is
largely masked by the LV electrical activity under normal conditions [14]. We hypothesized
that an increasing RV workload, elicited by progressive loss of pulmonary vasculature in
PAH, would trigger a corresponding degree of RV hypertrophy, inducing three-dimensional
body surface ECG changes [15]. We chose to investigate the evolution of three-dimensional
body surface ECG abnormalities in a rat model of pulmonary hypertension. In addition, we
evaluated RV and LV contractility using echocardiography and determined RV hypertrophy
by measuring mean cross-sectional area of RV cardiomyocytes. We investigated whether
ECG abnormalities precede echocardiographic abnormalities and RV hypertrophy. Invasively

measured RV systolic pressure served as the gold standard for presence of PAH.

Methods

Experimental setup

This study was performed in accordance with the national guidelines and with the permission
of our institutional animal ethics and welfare committee. Male Wistar rats (Harlan
Laboratories, Horst, The Netherlands) weighing 180-200 g were used in this study (n=28).
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PAH was induced by a single subcutaneous injection of monocrotaline (MCT; 40 mg-kg
!, n=23; Sigma-Aldrich, Steinheim, Germany) dissolved in 0.9% NaCl (8 mg-mL") at pH
7.4. Untreated healthy rats received an equal volume of saline alone and served as controls
(n=5). The local animal ethics and welfare committee ruled that an experiment involving rats
exposed to 40 mg-kg! MCT should not be extended beyond 25 days, since comparable doses
had led to end-stage heart failure and premature death in other experimental setups [16].
Animals were housed two per cage with a 12:12 h light-dark cycle. Food and water were
available ad libitum. This study protocol was performed parallel to an ongoing project aimed
at elucidating changes in pulmonary vasculature in PAH and the effects of medication on
these changes. As such, this protocol was designed as a reversal study in which rats injected
with MCT received either placebo (n=10) or one of three drugs: the dual endothelin receptor
antagonist bosentan (100 mg-kg'-day', n=4), the phosphodiesterase-5 inhibitor sildenafil
(1 mg'kg'-day!, n=4), or the p-kinase inhibitor fasudil (30 mg-kg'-day!, n=5). Drugs were
dissolved in 2 mL of commercially available vanilla pudding, which served as vehicle. Drugs
were administered orally from day 14 onward. Untreated healthy and MCT rats received
vehicle alone. On day 0 (before MCT injection), on day 14, and on day 25, a body surface
ECG and echocardiogram were recorded. We chose to perform measurements on day
14, since elevated pulmonary arterial pressures were reportedly present at this time after
administration of similar doses of MCT [17]. Before ECG recording and echocardiography,
rats were anesthetized by inhalation of 4% isoflurane. Anesthesia was maintained under 2%

isoflurane administration. All rats breathed spontaneously throughout this procedure.

RV pressure measurements

After completion of ECG and echo recordings, right ventricular systolic pressure (RVSP) was
measured in 8 MCT rats on day 14 and in 15 MCT rats and 5 controls on day 25. Before the
procedure, rats were intubated with a 16-gauge plastic venflon that was inserted directly into the
trachea. Animals were subsequently attached to a mechanical micro ventilator (UNO, Zevenaar,
The Netherlands), ensuring a breathing frequency of 75 breaths'min™! with an intermittent positive
pressure ventilation/positive end-expiratory plateau (IPPV/PEEP) of 15 - 5 mbar (control) or
8 - 2 mbar (MCT). PEEP was kept lower in MCT rats to avoid ventilator-induced lung injury.
Pressure measurements were performed using a Millar pressure catheter (Millar, Houston, TX)
that was directly inserted through the apical RV free wall after right lateral thoracotomy through
the fifth intercostal space. RVSP was measured for 10 s and averaged. Data were obtained using a
PowerLab setup (AD Instruments, Castle Hill, NSW, Australia). After RV pressure measurement,

rats were killed. Before animal death, isoflurane administration was increased again to 4% and
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the absence of reactivity to external stimuli was verified. During the entire procedure, body

temperature was monitored and maintained at 37°C with a controlled heating pad.

RV hypertrophy

Hematoxylin and eosin staining was performed on cross sections of each heart as described
by des Tombe et al. [18] to determine the degree of cardiomyocyte hypertrophy in both
ventricles. The cross-sectional area (CSA) of 40 randomly chosen cardiomyocytes in the
RV was measured. In addition, sarcomere length was randomly determined in five areas of
each ventricle, where cardiomyocytes were cut along their longitudinal axis. CSA was then
normalized on a sarcomere length of 2 um to correct for variation between sarcomere lengths,
which makes comparison between different hearts feasible. In addition, the occurrence of

endured ischemia was determined by staining for cytosolic cytochrome ¢ release [19].

Electrocardiography

Body surface ECGs were made with rats in the supine position. ECGs were recorded using five
subcutaneously placed needle electrodes: one on each limb and one chest electrode centrally
placed over the fourth intercostal space (Figure 1). A resistance network was used to derive
three ECG leads, equivalent to Einthoven’s lead I, lead aVF, and the inverted average of
leads V1 and V2. In the following, these three leads are treated as vectorcardiographic leads
X (right to left), Y (craniocaudal direction), and Z (anteroposterior direction). Orientation
of the X-, Y-, Z-axis is according to the American Heart Association recommendations [20].
The fifth electrode on the right hind limb functioned as a reference electrode. The three
orthogonal ECG signals were recorded with a 2,000-Hz sampling rate. The registration setup
(PowerLab) was optimized with respect to grounding and shielding to keep background noise
to a minimum. Registrations were performed with a minimum duration of 1 min to allow
for beat selection and subsequent averaging, further improving the signal-to-noise ratio. All

ECGs were recorded without electronic filters and were processed oft-line.

Electrocardiographic analysis

ECGs were analyzed using LEADS, our dedicated electrocardiography analysis program
[9]. In short, LEADS automatically selects beats for averaging on the basis of signal quality
criteria (baseline, noise). This selection of beats is then reviewed and edited by the investigator.
The beats are then averaged by LEADS. After the onset and end of QRS complex and the
end of T-wave in the averaged beat are manually reviewed and edited, vectorcardiographic

calculations are automatically performed.
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Figure 1

A) Ratin the supine position with the 5 ECG electrodes in place: red (vight front limb), yellow (left front limb),
green (left hind limb), blue (central over 4th intercostal space), and black (right hind limb).
B) Resistor network to derive ECG leads I, aVF, and the inverted mean of leads VI and V2, taken as substitutes

for vectorcardiographic XY, and Z leads.
C) Averaged beat from a healthy rat, generated by LEADS.
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Electrocardiographic parameters

Depolarization was characterized by QRS duration, the orientation of the QRS-axis, and the
mean QRS vector magnitude. QRS-axis orientation with unit radius was decomposed in its X,
Y, and Z components for comparison of orientation over time. Concordance/discordance of
depolarization and repolarization on the ECG was characterized by the spatial QRS-T angle
(the angle between the spatial orientation of the QRS- and T-axes) [21]. Action potential
duration heterogeneity was characterized by the spatial ventricular gradient (VG) magnitude
[22]. All parameters were derived from the averaged beat, using information from the three

orthogonal leads.

Echocardiography

The average heart rate of a rat is approximately five times higher than that of humans,
precluding real-time appreciation of cardiac function with echocardiography. We chose to
perform echocardiography with a straightforward, easily reproducible approach, capturing
both LV and RV during the cardiac cycle. RV and LV short-axis images were made in B-
mode and M-mode, using a ProSound SSD-4000 PureHD echo machine (Aloka, Tokyo,
Japan). End-diastolic and end-systolic diameters (EDD and ESD, respectively) for both RV
and LV were measured perpendicularly to the interventricular septum at midseptal level.
EDD and ESD were used to calculate fractional shortening with the following formula:
fractional shortening=[(EDD - ESD)/EDD]-100%. Since comparison of individual RV and
LV fractional shortening over time is sensitive to changes in echo probe positioning along
the longitudinal cardiac axis, we used the ratio of LV fractional shortening to RV fractional

shortening (LV/RV fractional shortening) to describe changes in cardiac function.

Statistical analysis

All data sets were randomized before analysis by observers (I.LR. Henkens and K.T.B.
Mouchaers) who were blinded to treatment groups. SPSS for Windows software (version
12.0.1; SPSS, Chicago, IL) was used for data analysis. Normally distributed values are
presented as means + standard deviation. Values not normally distributed are presented as
medians and their minimum and maximum values in parentheses. Independent t-tests were
used for comparison of controls and MCT rats. Sequential measurements within groups of
similarly treated rats were compared with paired t-tests. A value of P <0.05 was considered

to be statistically significant.
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Figure 2
A. Mean RV systolic pressure was 25+2 mmHg in controls vs. 49+10 mmHg in MCT rats on day 14, and
64 £ 10 mmHg on day 25;
B. Mean Cross sectional area of RV myocytes was 27444 im?2 in controls vs. 286x23 yum2 in MCT rats on
day 14 and 47665 um2 on day 25,

C. RV myocytes in a control rat (magnification 40x);
RV myocytes in a MCT rat on day 14 (magnification 40x);
RV myocytes in a MCT rat on day 25 (magnification 40x).
*: P<0.001, MCT = Monocrotaline, CSA = Mean cross sectional area, normalized on sarcomere length,

RVSP = Mean right ventricular systolic pressur
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Results

RV systolic pressure and hypertrophy

On day 14 all MCT rats already had elevated RVSP compared with controls (Figure 2A).
However, RV hypertrophy was not yet present at this time, as demonstrated by a mean
cross-sectional cardiomyocytes area of 286 = 23 pum?, which was not different from 274
+ 44 um? in controls (P=0.52) (Figure 2B and C). On day 25, all MCT rats, regardless
of therapy, had severe PAH (Figure 2A). At this time MCT rats showed marked RV
hypertrophy, with a considerably higher mean CSA of RV cardiomyocytes of 476 + 65
um? compared with both controls and MCT rats on day 14 (both P<0.001 ) (Figure
2B and C). LV cardiomyocyte dimensions were not different between MCT rats and
controls. MCT rats were negative for cytochrome c release, indicating that myocardial

perfusion was adequate despite marked hypertrophy in MCT rats.

Body surface ECGs and echocardiograms

Of the 76 recorded body surface ECGs, 2 (2.6%) were not interpretable because of 50-Hz
background noise. Suitable for analysis were 28 registrations on day 0, 28 registrations
on day 14, and 18 registrations on day 25. Out of 76 echocardiographic registrations
performed, 72 (94.7%) were suitable for interpretation of RV and LV fractional
shortening.

ECGs at baseline

There was no difference at baseline between rats receiving saline and rats receiving
MCT with respect to heart rate, QRS duration, QRS-axis orientation, mean QRS vector
magnitude, QRS-T spatial angle, or VG magnitude. There were no rats with a bundle
branch block configuration in the ECG.

ECGs after 14 and 25 days

Controls did not show ECG changes on day 14 or day 25. MCT rats, however, showed
marked changes in ECG characteristics on day 14 compared with baseline, which had
further evolved on day 25 (Table 1). ECG changes were not different for MCT rats
receiving treatment compared with MCT rats receiving placebo. In addition, ECG changes
were also not different between rats receiving different medications (bosentan, sildenafil,
or fasudil). New onset bundle branch block was not observed. On day 14, heart rate was

lower in MCT rats than on day 0. Furthermore, depolarization changes were present

85



CHAPTER V

in MCT rats, as well as changes in concordance of depolarization and repolarization
and changes in action potential duration heterogeneity. The increased RV contribution
to the electromotive forces was demonstrated by an important decrease in mean QRS
vector magnitude. Furthermore, there was a change in three-dimensional QRS-axis
orientation, most notably in the Z direction. The suggested evolutionary mechanism for
the observed changes on day 14 and day 25 is presented in the Discussion. Of note, VG
magnitude declined, whereas QRS-T spatial angle increased, signifying an alteration in
both action potential duration heterogeneity and repolarization sequence. On day 25,
ongoing development of PAH had resulted in marked changes in both depolarization

Sagittal plane QRS-axes plotted Frontal plane
= 1.0 [rpr—— v

., on a sphere -1.0,

1.0 0 1.0

Individual values: Mean values:

°  QRS-axes on day 0 QRS-axis on day 0

° QRS-axes on day 14 —@> QRS-axis on day 14

—&> QRS-axis on day 25

° QRS-axes on day 25

Figure 3

Individual QRS-axes orientations (small dots) on day 0, day 14, and day 25 are plotted on a sphere with unit
radius (varying between -1 and +1) and projected on the horizontal, transverse and sagittal planes. Mean
values (large dots) are projected on the orthogonal planes only. Mean QRS-axis orientation shifted along
the X-axis and Z-axis from day 0 to day 14 and along both Y-axis and Z-axis from day 14 to day 25. The 3-
dimensional plot and its projections allow appreciation of the virtual inversion in QRS-axis orientation due to
development of severe PAH. Quantitative results are presented in Table 1.
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and repolarization characteristics in MCT rats, compared with both baseline and day 14
(Table 1). The sphere plot of QRS-axes (orientation and projections on the transverse,
frontal, and sagittal plane) illustrates the changes in spatial orientation 14 and 25 days
after administration of MCT compared with baseline (Figure 3).

TABLE 1: 3-DIMENSIONAL ELECTROCARDIOGRAPHIC ANALYSIS DERIVED VARIABLES FOR MONOCROTALIN

RATS ON DAY 0 (N=23), DAY 14 (N=23), AND DAY 25 (N=13) ILLUSTRATING EVOLUTIONARY CHANGES DURING
THE DEVELOPMENT OF PULMONARY ARTERIAL HYPERTENSION

Day 0 Day 14 Day 25 Day0 Day0O Day 14
VS. VSs. VSs.
day 14 day25 day25
3-D ECG variables Mean Mean Mean 2 2 2
Heart Rate (bpm) 419 £25 400 + 24 328+ 27 <0.001 <0.001 <0.001
QRS duration (ms) 15.6+£2.3 16.5+£2.2 179+ 3.1 0.19 0.066 0.085
QRS X component 0.08 £0.17 0.18+0.28 0.03+0.15 0.01 0.521 0.052
QRS'Y component 0.29 +0.27 0.27+0.36 -0.28 £0.32 0.689 <0.001 <0.001
QRS Z component -0.78 £0.49 -0.55+0.56 0.44+0.81 0.01 <0.001 0.002
QRS vector magnitude (uV) 318 £ 169 175+ 98 274+ 170 <0.001 0.247 0.167
QRS-T spatial angle (°) 32+30 49+ 46 146 + 45 0.01 <0.001  <0.001
VG magnitude (mV-ms) 12.2+4.3 9.8+3.6 44+2.0 0.02 <0.001  <0.001
A B-Mode M-Mode B-Mode M-Mode B
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Figure 4

A) Echocardiography in B-Mode and M-Mode in controls and MCT rats on day 0, day 14, and day 25.
There were no changes in controls. MCT rats were still unchanged on day 14, whereas there is marked RV
dilatation and a decreased LV lumen in MCT rats on day 25.

B) LV:RV fractional shortening ratio in controls and MCT rats on day 0, day 14, and day 25.

*: P < 0.001, LV = left ventricular, RV = right ventricular, IVS = interventricular septum, FS = fractional
shortening, MCT = monocrotaline.
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Echocardiography

A typical illustration of echocardiographic images obtained at baseline, on day 14, and on day
25 is shown in Figure 4A. LV/RV fractional shortening was un-changed in MCT rats on day 14
but was significantly increased on day 25 (Figure 4B).

Discussion

The key finding of this study is that the development of PAH in rats is associated with a distinct
evolution of ECG abnormalities. These ECG abnormalities were already present early in the
development of PAH and preceded the onset of both RV hypertrophy and echocardiographic
abnormalities. To our knowledge, this is the first report of serial three-dimensional
electrocardiography detecting changes early in the development of PAH in animals with the
use of a three-lead body surface ECG.

Right heart catheterization, echocardiography, and electrocardiography

We used right heart catheterization as the gold standard for diagnosis of PAH in rats, similar to
the guidelines for patient evaluation [23]. Measuring mean CSA of RV cardiomyocytes served
to determine RV hypertrophy. Since echocardiography is regarded as the most important
noninvasive diagnostic tool in the initial evaluation of PAH [6], we performed a limited,
reliable echocardiographic evaluation of all rats for comparison with ECG recordings. Although
echocardiography did not detect changes in MCT rats on day 14, there were important changes in
LV/RV fractional shortening on day 25. This confirms that the echocardiographic measurements
used offer a fair appreciation of the rat heart and changes in RV afterload. The three-lead body
surface ECG used in this study is an orthogonal lead system in its most simple form. Our
longitudinal three-dimensional ECG analysis rendered variables unique to vectorcardiography,
enhancing understanding of RV evolutionary changes during the development of PAH.

Early electrocardiographic abnormalities in developing pulmonary arterial hypertension

On day 14, initial changes in both depolarization and repolarization characteristics were already
apparent. The decrease in QRS vector magnitude and the change in three-dimensional QRS-
axis orientation imply a change in depolarization characteristics. The change in VG magnitude
signifies a change in action potential duration heterogeneity in the ventricles, and the increased
QRS-T spatial angle signifies a change in repolarization sequence. In the absence of ventricular
conduction delays, these changes are most likely the result of increased cancellation of LV

electromotive forces by an augmented RV contribution (Figure 5) [24, 25].
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Late electrocardiographic abnormalities in end-stage pulmonary arterial hypertension

On day 25, there were marked ECG changes in MCT rats, indicated by depolarization
abnormalities, discordance of depolarization and repolarization, and decreased action potential
duration heterogeneity. Heart rate was lowered further, and QRS-axis orientation changed
dramatically. At the same time, mean QRS vector magnitude “normalized.” Changes in both
QRS-axis orientation and “normalization” of mean QRS vector magnitude can be explained
by an increased RV contribution to the resultant ventricular depolarization activity (Figure 5).
The further decrease in VG magnitude in MCT rats, despite a normalized mean QRS vector
magnitude, can be understood by taking a closer look at the significant increase in QRS-T
spatial angle. The mean QRS-T spatial angle of 146° +45° in MCT rats on day 25 implies that
direction of the T-axis is partially opposite to the QRS-axis, thereby decreasing ventricular
gradient magnitude [22]. These more pronounced late ECG changes are consistent with the
observed abnormalities in LV/RV fractional shortening and the elevated RVSP values that
were also present in the late stage of the experiment. In advanced PAH, moderate to severe RV

hypertrophy is observed, often with RV dilatation and paradoxical septal movement [26, 27].

Day 0 Day 14 Day 25

b LT

AQRS —> =26°+30° AQRS —=> = 118°60°

Figure 5

Changes in mean QRS vector magnitude and QRS-axis in MCT rats. Day 0: LV contribution to QRS vector
magnitude is dominant over RV contribution. Day 14. an increased RV contribution initially decreases QRS
vector magnitude while slightly shifting QRS-axis. Day 25. due to presence of severe PAH RV contribution is
markedly increased, returning QRS vector magnitude to baseline level while shifting ORS-axis in the opposite
direction.

LV = left ventricle, RV = right ventricle, ORSm = QRS vector magnitude, QRS— = QRS-axis
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Together, these anatomical and functional changes may have induced the impressive change in
QRS-axis orientation on day 25 in MCT rats (Figure 5). MCT administration does not affect LV
remodeling or LV afterload [17]. Hence, ECG changes reflect RV adaptation to the increased
pulmonary vascular resistance.

The idea that sequential electrocardiography could detect cardiac changes in developing
pulmonary hypertension was put forward by Bruner et al. [8], who observed a rightward shift in
the frontal plane of the mean QRS-axis in rats 14 days after direct administration of MCT pyrrole
(the active metabolite of MCT). Although the QRS-axis shift was in correspondence with the
level of RV hypertrophy, elevated pulmonary artery pressures had been present for 7 days [8].
However, two important differences should be noted between the study of Bruner et al. [8] and
the current study. First, instead of using MCT pyrrole, we used MCT, causing a significant delay
in development of pulmonary hypertension [8]. Electrocardiographic changes observed in this
study on day 14 are therefore not comparable to the changes observed by Bruner et al. [8] on day
14. Second, the three-dimensional QRS-axis orientation is the basis for QRS-axis orientation in
any plane. Therefore, any change in QRS-axis orientation in a plane of choice (e.g., the frontal
plane as used by Bruner et al.) can be a meaningful approximation of the true change in three-
dimensional QRS-axis orientation when the QRS-axis is oriented in or close to this frontal plane
at the time of each measurement. However, when the three-dimensional QRS-axis is oriented
more perpendicularly to the plane of choice, a change in three-dimensional orientation may
either be largely underestimated or overestimated by the change in QRS-axis orientation in this
particular plane. A change in three-dimensional QRS-axis orientation is therefore more accurate
and reliable than a change in two-dimensional QRS-axis orientation. With the advent of state-
of-the-art techniques such as continuous invasive telemetry, future research will likely unravel
the true relationship between ECG changes and the onset of elevated pulmonary pressures. Our
observation that elevated pulmonary artery pressures precede RV hypertrophy confirms prior
reports that RV hypertrophy is a relatively insensitive marker of pulmonary hypertension [8].
Lee et al. [12] established the presence of “compensated” RV hypertrophy after 14 days, using
5-wk-old male Wistar rats exposed to a 60 mgkg! dose of MCT. Others demonstrated that
RV hypertrophy precedes neurohumoral activation and p-adrenoceptor down regulation [17].
In our study, MCT rats showed a progressive decrease in heart rate under anesthesia during
development of PAH. This may reflect the increased cardiodepressive effect of anesthesia in

the presence of early neurohumoral changes.
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Monocrotaline-induced pulmonary arterial hypertension

MCT-induced PAH is broadly recognized as an experimental model for studying RV
hypertrophy as well as treatment effects of PAH-attenuating medication. Although MCT
has been shown to primarily affect the RV, with no known effects on LV remodeling or
changes in potassium channel expression, a direct effect of MCT on myocardial electrical
properties cannot be fully excluded [28-30]. Although the presence of discordance between
depolarization and repolarization is a global and rather aspecific marker of ventricular
pathology, it is associated with an adverse long-term prognosis [31]. Since this particular
model only affects RV afterload, such discordance between depolarization and repolarization
is most likely a direct consequence of resultant RV hypertrophy in the absence of RV
ischemia. Ventricular repolarization sequence becomes abnormal in rats with PAH, given the
high spatial angle (Table 1). In fact, changes in RV action potential duration and/or action
potential duration heterogeneity are necessary to elicit such changes. However, these changes
are by no means indicative of spatial differences in action potential duration distribution or
repolarization within the RV. The exact mechanism underlying this phenomenon is beyond the
scope of the current study. A RV load-dependent down regulation of voltage-gated potassium
channels is likely involved [12, 28]. Further research is necessary to appreciate changes in
RV myocardium elicited by PAH.

Limitations

A limitation in our study, which was essentially designed as a reversal protocol, is that the
limited time of therapy as well as the relatively low dosages may have precluded a beneficial
effect of bosentan, sildenafil, and fasudil on RV pressure overload [32-34].

Conclusions

Developing pulmonary arterial hypertension is characterized by early ECG changes
preceding RV hypertrophy, whereas severe pulmonary arterial hypertension is marked by
profound ECG changes, associated with anatomical and functional changes in the RV. Three-
dimensional ECG analysis appears to be very sensitive to early changes in RV afterload.
Having established that developing pulmonary arterial hypertension in the rat is associated
with distinct evolutionary ECG changes, this finding must now meet its clinical use by
serial ECG analysis in a select group of patients at risk for developing pulmonary arterial

hypertension.
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CHAPTER VI

Abstract

Background

The study aimed to assess whether the 12-lead electrocardiogram (ECG) derived ventricular
gradient, a vectorial representation of ventricular action potential duration heterogeneity
directed towards the area of shortest action potential duration, can improve ECG diagnosis of

chronic right ventricular (RV) pressure load.

Methods

We compared ECGs from 72 pulmonary arterial hypertension patients recorded <30 days
before onset of therapy with ECGs from matched healthy controls subjects (n=144). We
compared conventional ECG criteria for increased RV pressure load with the ventricular

gradient.

Results

In 38 patients a cardiac magnetic resonance (CMR) study had been performed within 24
hours of the ECG. By multivariable analysis, combined use of conventional ECG parameters
(rsr’or rsR”in V1, R/S>1 with R>0.5 mV in V1, and QRS axis >90°) had a sensitivity of 89%,
and a specificity of 93% for presence of chronic RV pressure load. However, the ventricular
gradient not only had a higher diagnostic accuracy for chronic RV pressure load by ROC
analysis (AUC=0.993, SE 0.004 vs. AUC=0.945, SE 0.021, P<0.05), but also discriminated
between mild to moderate and severe RV pressure load. CMR identified an inverse relation
between the ventricular gradient and RV mass, and a trend to a similar relation with RV

volume.

Conclusions

Chronically increased RV pressure load is electrocardiographically reflected by an altered
ventricular gradient associated with RV remodeling related changes in ventricular action
potential duration heterogeneity. Using the ventricular gradient allows ECG detection of

even mildly increased RV pressure load.
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Introduction

Moderately increased chronic right ventricular (RV) pressure load is hard to detect non-invasively
due to the position and mass of the RV [1-3]. Conventional 12-lead electrocardiographic (ECG)
parameters of increased RV pressure load lack diagnostic accuracy, precluding their use for
screening purposes [4-8]. Partly because the chest electrodes predominantly overly the left
ventricle, partly because the 12-lead ECG renders 12 separate one-dimensional projections of
the three-dimensional (3D) cardiac vector in time [9], but not in the least because the RV mass
is relatively low compared to the left ventricular (LV) mass. This scalar ECG representation
hampers the direct appreciation of the ECG as a recording of a 3D process. However, a
synthesized vectorcardiogram can be easily derived mathematically from the ECG allowing the
calculation of electrocardiographic 3D parameters. One of these parameters is the ventricular
gradient (VG), a 3D measure of ventricular action potential duration (APD) heterogeneity
oriented from the area with the longest APD towards the area with the shortest APD [10, 11].
The VG (mV'ms) is the sum of the 3D integrals of both the QRS complex and the T-wave (net
area subtended by the heart vector over the QRS complex and the T-wave) [10, 11]. A change
in magnitude and/or orientation of the VG signifies a change in APD heterogeneity [10, 12].
APD changes due to chronic RV pressure load must therefore change the VG [12]. In a rat
model we recently demonstrated that the VG changes markedly during the development of
pulmonary arterial hypertension (PAH), a model of chronic RV pressure load [13]. We therefore
decided to study the use of the VG in diagnosing chronic RV pressure load. In humans however,
comparison of ECGs at the time of diagnosis of PAH with ECGs from a disease-free state is
in general not feasible, since PAH remains undetected for a long time [14]. ECGs from PAH
patients were therefore compared with ECGs from healthy controls. To further appreciate the
diagnostic potential of the VG in chronic RV pressure load, all ECGs were also evaluated for

the conventional criteria of increased right heart load [15].

Methods

Patients

The study complies with the Declaration of Helsinki. Patient data were gathered as part of routine
clinical care in the VU University Medical Center and analyzed retrospectively. Healthy control
subjects gave written informed consent for this study that was approved by the institutional
ethical review board of the Leiden University Medical Center.

Between December 1999 and December 2005, 565 consecutive patients were evaluated
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with a right heart catheterization because of suspected PAH, defined as a mean pulmonary
artery pressure >25 mmHg and pulmonary capillary wedge pressure <15 mmHg. PAH was
considered to be idiopathic when identifiable causes for pulmonary hypertension (i.e. congenital
heart disease, portal hypertension, collagen vascular disease, HIV infection, left heart disease,
hypoxic pulmonary disease or chronic thrombo-embolic disease) were excluded [8, 16]. One
hundred and ten patients were identified with idiopathic PAH. A digitally stored ECG recorded
within 30 days prior to diagnostic right heart catheterization was available in 72 patients (15
male).

Right heart catheterization

All PAH patients underwent right heart catheterization, during which right atrial pressure,
pulmonary artery pressure, pulmonary capillary wedge pressure, and mixed venous oxygen
saturation were measured. Cardiac output was calculated using Fick’s principle. Oxygen
consumption was measured during right heart catheterization. Pulmonary vascular resistance
(mmHg-L"'min') was calculated by dividing the transpulmonary gradient (pressure difference
between mean pulmonary artery pressure and pulmonary capillary wedge pressure) by cardiac
output.

ECG analysis

Conventional 10-second ECGs were recorded by certified ECG technicians with patients in
supine position using the standard 12-lead electrode configuration. ECGs were recorded on
commercially available electrocardiographs (MAC VU and MAC 5000, GE Healthcare, The
Netherlands, and Megacart, Siemens, Germany, respectively), at a paper speed of 25 mm-s™;
sensitivity ImV=10mm; sample frequency of 500 Hz. All ECGs were assessed for the presence
of conventional 12-lead ECG criteria of RV hypertrophy [15]. ECGs were also analyzed with
LEADS, our non-commercial, research oriented ECG analysis program which automatically
renders amplitudes, areas and vector directions [17]. In short, LEADS automatically selects
beats for averaging based on signal quality criteria (baseline, noise). This selection of beats
is then reviewed and edited by the investigator. The thus selected beats are then averaged
by LEADS. After manually reviewing and editing the onset and end of the QRS-complex, a
synthesized vectorcardiogram is generated with the inverse Dower matrix [17, 18]. Parameters
derived from this vectorcardiogram, such as the VG magnitude (mV-ms) and spatial orientation
(azimuth®, orientation in the transversal plane, and elevation®, deviation from the transversal
plane), are then calculated. The VG is defined as: | H(t)-dt in which H(t) is the heart vector, as
represented in the X,Y, and Z leads of the vectorcardiogram [19]. This integral, taken over the
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QRST interval, is non-zero due to action potential morphologic differences in the ventricles,
most often thought of as APD differences [10]. Orientation of the axes is in accordance with
the American Heart Association recommendations: X axis positive from right to left, Y axis
positive in cranio-caudal direction, and Z axis positive in antero-posterior direction [20].
Control ECGs were selected from a large database of healthy students of the Leiden University
Medical Faculty. All ECGs were scrutinized for normality according to the Minnesota criteria
by an experienced cardiologist [21]. Prior to the use of the selected ECGs for comparison in this
study, all ECGs were anonymized. All ECGs were analyzed twice by the first author (IRH), and
a third time by the second author (KTBM) to determine the intra-observer and inter-observer
variability for calculating the VG. As the VG depends on heart rate [22] and gender, but not on
age (unpublished data), we matched each patient ECG for heart rate and gender with two ECGs
from healthy subjects.

Cardiac magnetic resonance imaging

In 38 patients CMR imaging had been performed on a Siemens 1.5 T Sonata scanner (Siemens
Medical Solutions, Erlangen, Germany) within 24 hours of the ECG recording, as previously
described [23]. Cardiac short-axis cine images of both RV and left ventricle (LV) were acquired
from base to apex at 10 mm slice distance. A blinded observer delineated RV and LV endocardial
and epicardial contours manually, and MASS software (Dept. of Radiology, Leiden University
Medical Center, Leiden, the Netherlands) was used to obtain RV and LV mass ratios and RV

and LV end-diastolic volume ratios.

Statistical analysis

The SPSS for Windows Software package (version 12.0.1, SPSS Inc, Chicago Illinois) was used
for data analysis. Normally distributed values are presented as means + standard deviations.
Independent t-tests were used for comparison of PAH patients and healthy controls. Comparison
of three categories was performed with one-way analysis of variance with post-hoc Bonferroni
correction. To determine the discriminative power of dichotomous variables for diagnosing
PAH, cross tabulations were used for determination of sensitivity and specificity. To determine
the diagnostic value of vectorcardiogram-derived parameters compared to conventional
electrocardiographic parameters we used a receiver operating characteristic (ROC) analysis.
Areas under the curve (AUC) were compared using the method proposed by Hanley and
McNeil [24], which corrects for existing correlations between ROC curves derived from the
same cases. Binary logistic regression analysis was used to determine the optimal model for

classification of increased RV afterload for both ECG-derived variables and vectorcardiogram-
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derived variables. Subsequently the optimal model was used in a bootstrapping analysis to
determine the accuracy of the odds ratio (OR) in this classification model. Pearson correlation
analysis was used for analysis of intra-observer and inter-observer variability, as well as for
comparison of the VG with CMR derived variables of RV mass, and volume. A value of P<0.05
was considered to be statistically significant.

Results

Patient characteristics at the time of the diagnostic right heart catheterization are presented in Table
1. Controls (n=144, 30 male) were younger than patients (mean age: 19.7+ 1.3 years vs. 43.7£22.8
years, P<0.001). Mean heart rate was 82-min™ + 17-min’ in PAH patients vs. 80-min' + 14-min™ in
controls (P=0.47). Calculation of the VG proved to be highly reproducible, with both excellent
intra-observer (r=0.994, P<0.001) and inter-observer agreement (r=0.992, P<0.001).

Typical examples of RV and pulmonary artery pressures (PAP) with the corresponding ECG
and vectorcardiogram findings are presented in Figure 1 for a healthy subject (catheterized
for exclusion of familial PAH after inconclusive transthoracic contrast echocardiography), a
patient with moderate PAH, and a patient with severe PAH. It can be appreciated from leads I
and aVF that an intermediate frontal plane QRS axis is present in the subject without PAH as
well as in the patient with moderate PAH, whereas a right axis deviation is present in the patient
with severe PAH. Furthermore, lead V1 is within normal limits for both the subject without
PAH and the patient with moderate PAH, whereas lead V1 qualifies for RV hypertrophy in
the patient with severe PAH: R>S and R>5 mm, initial P wave>Imm high and wide, and the
T wave is discordant with the QRS, reflecting RV strain. A closer look at the projection of the
VG on the X, Y, and Z axes reveals that the VG projection on the X axis (net QRST area in the
X lead) becomes smaller proportional to the degree of chronic RV pressure load. The lower

TABLE 1: PAH PATIENT CHARACTERISTICS (N=72, 15 MALE)

Characteristic Mean
RAP (mmHg) 9+6
Mean PAP (mmHg) 56+ 14
PCWP (mmHg) T+4
PVR (mmHg-L"-min™) 13.4+7.2
Mixed venous SpO, (%) 63+ 10
Cardiac index (L-m?min) 23+09

RAP = right atrial pressure, Mean PAP = mean pulmonary artery pressure,
PCWP = pulmonary capillary wedge pressure, PVR = pulmonary vascular
resistance, SpQO, = oxygen saturation in blood.
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Figure 1

The effect of different levels of chronic RV pressure load on the ECG and vectorcardiogram is illustrated in
a patient without PAH (catheterized for exclusion of familial PAH after inconclusive transthoracic contrast
echocardiography; left), a patient with moderate PAH (middle), and a patient with severe PAH (right),
respectively. Top panels: RV and pulmonary artery pressures (PAP). Horizontal lines: mean PAP,; mean PAP=11
mmHg in the patient without PAH, mean PAP=43 mmHg in the patient with moderate PAH, and mean PAP=64
mmHg in the patient with severe PAH. Of note: the pressure scale is set at 0 - 20 mmHg in the control subject
with normal RV pressure load, whereas the pressure scale is set at 0 - 100 mmHg in the patients with moderate
and severe PAH. Second row panels: corresponding ECG leads I, aVF and VI; no ECG abnormalities are
present in the patient with moderate PAH, despite a chronically elevated RV pressure load. Third row panels:
the VG projections (ORST integral) on the X, Y, and Z axis, revealing that the VG projection on the X axis
gradually becomes smaller; proportionate to the degree of chronic RV pressure load. The relation between the
ORS integral, the T wave integral and the VG is illustrated in the bottom row for the VG projection on the X
axis (VGx) in the frontal plane. The VG (solid black line) is the vectorial sum of the ORS (dashed grey line)
and T (solid grey line) integrals. VGx is the projection of the VG on the X axis (dashed black line). Of note: all
numbers in the bottom panels are expressed in mV-ms, with a scale of 0 - 75 mV-ms for the control subject with
normal RV pressure load, and a scale of 0 - 25 mV-ms for the patients with moderate and severe PAH.
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TABLE 2: DIFFERENCE IN ECG DERIVED VARIABLES BETWEEN CONTROLS AND PATIENTS WITH MODERATE
OR SEVERE PAH

Controls Mild to Severe PAH Controls Controls Mild to
(n=144) Moderate (n=56) VS. Vs. Moderate PAH
PAH (n=16) Mild to Severe PAH Vs.
Moderate PAH Severe PAH
ECG Mean+SD  Mean+SD  Mean + SD P P P
variables
QRS 38.5+13.8 243+109 28.6+16.2 0.001 <0.001 NS
T 68.4+252 312+133 374+193 <0.001 <0.001 NS
VG 859+27.6 34.1+17.1 350+17.8 0.001 <0.001 NS
QRS-X 22.4+10.1 44+9.6 29+11.1 <0.001 <0.001 0.040
QRS-Y 21.2+105 153+93 144+13.3 NS <0.001 NS
QRS-Z 188+125 121+£12.0 -2.7+239 NS <0.001 0.005
T-X 46.6+19.2 15.0+12.9 6.9=+18.5 <0.001 <0.001 NS
T-Y 21.6 £12.6 59+16.5 -0.5+22.3 0.001 <0.001 NS
T-Z -40.9 +£21.8 1.6+222 189+234 <0.001 <0.001 0.020
VG-X 68.1+22.0 17.5+15.0 2.8+16.1 <0.001 <0.001 0.033
VG-Y 42.7+17.8 212+125 14.7+20.6 <0.001 <0.001 NS
VG-Z 20.4+£219 129+£13.0 13.8+21.4 <0.001 <0.001 NS
QRS-T(°) 71.5+£235 97.5+459 105.2+38.6 0.004 <0.001 NS

ORS, T, and QRST integrals (the latter denoted as ventricular gradient, VG). “-X”, “-Y”, “-Z”: projections

on the X, Y, and Z axis, respectively (all in mV-ms). QRS-T(°): spatial angle between the QRS and T

integrals.
panels illustrate also that chronic RV pressure load leads to a proportionate decrease in QRS
and T integral vectors, and to an increase in QRS-T spatial angle (Table 2), together resulting in
a smaller and differently oriented VG.
In general, conventional ECG criteria had low diagnostic accuracy for presence of increased
RV afterload (Table 3). With a sensitivity of 84% and a specificity of 96%, a QRS axis
>90° in the frontal plane was the conventional ECG parameter with the highest individual
diagnostic accuracy for chronically increased RV pressure load (Table 3). Multivariable
binary logistic regression analysis performed in a backward stepwise fashion (removal if
P>0.10, inclusion if P<0.05, a priori chance of PAH=0.33) rendered the following formula
for optimal prediction of presence of PAH: y = 2.204 - (presence of rSr’ or rSR” in lead V1)
+3.079 - (presence of R:S>1 in lead V1 with R>0.5mV) +4.542 - (presence of QRS axis >90°)
- 6.679 (sensitivity=89%, specificity=94%, P<0.001). Although sensitivity and specificity
did not differ importantly between the prediction based on a multivariable analysis compared
to the single prediction of the presence of QRS axis>90°, the multivariable prediction showed
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TABLE 3: DIAGNOSIS OF CHRONICALLY INCREASED RV PRESSURE LOAD WITH CONVENTIONAL ECG

CRITERIA

ECG criterion Sensitivity  Specificity Correct diagnosis
(%) (%) in all 216 subjects

(%)

P>0.25 mV in lead II 30 91 71

qR pattern in lead V1 36 100 79

rSR’ pattern in lead V1 18 96 70

R in lead aVR>0.5 mV 14 100 71

R:S>1 in lead V1 with R>0.5 mV 51 98 82

Rinlead V1 + S in lead V5>1 mV 53 94 80

R:S<1 in lead V5 or V6 24 99 74

R<0.4 mV in lead V5 or V6 with S=<0.2mV in lead V1 13 100 71

Sin lead I and Q in lead III 49 70 63

S wave in leads I, II, and III 28 74 59

S in lead V5 or V6=>0.7 mV 31 98 76

Inverted T wave in lead V1 69 62 64

QRS axis >90° 84 96 92

The “P” denotes the deflection caused by atrial depolarization. The “Q” denotes an initial negative
deflection, the “R” is the first positive wave, and the first negative wave after a positive wave is the S wave.
A second upright wave following an S wave is an R’ wave. Tall waves (>0.5 mV) are denoted by capital
letters and smaller ones by lowercase letters. Together, the QRS complex reflects ventricular depolarization.
The T wave denotes the deflection caused by ventricular repolarization.

a larger AUC than QRS axis>90° alone (Figure 2).

Significant differences in the VG were observed, however, between PAH patients and healthy
controls. In general, in PAH patients the VG assumed a different orientation from healthy
controls and was also considerably smaller: 34.8 + 17.5 mV-'ms vs. 85.9 £ 27.6 mV-ms
(P<0.001) (Figure 3). It is easily appreciated from the right lower panel that VG magnitude
alone can not accurately separate PAH patients and healthy controls. Multivariable analysis
showed that a combination of VG magnitude and orientation had superior discriminating power
to either variable alone, especially the VG projection on the X axis. Multivariable analysis in
a stepwise forward fashion (inclusion if P<0.01, removal if P>0.05) including the respective
orthogonal projections of the mean QRS integrals, mean T-wave integrals, and the mean VGs,
illustrated that of all the significantly related single variables the VG projection on the X axis was
the variable with the highest discriminating power (Table 2). PAH patients and controls were
therefore compared for the VG projection on the X axis. Receiver-operating-curve analyses

for diagnosis of increased RV pressure load are presented in Figure 3. The VG magnitude
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<« Figure 2

Superimposed representations of the spatial orientation of all individual VG vectors in the frontal, transversal
and sagittal planes, and of the VG vector magnitude in the Vector-Y plane. Left-side plots: normal subjects;
right-side plots: PAH patients. Insets are frontal, transversal and sagittal MRI slices of one arbitrarily chosen
normal subject (left) and PAH patient (right). The MRI insets are chosen in such a way that the AV-node area
is in the origin, which parallels the usual vectorial representation of the electrical heart activity. VG azimuths
can be directly appreciated in the transversal plane, while the VG magnitudes and elevations can be directly
appreciated in the Vector-Y plane. Of note, this Vector-Y plane is a different plane for each vector; therefore,
there is no representative MRI slice that can serve as an inset for the Vector-Y plane. All VG-Y planes have been
superimposed to allow comparison of all VG magnitudes and elevations. These images illustrate that although
in normals there is considerable heterogeneity in both VG orientation and magnitude, the VG orientation is
quite different in PAH patients and VG magnitude is generally lower. Due to the heterogeneity of disease severity
among PAH patients the VG orientation and VG magnitude varies considerably among PAH patients.
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Figure 3

Receiver operating characteristics (ROC) curves for diagnosis of increased RV pressure load. Solid black
line: ROC of the VG projection on the X axis (continuous variable; AUC=0.993). Solid grey line: ROC of the
presence of a QRS axis >90° in the frontal plane (dichotomous variable; AUC=0.900). Coarse dashed line:
ROC of the QRS axis in the frontal plane (continuous variable; AUC=0.904). Fine dashed line: ROC of the
composite model of conventional ECG criteria: y=2.204-(presence of rSr ’or rSR 'in lead V1) + 3.079-(presence
of R:S>1 in lead V1 with R>0.5mV) + 4.542-(presence of ORS axis >90°) - 6.679 (AUC=0.945).
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In healthy controls (assumed mean PAP<25 mmHg, n=144) the VG projection on the X axis is much larger
than in patients with a chronically increased RV pressure load (mean PAP>25 mmHg, n=72). Furthermore, the
VG projection on the X axis allows distinction between a mildly to moderately elevated RV pressure load (mean
PAP=25-45 mmHg) and a severely elevated RV pressure load (mean PAP>45 mmHg, n=56).

projection on the X axis (AUC=0.993) had a significantly larger AUC than presence of a
QRS axis >90° (dichotomous variable; AUC=0.900, z-score=3.36, P<0.01), QRS axis in the
frontal plane (continuous variable; AUC=0.904, z-score=2.89, P<0.01), and the composite
model of conventional ECG parameters (AUC=0.945, z-score=2.27, P<0.05). Binary logistic
regression analysis rendered the following formula for prediction of presence of increased
RV pressure load by the X component of the VG: y = -0.195-VGx + 6.195 (OR=0.82 for
each unit increase in VG projection on the X axis) with a sensitivity of 97% and a specificity
of 94%. Bootstrapping analysis validated the adequacy of this model, rendering a 95%
confidence interval for the OR of 0.74-0.91 (P<0.001) based on a normal distribution of
the regression coefficients over the bootstrap samples. To assess whether the VG projection
on the X axis could differentiate between mild to moderate and severe PAH, patients were
stratified in two categories according to mean pulmonary artery pressure (mean PAP) level:
mean PAP=25-45 mmHg (n=16), and mean PAP>45 mmHg (n=56). Figure 4 illustrates that
the VG projection on the X axis was already markedly decreased in patients with mildly to
moderately increased RV pressure load (mean PAP=25-45 mmHg), and even more in patients
with a severely increased RV pressure load (mean PAP>45 mmHg). One-way analysis of
variance showed that PAH patients with a mean PAP=25-45 mmHg had a VG projection on
the X axis that was significantly lower than in controls (17.5 = 15.0 mV-ms vs. 68.1 £ 22.0
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mV-ms, P<0.001), but still higher than in PAH patients with a mean PAP>45 mmHg (17.5
+ 15.0 mV-'ms vs. 2.8 £ 16.1 mV-ms, P=0.033). Here too, the projection of the VG on the
X axis was best discriminating, since the VG magnitude alone did not differentiate between
patients with a mean PAP=25-45 mmHg and patients with a mean PAP>45 mmHg, although
VG magnitude in both groups of PAH patients was lower than in controls (Table 2.) Since
the VG is the vectorial sum of the QRS and T integrals, projections of QRS and T integrals
as well as the QRS-T spatial angle were also calculated. Mean QRS integral and mean T-
wave integral magnitudes and projections on the X, Y, and Z axes were generally different
between controls and PAH patients, although the distinction between mild to moderate PAH
and severe PAH could only be made by QRS integral projections on the X and Z axis, the
T-wave integral projection on the Z axis, and again the VG projection on the X axis (Table
2). Overall the QRS-T spatial angle was higher in patients with a chronically increased RV
afterload than in controls, signifying that there is a higher degree of discordance between
depolarization and repolarization in PAH patients (Table 2).

CMR showed that RV mass was related to the VG projection on the X axis (Figure 5A),
and a trend was observed towards a relation between a higher RV volume and a smaller VG

projection on the X axis (Figure 5B).
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Figure 5

A. RV mass showed an inverse relation with the VG projection on the X axis (r=-0.323, P=0.048)

B. There was a trend toward a similar inverse relation between a higher RV end-diastolic volume and the VG
projection on the X axis (r=-0.308, P=0.067). RVEDVI=RYV end-diastolic volume indexed for body surface
area. LVEDVI=LYV end-diastolic volume indexed for body surface area.
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Discussion

The key finding of this study is that it proves that the ECG-derived VG is highly accurate
in detecting chronic increase in RV pressure load, and as such can be used to distinguish
between normal RV pressure load, mildly to moderately increased RV pressure load, and
severely increased chronic RV pressure load. Furthermore, the ECG-derived VG proved to be
of higher diagnostic accuracy for chronically increased RV pressure load than conventional
ECG parameters. Available CMR data suggest that VG changes in PAH patients reflect
changes in APD heterogeneity related to RV remodeling as a result of an increased RV

pressure load.

Vectorcardiography vs. electrocardiography

The general approach towards ECG interpretation is one directed at individual leads overlying
cardiac regions of interest, whereas each lead is derived from the same heart vector. Although
a projection of the VG in a direction of interest is essentially a similar simplification of
assessing a 3D process in time, this projection nevertheless holds all information derived
from the two limb leads and six chest leads [9]. The vectorcardiogram takes into account
that ECG leads have a different sensitivity (amongst others because of the variation in
proximity to the heart) and does not suffer from the problem that onset QRS, end QRS,
and end T instants may differ per lead [9]. The ECG-derived VG therefore renders robust
results. Since calculation of the VG requires only straightforward integration over the QRST
complex of the instantaneous heart vector (that can be synthesized from the ECG leads by a
simple matrix multiplication) [18], this algorithm can easily be implemented in existing ECG
analysis software, like we did in our LEADS program.

Despite the recognition of certain ECG characteristics in newborns and patients with an
increased RV afterload, the diagnostic potential of conventional 12-lead ECG parameters
for increased RV afterload has been reported as insufficient for clinical use or screening
purposes [7, 25-27]. The results of our study support this view, yet underline the importance
of using the full potential of an electrocardiogram. Contemporary software now renders
(synthesized) vectorcardiogram-derived calculations with such ease that clinical application

of this information is certainly feasible [17].

Rationale for using the VG
The VG is oriented towards the left and slightly antero-inferior in healthy human beings

(Figure 2) within a smaller range than the mean QRS axis orientation in the frontal plane
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[22]. The VG is the integrated ventricular APD heterogeneity, which is the 3D sum of the
integrated ventricular depolarization and repolarization heterogeneities [10]. As such, the
VG has a strong physiological link to the way in which the ventricular APD distribution is
affected by chronic RV pressure load. Any intra-individual change in the VG magnitude and
orientation signifies an alteration in APD heterogeneity in the ventricles, and hence a change
in myocardial electrophysiological properties [10, 12]. Chou et al. evaluated the use of QRS
loop area for diagnosis of RV hypertrophy [28]. As discussed by the authors, the QRS loop
area is the sum of all depolarization vectors, allowing appreciation of the resultant spatial
orientation and the ratio of leftward and rightward oriented forces, rendering evaluation of
quantitative conventional ECG parameters of RV hypertrophy superfluous [28]. Cowdery
et al. recognized the importance of the QRS loop area, and further improved diagnostic
accuracy for RV hypertrophy by interpreting QRS amplitude in the transversal plane (60%
sensitivity and 96% specificity) [29]. Kawaguchi et al. further concluded that repolarization
characteristics should not be overlooked, since in their diagnostic model for RV hypertrophy
combined T loop area and direction rendered the best result [30]. The high diagnostic accuracy
for presence of chronic RV pressure load of the 3D VG (Figure 3), which is the sum of QRS
and T integrals, is in accordance with these reports regarding changes in QRS complex and T
wave morphology in patients with an increased RV pressure load [28-30].

There is a distinct evolution of ECG characteristics with developing PAH [13]. Changes
in VG with increasing RV pressure load are best assessed in 3D, although single lead
assessment is theoretically possible [11, 12]. Much like we observed in rats [13], a higher
RV pressure load effectively cancels out the net LV contribution to the VG (Figure 1, lower
panel) [13, 31, 32]. Obviously, this cancellation effect occurs because RV pressure load
induced RV hypertrophy introduces APD heterogeneity substantially opposing the net LV
APD heterogeneity. Thus, mild to moderate elevation of RV pressure load decreases VG
magnitude, while VG orientation is largely maintained (Table 2, Figure 4). Further elevation
of RV pressure load does not necessarily lead to a further decrease of VG magnitude, although
it may drastically affect VG orientation (Figure 1, Figure 4, Table 2) [10]. A comparison with
CMR studies in a subgroup of patients showed that RV pressure load induced changes in
APD heterogeneity were related to changes in RV to LV mass ratio rather than to changes in
RV to LV volume ratio. In steadily developing PAH, hypertrophy occurs already with mildly
elevated pulmonary artery pressure, before dilatation of the RV is seen [13, 33]. This may
explain the closer association of the VG projection on the X axis with RV hypertrophy rather
than with RV dilatation.
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Limitations

In the absence of available ECGs from the time before development of PAH we compared the
ECGs of patients with a mildly to moderately elevated RV afterload as well as the ECGs of
patients with a severely elevated RV afterload to the ECGs of healthy control subjects. Since
we may assume that idiopathic PAH patients once had a normal RV afterload, comparison
with ECGs from healthy individuals seems to be the most obvious alternative [34, 35]. This
cross-sectional approach allows appreciation of the supposed evolution of changes in the
VG in response to an increasing RV pressure load. The selection of patients with idiopathic
PAH precludes application of our findings to patients with important lung disease or left-
sided heart disease. However, since even a mildly to moderately elevated RV pressure load
was associated with marked differences in the VG, the ECG seems a suitable screening tool
for increased RV pressure load in selected groups of patients, such as relatives of patients
with familial PAH, patients with HIV, systemic sclerosis, portal hypertension, or other
diseases associated with development of PAH [7, 26]. Despite the obvious advantages of
simply projecting the VG in the direction of interest (the X axis), a potential downside of this
approach is the observed non-linear relation between PAH severity and the degree of chronic
RV pressure load (Figure 4) which precludes classification of chronic RV pressure load
beyond the categories of normal, mild to moderate, and severe RV pressure load. The size
of our study group did not permit use of a learning set and test set. However, bootstrapping
analysis confirmed the validity of the proposed predictive model of increased RV pressure
load. The uneven sample sizes of mild to moderate PAH patients and severe PAH groups is
suboptimal, yet a representative reflection of the high number of PAH patients with a mean
PAP > 45mmHg at the time of diagnosis. The limited sample size of patients with mild to
moderate PAH in our study may have affected the ability of the other ECG variables to

discriminate between mild to moderate PAH and severe PAH.

Clinical implications

In patients with a genetic profile or disease known to predispose to PAH, serial ECG recording
may prove a feasible concept for early detection of an increasing RV afterload. Apart from
incorporation of calculations based on the VG into software for electrocardiographs, another
way of indirectly assessing presence of chronic RV pressure load may be to calculate QRST
areas in a lead with a lead vector that assumes about the direction of the X axis, such as
lead I or V6. Whether such an individual lead-based VG approximation will prove to be of
similar diagnostic accuracy deserves further study. Screening for PAH among patients at risk

is still subject to debate, but is generally regarded as very costly due to the high rate of false
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negative diagnoses with the available tools for non-invasive detection [36, 37]. The improved
ECG detection of right ventricular pressure load using the VG may dramatically cut cost of
screening. Whether sequential ECG recording allows for early distinction of ‘responders’
from ‘non-responders’ to PAH attenuating therapy by detection of VG changes, a distinction
currently made by repetitive 6-minute walking tests, cardiac magnetic resonance imaging
or right heart catheterization deserves further study [23, 38]. In patients without congenital
or acquired left-sided heart disease and/or pulmonary disease the VG may prove to be an

important tool for screening purposes and follow-up.

Conclusion

Chronically increased right ventricular pressure load induces changes in ventricular APD
heterogeneity, which are reflected by distinct changes in the ventricular gradient. The ECG-
derived ventricular gradient can be used with high accuracy for detection of chronically
increased right ventricular pressure load, and is a potentially useful tool for follow-up in

selected groups of patients. VG changes in PAH patients likely reflect changes in ventricular

APD heterogeneity related to RV remodeling as a result of an increased RV pressure load.
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CHAPTER VII

Abstract

A 54-year-old female was referred to our center for further evaluation of recently established
severe pulmonary hypertension. Six months prior to presentation to the cardiologist from the
referring center the patient had first experienced exertional dyspnea. At the time of presentation
to the referring cardiologist the patient’s ECG showed signs of an increased right heart load.
Interestingly, this patient had undergone a thorough cardiac evaluation in the referring center
seven years before when she suffered from severe hyperthyroidism. At that time there were
no symptoms or signs of pulmonary hypertension on ECG, echocardiography, or at heart
catheterization. Thorough evaluation in cooperation with the referring center demonstrated
that this patient suffered from idiopathic pulmonary arterial hypertension, a rare form of
pulmonary hypertension. We conclude this report with a discussion on the potential use of

the ECG for diagnosis of increased right heart load.
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In August 2005, a 54-year-old female was referred to our center for additional evaluation
into the etiology of recently established severe pulmonary arterial hypertension (PAH).
The patient had first experienced exertional dyspnea six months prior to presentation to
the referring cardiologist. There was no history of cardiac or pulmonary disease, but this
patient had undergone an extensive cardiac evaluation seven years before, after a one-time
syncope. At that time, the ECG showed a sinus rthythm, a QRS axis of 36°, normal P waves,
conduction intervals within normal limits, and an inverted T wave in leads aVF and V4-
V6 (Figure 1A). Because of the observed repolarization abnormalities, a series of additional

test was performed. Apart from severe hyperthyroidism, there were no cardiac or pulmonary
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Figure 1

A) ECG of the patient atfirst presentation, seven years before the diagnosis of pulmonary arterial hypertension,
demonstrated a regular sinus rhythm of 65 bpm, a QRS axis of 36, normal P waves, conduction intervals
within normal limits, and an inverted T wave in leads aVF and V4-V6. In short, there were no reasons to
suspect an increased right heart load at the time, based on this ECG.

B) ECG recorded at the time of renewed presentation showed a regular sinus rhythm of 84/min, a QRS
axis of 90°, the R-wave in lead VI measured 6 mm in the absence of an S wave, and there were diffuse
repolarization abnormalities, all in agreement with an increased right heart load. Given this second ECG,
especially with an available ECG fiom several years before, further investigation regarding an increased
right heart load is warranted.
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abnormalities found at echocardiography (tricuspid and pulmonary valve regurgitation
gradient were within normal limits, there was no right atrial or ventricular dilatation, right
ventricular hypertrophy, or paradoxical septal bowing), left heart and coronary catheterization,
or pulmonary function tests. At renewed presentation, the ECG now showed a QRS axis of
90°, the R-wave in lead V1 measured 6 mm in the absence of an S wave, and there were diffuse
repolarization abnormalities, all in agreement with an increased right heart load (Figure 1B).
At bicycle ergometry the patient performed 120W (88% of predicted), without evidence
of exercise-induced ischemia. A pulmonary perfusion scan showed no signs of pulmonary
embolism. Coronary angiography again revealed normal coronary arteries. The patient
(height: 170 cm, weight: 90 kg) now had a normal thyroid function, and used no medication.
Hemodynamics at right heart catheterization are presented in Figure 2. Pulmonary pressures
and pulmonary vascular resistance approached systemic values, signifying the degree of
right heart load was severely elevated in this patient. According to the guidelines [1] the
patient was further evaluated, eliminating possible etiologic factors in a stepwise fashion.
Our patient denied past use of anorexigens or intravenous drugs. There were no relatives with
similar symptoms or established pulmonary hypertension. There was a history of alcohol

abuse, but our patient had managed to refrain from drinking alcohol for several years, and

Baseline Follow-up \J \]

SVR = ((73-8)/5.5)-80 = 945 dynes's-cm- SVR = ((83-8)/7.9)-80 = 759 dynes-s-cm-®
PVR = ((64-6)/5.5)-80 = 844 dynes-s-cm* PVR = ((71-8)/7.9)-80 = 699 dynes-s-cm™

Figure 2

Hemodynamics recorded at baseline and at follow-up. Despite the fact that the systolic pulmonary artery
pressure is increased afier one year of treatment, PVR has decreased due to an improved cardiac output.
Essentially, right ventricular function seems improved, generating higher pulmonary artery pulse pressures
and an increased cardiac output.
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an abdominal echo showed normal hepatopetal flow in the portal vein, essentially excluding

presence of portal hypertension. The patient consented to a HIV test, which was negative.

The echocardiogram showed no signs of left ventricular dysfunction or incompetence of the

aortic and mitral valve, hence there was no indication that the pulmonary hypertension was

secondary to left-sided heart disease. Pulmonary function tests showed a mild obstruction

pattern with a diffusion capacity of 68%, corrected for alveolar volume. Arterial blood gas
analysis rendered the following values: O2 saturation 97% (94-99%), pH 7.47 (7.35-7.45),
pCO2 4.2 kPa (4.5-6.0 kPa), pO2 10.9 kPa (10.6-13.3 kPa), Base excess -0.4 mmol/L (-2
— 2mmol/L), Bicarbonate concentration 22 mmol/L (22-29 mmol/L). Nocturnal oximetry

showed no signs of desaturation or sleep apnea. Additional CT imaging of the lungs and

Figure 3

A) CT image which clearly
shows the marked dilation
of the right atrium and right
ventricle, whereas the left
atrium and lefi ventricle are
considerably smaller:

B) CT'image of the aorta,

and pulmonary arteries. The
diameter of the common
pulmonary artery is almost
twice that of the ascending
aorta, and the right and left
pulmonary arteries are also
dilated. The severe dilatation of
the pulmonary arteries indicates
that the pulmonary arterial
hypertension is not of recent
onset, yet a chronic condition.

RA=right atrium,

RV=right ventricle,

LA=left atrium,

LV=lefi ventricle,

Ao=aorta,

APC=common pulmonary
artery,

APD=right pulmonary artery,
APS=left pulmonary artery.
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pulmonary arteries showed no signs of interstitial lung disease or thromboembolic disease,
but dilatation of the right atrium, right ventricle, and central pulmonary arteries was striking
(Figure 3). Since no satisfactory explanation for the pulmonary arterial hypertension could
be found, the patient was classified as having idiopathic PAH. Despite the impressive level of
PAH, treatment would not be reimbursed, given the relatively mild symptoms of the patient
(NYHA functional class II). Since the severity of the disease led to believe that refraining from
treatment would lead to worsening in the near future, the patient was suggested to partake in
a clinical trial evaluating the benefit of an endothelin antagonist. The patient gave informed
consent, and reported an improvement in her overall well-being during the first months of
treatment. After one year of treatment pulmonary artery pressures were virtually unchanged.
However, systemic venous oxygen saturation had dramatically improved from 65% to 75%.
Cardiac output calculated with the Fick method had increased from 5.5 L-m™ to 7.9 L-m?,
meaning that PVR had dropped to approximately 600 dynes-s-cm™. The ECG was unchanged
compared to a year before. Since this pulmonary vascular resistance is still much higher than
the upper limit of normal (=240 dynes-s-'cm™), the patient received additional treatment with
a phosphodiesterase-inhibitor.

PAH is a rare disease, with an estimated incidence of 2-16 per million [2]. PAH often remains
undetected until there are already advanced pulmonary vascular abnormalities [1, 3]. In recent
years, however, awareness for this orphan disease has increased, mainly due to the advent of
new drug therapies [4]. Historically, the time interval from symptoms to diagnosis has been
substantial for PAH patients, rendering most patients in NYHA class Il or IV before treatment
initiation [3]. Although in the majority of PAH patients ECG abnormalities corresponding
with right heart overload are present at diagnosis, [3, 5] the scalar ECG has been considered
inadequate for screening [1]. Recent studies in rats and humans have illustrated, however,
that even a mildly increased right ventricular pressure load is associated with substantial
changes in myocardial electrical properties, detectable in a standard 12-lead ECG recording
[6, 7]. A possible explanation for the reportedly lower sensitivity for right ventricular pressure
overload of the ECG by conventional assessment is the wide range of normal ECG values, i.e.
the ‘normal’ heart axis ranges from -30° to +90° or even to + 100°, depending on the criteria
used [8]. In contrast to the wide inter-individual heterogeneity in ECG characteristics, the
ECG is a very reliable tool to detect intra-individual changes over time. In this particular
patient, there had been an extensive cardiac evaluation several years before. In the meantime,
the patient developed PAH and the ECG changed markedly: QRS axis turned rightward,
changing from 36° to 90° the R in lead V1 became >0.5mV and was more pronounced

than the S, and there were diffuse repolarization abnormalities (Figure 1). Together, these
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abnormalities correspond with increased right heart load and right ventricular hypertrophy
[8]. This particular patient had relatively mild symptoms, given the severity of the PAH. The
fairly stable cardiac situation was reflected by a sinus rhythm of 84 bpm, indicating that stroke
volume is adequate at rest [9]. The absence of a ‘P Pulmonale’ (P wave>0.25 mV in lead
II) signifies that PAH has not yet induced a significant retrograde atrial overload, which is
otherwise an ominous sign of poor prognosis [10, 11]. More specifically, P amplitude in lead 1T
increases as a result of progressive RV hypertrophy-associated diastolic dysfunction, and RV
dilatation-associated tricuspid regurgitation in PAH patients [12]. Karliner et al. documented
an increase in P amplitude in lead II in healthy men who ascended from sea level to a height
of 6300 meters above sea level on Mount Everest, and suffered from hypoxia-induced PAH
[12]. Furthermore, QRS axis turned in a more rightward direction with increasing pulmonary
vascular resistance at high altitude, a phenomenon also observed in our patient. Lastly, as
QRS duration is related to ventricular size, function, and prognosis, there was no reason to
believe that the right ventricle was performing poorly with a QRS duration of only 76 msec
in this patient [13]

There is fairly extensive knowledge on the ECG changes that can be observed with regression
of right ventricular hypertrophy in developing newborns, as well as on the ECG abnormalities
that remain present in people living at high altitudes [10]. Similarly, patients with a thorough
effect of PAH attenuating treatment — such as the rare patients that respond to calcium channel
blockers — have shown dramatic ECG changes from a pattern corresponding with right
ventricular hypertrophy to a (near)-normal pattern [14].

Being able to assess evolutionary ECG changes due to the development of PAH is exceptionally
rare. This is understandable, since PAH is an uncommon disease. Futhermore, PAH often
presents relatively early in life, meaning patients lack cardiopulmonary comorbidity, and
therefore prior ECG recordings [2]. Nevertheless, recording ECGs in patients at risk for
developing PAH might be a cost-effective way of screening or longitudinal case-finding.
Screening for PAH in patients at risk, such as patients with a genetic predisposition, HIV
infection, portal hypertension, or systemic sclerosis, has been subject to debate for some time
[1]. While results of clinical trials regarding earlier onset of treatment are awaited, critics
claim that such screening is impracticable without properly validated tools. However, the
results of improved ECG detection of increased right ventricular pressure load may well bring
screening within reach [7]. Of course, pre-selecting patients at risk for pulmonary arterial
hypertension will remain necessary, given the rarity of the disease. Now that the groups of
patients at risk have been well identified [1, 2, 15], there is ample opportunity to evaluate the

diagnostic value of longitudinal ECG recordings in a clinical setting.
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CHAPTER VIII

Abstract

Background

The potential use of the electrocardiogram for monitoring treatment effect in patients with
pulmonary arterial hypertension (PAH) has not been investigated. We evaluated whether the
ECG is useful for monitoring treatment response based on changes in pulmonary vascular
resistance (PVR).

Methods

An ECG was recorded in 81 PAH patients at the time of diagnostic right heart catheterization,
and after one year of treatment. Patients were treated according to the guidelines. Patients
were divided into two groups based on PVR (<500 dynes's‘cm™ or >500 dynes-s-cm™). A
positive treatment response was defined as >25% decrease in PVR to an absolute PVR<500

dynes's‘cm?,

Results

At baseline, the 19 patients with a PVR<500 dynes's'cm™ had a significantly lower P
amplitude in lead II, a less rightward oriented QRS axis, and a more rightward T axis than
the 62 patients with a PVR>500 dynes-s-cm?. Overall (n=81), mean change in PVR was
-143+360 dynes-s:cm? after one year of treatment (P<0.001). Twelve patients (19%) with a
baseline PVR>500 dynes-s-cm™ classified as responders. Receiver operating characteristics
analysis determined that P amplitude in lead II (AUC=0.80, 95% CI, 0.67 - 0.94, P<0.01),
QRS axis (AUC=0.70, 95% CI, 0.52 - 0.89, P=0.03), and T axis (AUC=0.90, 95% CI, 0.82
-0.97, P<0.001) were important determinants of treatment response. Presence of P amplitude
in lead I1<0.175mV, and T axis>25° combined, had a positive and negative predictive value
for treatment response of 0.81(CI, 0.37 - 0.96) and 0.94 (CI, 0.86 - 0.99), respectively.

Conclusions
Routine ECG evaluation can be an important contribution in the assessment of treatment

response in PAH patients.
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Introduction

Pulmonary arterial hypertension (PAH) is a disease with intrinsic dismal prognosis [ 1], despite
the advent of new PAH attenuating drugs [2-5]. Since treatment effect varies considerably
among PAH patients, discriminating between ‘responders’ and ‘non-responders’ is often
difficult [6-8]. Although considered of limited use for the diagnosis of PAH [1, 9, 10],
an electrocardiogram (ECQ) is routinely recorded in PAH patients and may be of use in
the evaluation of treatment response after the diagnosis of PAH has been established. We
therefore studied to what extent ECG variables might contribute in the repeated evaluation of

PAH patients regarding treatment response.

Methods

The study procedures were in accordance with the Declaration of Helsinki. The local
institutional review board did not require full approval, since this retrospective study included
only patients familiar to the VU University Medical Center, and patient data were treated
confidentially.

Patients

Between October 1999 and October 2007, 856 patients were evaluated for pulmonary
hypertension. Patients were included in this study if concomitant resting ECGs before
diagnostic right heart catheterization and before repeated right heart catheterization at follow-
up were available. A mean pulmonary artery pressure (PAP)>25 mmHg with a pulmonary
capillary wedge pressure<15 mmHg was considered PAH [11, 12]. PAH was considered to
be idiopathic when identifiable causes for pulmonary hypertension were excluded [11, 12].
Idiopathic PAH was identified in 109 patients, of whom 13 died before follow-up, and 15
did not have a repeated ECG or right heart catheterization at follow-up. Consequently, 81
patients were included in the study.

Electrocardiography

Standard 12-lead ECGs were recorded by certified ECG technicians with patients in
supine position. Commercially available electrocardiographs (MAC VU and MAC 5000;
GE Healthcare; The Netherlands), were used for ECG recording (paper speed=25 mm-s™;
sensitivity 1 mV=10 mm; sample frequency = 500 Hz). Heart rate, P axis, QRS axis, QRS

duration, and T axis were directly derived from standard electrocardiographic calculations. P
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amplitude in lead II was assessed from digitally stored ECGs, measured with the isoelectric
PR-interval as reference point in steps of 0.025 mV (=0.25 mm on paper). ECGs were

examined by an experienced cardiologist (HWV), blinded to the data.

Treatment

All patients underwent a vasoreactivity test [11, 13]. Patients with a positive response were
started on calcium antagonists [11]. Before 2002, prostacyclin (epoprostenol) was prescribed
to all patients in WHO class III and IV. From 2002 onward, patients in WHO class III
received endothelin receptor antagonists (bosentan or sitaxsentan) or a phosphodiesterase-
inhibitor (sildenafil), whereas patients in WHO class IV received prostacyclin (epoprostenol,

treprostinil or iloprost).

Classification of responders

Based on recent studies, we assumed that compensatory right ventricular hypertrophy would
be reflected by ECG changes over a limited range of PVR only [9, 14]. To allow categorization
of patients based on ECG variables we first defined a cut-off point in pulmonary vascular
resistance (PVR). Since a PVR of 240 dynes-s‘cm™ is considered the upper limit of normal
[13], a PVR<500 dynes-s‘cm~ was considered a reasonable treatment goal for PAH patients.
We hypothesized that a PVR<500 dynes-s-cm™ (mild-to-moderate PAH) would be associated
with less ECG abnormalities than a PVR>500 dynes-s-cm™ (severe PAH), since the standard
ECG lacks sensitivity for mild PAH [9, 10, 15]. At baseline, patients were compared for
ECG variables based on a PVR above or below 500 dynes's-cm™. Subsequently, in patients
with mild—to-moderate PAH we evaluated differences in ECG characteristics at follow-up
between patients with stable disease and patients who experienced a >25% increase in PVR
to a PVR>500 dynes-s-cm™. Similarly, in patients with severe PAH at baseline we evaluated
differences in ECG characteristics at follow-up between patients who experienced a >25%
decrease in PVR to a PVR<500 dynes-s-cm™ and patients without such a positive treatment

response.

Statistical analyses

Normally distributed data are expressed as mean + standard deviation or otherwise as median
(interquartile range). The SPSS for Windows Software (version 12.0.1; SPSS Inc; Chicago,
I1l) was used for data analysis. Correlation analyses (Pearson and Spearman) were used to
determine relations between ECG variables, and catheterization variables. Paired t-tests

were used for comparison of ECG variables over time. Receiver operating characteristics
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(ROC) analyses were used to determine whether ECG variables could accurately classify
patients as responders or non-responders. Comparison of the area under the curve (AUC) was
performed according to the method described by Hanley and McNeil [16]. Binary logistic
stepwise regression analysis (inclusion if P<0.05, removal if P>0.10) was used to construct
an optimal model for classification of patients according to treatment response. A 95%
confidence interval (CI) is provided for all estimates. A value of P <0.05 was considered to

be statistically significant.

Results

Baseline PVR in patients surviving to follow-up (n=81) was considerably lower (891+466
vs.1612+753 dynes-s.cm?®, P<0.01) than in patients who died before follow-up (n=13).
Baseline characteristics for patients with mild-to-moderate PAH, patients with severe PAH,
and deceased patients are presented in Table 1. Baseline ECG characteristics are presented in
Table 2. The hemodynamic differences between patients with a PVR<500 dynes-s-cm™ and
patients with a PVR>500 dynes-s-cm™ were predominantly reflected by P amplitude in lead
I, and T axis, and to a lesser extent by QRS axis. Correlation analyses between the selected

ECG variables and hemodynamic variables for both baseline and follow-up are described

TABLE 1
PVR<500 PVR>500 Deceased Between PVR<500 PVR<500 PVR>500
(n=19) (n=62) (n=13)* Groups VS. Vs. Vs.
PVR>500 Deceased Deceased
Patient characteristics Mean+SD Mean+SD Mean=+SD P Pt Pt Pt
Age 45+ 12 43 £ 14 39+ 16 0.72 1.00 0.74 1.00
(years)
Gender 4/15 12/50 6/7 0.87 1.00 0.37 0.12
(male/female)
Body surface area 1.8+£0.2 1.8+£0.2 1.8£0.2 0.86 1.00 1.00 1.00
(m?)
RAP 5+3 9+5 16+ 4 <0.01 0.01 <0.001 <0.001
(mmHg)
mean PAP(mmHg) 37+8 58+ 11 67+14  <0.001 <0.001 <0.001 0.07
Cardiac index 3.6+0.7 2.3+0.6 1.5+0.3 <0.001 <0.001 <0.001 <0.01
(L'min""-m?)

Baseline characteristics for patients with a PVR<500 dynes-s-cm”, a PVR>500 dynes-s-cm™, and patients
who died before follow-up. RAP = right atrial pressure. PAP = pulmonary artery pressure. * PVR in the
deceased patients was 1612 + 753 dynes's-cm™. 1 Post-Hoc Bonferroni correction for the significance of
the observed differences between the groups.
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TABLE 2
PVR<500 PVR>500  Deceased Between PVR<500 PVR<500 PVR>500
(n=19) (n=62) (n=13) Groups Vs. Vs. Vs.
PVR>500 Deceased Deceased
ECG variables mean + SD  mean=+SD mean+ SD P P P P
or or or

median median median

(IQR) (IQR) (IQR)
Heart rate 75+ 18 81+16 94+ 19 <0.01 0.53 <0.01 0.04
(bpm)
Pamplitude inlead I~ 0.17£0.07 0.22+0.08 0.26 +0.07 0.01 0.04 <0.01 0.44
(mV)
P axis 65 65 69 0.75 1.00 1.00 1.00
©) (55-174) (55-176) (56 - 76)
QRS axis 96 114 118 0.10 0.10 0.43 1.00
©) (65 -115) (97 -128) (99 - 133)
QRS duration 95 +21 92+ 12 95+ 15 0.67 1.00 1.00 1.00
(ms)
T axis 48 -9 23 0.02 0.03 0.10 1.00
©) (29 - 70) (-40-38) (-39-57)

Baseline differences in ECG variables between PAH patients with a PVR<500 dynes-s:cm-5, a PVR>500
dynes-s-cm-35, and PAH patients who died before follow-up.
* Post-Hoc Bonferroni correction for the significance of the observed differences between the groups.

TABLE 3
RAP mean PAP Cardiac index PVR
(mmHg) (mmHg) (L'min'-m) (dynes-s-cm™)
ECG variables Ist 2nd Ist 2nd Ist 2nd Ist 2nd
Heart rate r 0.18 0.28*  0.23*  0.25* -0.24* -0.17 0321  0.31fF
(bpm)

P amplitude in lead 11 r 0.15 0.24*  043f  045% -0271 -0.34f 0.45%f 0.52%
(mV)

P axis r -008 016 008 010 -002 -008 014 012
©)

QRS duration r 024* 018 -0.02 -037; 016 011  -0.11 -031f
(ms)

QRS axis r 022 046% 0347 053% -0.19  039%  028%  0.48%
©

T axis r 030t -021  -032f -047% 016 037 -029*% -0.52%
©

Correlations between ECG-derived variables and hemodynamic parameters at baseline (Ist) and at
follow-up (2nd). Heart rate, P amplitude in lead II, and QRS duration were assessed in linear correlation
analysis (Pearson) with hemodynamic parameters. P axis, QRS axis, and T axis were assessed in nonlinear
correlation analysis (Spearman) with hemodynamic parameters. RAP = right atrial pressure. PAP =
pulmonary artery pressure. PVR = pulmonary vascular resistance. * P<0.05, 7 P<0.01, fP<0.001
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in Table 3. The strongest linear relation was found between P amplitude and PVR (r=0.45,
P<0.001 at baseline, and r=0.52, P<0.001 at follow-up, respectively, Figure 1). After 13.1
months of treatment (11.8-17.1 months) mean change in PVR was -143£360 dynes-s-cm™ for
all 81 patients (P<0.001).

Three of the 19 patients with a baseline PVR <500 dynes-s‘cm™ experienced a >25% increase
in PVR to a PVR>500 dynes-s-cm”; eleven remained stable, and five patients experienced
a >25% decrease in PVR. An example of ECG leads I, II, and aVF derived from a patient
in whom PAH progressed is depicted in Figure 2 (A+B). Patients who deteriorated had a
more rightward oriented QRS axis at follow-up compared to the other patients with a
baseline PVR<500 dynes-s-.cm? (129+16° vs. 79+£29°, P=0.01). ROC analysis defined a QRS
axis>116°to have 100% sensitivity and 100% specificity (CI, 1.00 - 1.00 for both) for patients
with >25% increase in PVR to a PVR>500 dynes-s:cm™ (P<0.01). Other ECG variables,
medication use or gender distribution were not statistically different between patient groups
with an initial PVR <500 dynes-s-cm™.

Twelve (19%) out of 62 patients with severe PAH at baseline demonstrated a positive treatment

response. Responders had a significantly lower PVR than non-responders both at baseline

2500
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T T T T
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P wave amplitude in lead Il (mV)

Figure 1

ECG data and hemodynamic data from all 81 patients from baseline (open squares, solid line) and follow-up
(open circles, dotted line) combined. There was a linear relation between P amplitude in lead II and PVR both
at baseline and at follow-up: r=0.45, P<0.001 and r=0.52, P<0.001, respectively).
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Figure 2

Lefi: representative example of leads I, II, and aVF of standard 12-lead ECGs from a patient with a PVR of 330
dynes-s-cm? before treatment (4), and a PVR of 600 dynes-s-cm? at follow-up (B) demonstrating an increase in
P amplitude in lead II (0.15 mV to 0.325 mV), a more rightward QRS axis orientation (88°to 147°), and a less
rightward T axis orientation (82°to 19°). Right: representative example of leads I, I, and aVFF of standard 12-
lead ECGs from a patient with a PVR of 540 dynes-s-cm before treatment (C), and a PVR of 300 dynes-s-cm?
at follow-up (D) demonstrating a decrease in P amplitude in lead Il (0.275 mV to 0.175 mV), a less rightward
ORS axis orientation (98°to 87°), and a more rightward T axis orientation (11°to 35°). The initial strain pattern,
most evident in lead aVF (C) was no longer present (D).

(762240 dynes's'cm™ vs. 1120+406 dynes-s.cm?®, P<0.01) and at follow-up (370+100
dynes's'cm™ vs. 976307 dynes's:.cm?, P<0.001). Responders did not differ from non-
responders with respect to age (44+13 vs. 43+15, P=0.81), gender distribution (3:9 vs. 9:41,
male:female, P=0.59), treatment with calcium-channel blockers (n=1:11 vs. n=3:47, P=0.77),
endothelin receptor antagonists (n=7:5 vs. n=23:27, P=0.45), phosphodiesterase-5 inhibitors
(n=2:10 vs. n=8:42, P=0.96), or prostacyclin (n=4:8 vs. n=23:27, P=0.44). In responders,

136



ELECTROCARDIOGRAPHIC MONITORING OF TREATMENT

RESPONSE IN PULMONARY ARTERIAL HYPERTENSION PATIENTS

mean PAP decreased by 14+8 mmHg to 39+6 mmHg (P<0.001), whereas in non-responders
mean PAP changed by 1+11 mmHg to 57£10 mmHg (P=0.48). In responders, cardiac index
increased by 1.1+1.2 L'min"'m? to 3.9+1.4 L-min""-m> (P=0.02). In non-responders, cardiac
index also increased by 0.3+0.6 L-min"*'m™ to 2.5+0.7 L-min"-m? (P<0.01). An example of
ECG leads I, 11, and aVF from a responder is depicted in Figure 2 (C+D).

Hemodynamic differences between responders and non-responders were again best reflected
by P amplitude in lead II, QRS axis, and T axis (Table 4). Results of ROC analysis for these
ECG variables for discrimination between responders and non-responders are depicted in

Figure 3. Given the observed a priori chance of 0.19 (12/62 patients) for a positive treatment

100 A
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> i
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/ .
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0 25 50 75 100

100 - Specificity (%)

Figure 3

Receiver operating characteristics analysis for determination of treatment response in PAH patients. P amplitude
had a sensitivity and specificity of 73% (CI, 39 - 94%) and 80% (CI, 66 - 90%) respectively for a cut-off point
of 0.175 mV (AUC=0.80, CIL, 0.67 - 0.94, P<0.01), ORS axis had a sensitivity and specificity of 42% (CI, 15
- 72%) and 92% (CI, 81 - 98%) respectively for a cut-off point of 90° (AUC= 0.70, CI, 0.52 - 0.89, P=0.03),

and T axis had a sensitivity and specificity of 100% (CIL, 74 - 100%) and 76% (CI, 62 - 87%) respectively for
a cut-off point of 25° (AUC= 0.90, CI, 0.82 - 0.97, P<0.001). Binary logistic regression analysis rendered the
following formula for prediction of a positive treatment response: y=-2.0-P amplitude in lead Il + 0.03-T axis +

1.6 (AUC=0.94, CI, 0.87 - 1.01, P<0.001). Although according to binary logistic regression analysis the latter
formula performed better than assessment of T axis alone, the AUC was not significantly larger than that of
T axis alone (P=0.12), according to the method described by Hanley and McNeil [16]. By the same method,

however; the regression formula was better than using either P amplitude (P=0.01) or QRS axis (P<0.01).
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response, the respective positive and negative predictive values for a positive treatment
response were 0.46 (CI, 0.21 - 0.69) and 0.93 (CI, 0.82 - 0.98) for P amplitude >0.175mV,
0.55 (CI, 0.16 - 0.89) and 0.87 (CI, 0.80 - 0.94) for QRS axis >90°, and 0.48 (CI, 0.31 - 0.64)
and 1.00 (CIL, 0.91 - 1.00) for T axis<25°. Binary logistic regression analysis determined that
only P amplitude in lead II had additional value after assessing T axis (Figure 3). A stepwise
prediction model was constructed with sequential assessment of T axis and P amplitude in lead
II. Since a T axis <25° had a negative predictive value of 1.00 (CI, 0.91 - 1.00) for a PVR<500
dynes-s-cm? all patients with a T axis <25° were classified as non-responders. Patients with
a T axis >25° and a P amplitude in lead II <0.175 mV were classified as responders. This
algorithm had a sensitivity and specificity of 75% (CI, 43 - 95%) and 96% (CI 83 - 99%),
respectively, for detection of a positive treatment response. Positive and negative predictive
values of this two-step treatment response assessment were 0.81 (CI, 0.37 - 0.96) and 0.94
(CIL, 0.86 - 0.99), respectively.

Discussion

Key finding of this study is that there is a robust correlation between PVR and the ECG-
derived P amplitude, QRS axis, and T axis. Repeated ECG analysis may therefore be of
use in both early and late evaluation of treatment response, and hence facilitate targeted
treatment adjustment in patients not reaching their treatment goal.

We detected a linear relation between P amplitude in lead I and PVR. For P amplitude in
lead IT 0.175 mV was defined as the best cut-off point in ROC analysis for discrimination
between responders and non-responders. This cut-off point is still below the 0.25mV
threshold for a ‘P pulmonale’ which has good specificity, yet poor sensitivity for mild-to-
moderate RV hypertrophy [17]. The prognostic value of P amplitude in PAH reportedly
increases with its amplitude [ 18], stressing its clinical value in singling out PAH patients with
advanced disease and a dismal prognosis. PAH-induced RV hypertrophy and RV dilation
associated tricuspid regurgitation are considered causative factors of increased systolic
and diastolic atrial load responsible for the increased P amplitude in lead I1 [19]. In healthy
men, Karliner et al. observed an increase in P amplitude in lead II from sea level to a few
months later at a height of 6300 meters above sea level on Mount Everest.[19] This report
concurs with the recent overview on the heart and pulmonary circulation in highlanders
by Penaloza and Aries-Stella who link an elevated P amplitude, a rightward oriented
QRS axis, and inverted T waves to increased pulmonary pressures [20]. They elegantly

demonstrate that QRS axis reflects RV hypertrophy in individuals with a hypoxia-induced
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elevation of pulmonary vascular resistance at high altitude, and that QRS axis increases
over time in accordance with increases in pulmonary vascular resistance or vice versa. For
different populations, different cut-off values have been proposed for QRS axis for optimal
diagnosis of RV hypertrophy [17]. Although the relatively wide normal range for QRS axis
hampers diagnostic accuracy for RV hypertrophy in a cross-sectional study of the general
population [21], QRS axis is a useful tool for follow-up of patients with established PAH,
as was shown in our population. Rich and Brundage demonstrated a reduction in rightward
QRS axis orientation in PAH patients with a long-term positive response to high-dose
calcium channel blockers [22]. A more recent study reported a QRS axis>100° to be highly
predictive of a PVR>400 dynes-s-cm™ [10]. This cut-off point for QRS axis lies in between
the QRS axis>116° we found for PAH patients with a baseline PVR<500 dynes-s‘cm™ yet
progressive disease, and the QRS axis>90° we found for PAH patients with a baseline
PVR>500 dynes-s-cm™ with a positive treatment response. The observed importance of the
T axis in our population concurs with T wave abnormalities registered in patients with RV
hypertrophy due to residence at high altitudes [20]. Furthermore, Kawaguchi et al. found
the T wave to discriminate best between patients with and without RV hypertrophy [23]. In
selected PAH patients the T axis is therefore a valuable indicator of disease burden.

Our definition of treatment response was based on PVR, a robust measure of interplay
between cardiac output and RV afterload [13]. Using PVR secures unambiguous results,
whereas sequential measurement of mean PAP or cardiac output alone might underestimate
or overestimate treatment effect [11, 13]. The PVR cut-off point of <500 dynes-s-cm™
and the >25% decrease in PVR may be considered ‘aiming high’ given our results and
those of others [6, 24]. Given the suboptimal sensitivity of the standard ECG [10], we

considered such an important change in disease burden necessary for any effect in the

TABLE 4
ECG variables PVR<500 dynes's.cm™® PVR>500 dynes-s:.cm™ P
(n=12) (n=50)

Heart rate (bpm) 77+ 12 84+ 17 0.07
P amplitude in lead IT (mV) 0.14 £ 0.08 0.24 +0.08 <0.001
P axis (°) 61 (23 -74) 64 (15 - 73) 0.20
QRS axis (°) 98 (62 - 108) 114 (101 - 121) <0.01
QRS duration (ms) 95+ 10 95+ 12 0.87
T axis (°) 60 (34 - 76) -5 (-33-25) <0.001

Differences in ECG variables at follow-up between responders and non-responders in
pulmonary arterial hypertension patients with a baseline PVR>500 dynes-s-cm?
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ECG to be observed. Because the range of normal ECG values is relatively wide [25], we
categorized PAH patients as having mild—to-moderate PAH or severe PAH. ECG variables
in patients with mild-to-moderate PAH approximated normal values in the majority of
patients. Similarly, ECGs variables of patients with severe PAH and a positive treatment
response regressed to a (near-)normal situation, whereas the opposite was true for PAH
patients with mild-to-moderate PAH with progressive disease (Table 4, Figure 2).

Since PAH is essentially a hemodynamic diagnosis, right heart catheterization remains the gold
standard for diagnosis of PAH [11, 15]. Although the inherent risk of this invasive procedure
is low [26], clinicians are exploring and validating other ways of patient monitoring.
Ubiquitous use of the 6-minute walk test [27], biomarkers [28, 29], and non-invasive
imaging [30, 31] for evaluation of PAH has greatly improved understanding prognosis, yet
clear cut-off values for timely detection of treatment response are lacking. This is likely
explained by the considerable inter-individual variation in PAH-related variables as well as
their intrinsic optimal discrimination range of PAH severity; e.g. the ECG was only useful
for discrimination between mild-to-moderate PAH and severe PAH (Table 2), whereas the
6-minute walk distance becomes increasingly important in end-stage disease. Importantly,
the ECG correctly classified the majority of PAH patients that worsened from a favorable

baseline situation or improved from an unfavorable baseline situation.

Clinical implications

Randomized clinical trials have demonstrated that after 12-16 weeks of treatment, there is
generally a modest, though overall significant beneficial effect of PAH attenuating drugs [2,
4,5, 32-35]. However, the individual treatment effect is difficult to evaluate non-invasively,
and patients generally require treatment indefinitely. Currently, patients with a suboptimal
effect of monotherapy would receive additional PAH attenuating therapy [36, 37]. Evaluation
of treatment effect could therefore ascertain earlier initiation of tailored combination therapy
in these patients. Assessing the ECG at follow-up for disease progression and treatment
response in PAH patients is simple, and requires merely an additional evaluation of the
P amplitude in lead II, QRS axis, and T axis. The robustness and reproducibility of ECG
recordings as well as the ease of interpretation render the ECG an excellent tool for longitudinal
evaluation of treatment effect by any clinician familiar with PAH. Implementation of routine
ECG evaluation in all PAH patients may therefore be an important contribution to clinical

assessment of these patients.
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Limitations

Although the choice for a cut-off point of <500 dynes-s-cm™ for PVR was based on recent
studies regarding diagnostic accuracy of the ECG [9], and consequences of an increasing
PVR [14], it remains arbitrary. Furthermore, it resulted in an unequal distribution of patients
with mild-to-moderate PAH and patients with severe PAH. However, this resembles the
common clinical situation where most PAH patients already have advanced disease at the
time of diagnosis. A certain caution in interpretation of these data is therefore warranted,

especially in the smaller group with a baseline PVR<500 dynes-s-cm™.

Conclusion
Routine ECG evaluation can be an important contribution in the assessment of treatment

response in PAH patients.
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Abstract

Background
Resting heart rate is an important marker of prognosis in heart failure, but has not been

addressed in pulmonary arterial hypertension.

Methods

To determine the prognostic value of resting heart rate in pulmonary arterial hypertension
patients we retrospectively analyzed 140 consecutive patients with idiopathic pulmonary
arterial hypertension. ECG-derived resting heart rate was evaluated as a potential predictor of
adverse prognosis (death or lung transplantation), alongside WHO functional class, 6-minute
walk distance, and hemodynamics, both before and approximately one and two years after

initiation of pulmonary arterial hypertension treatment.

Results

Forty-nine patients (35%) died, and 5 patients (4%) underwent lung transplantation during
follow-up. Both before treatment initiation, and after one and two years of treatment,
respectively, a higher resting heart rate was an independent predictor of adverse prognosis
(hazard ratio per 10 bpm increase, 1.76 [95% CI, 1.42 - 2.18], 2.31 [CI, 1.58 - 3.38], and 2.1
[CI, 1.39 - 3.19], respectively, P<0.001 for all). Change in heart rate between the first and
last ECG also independently predicted prognosis (hazard ratio per 1 bpm increase, 1.03 [CI,
1.01 - 1.06].

Conclusions

Both a higher resting heart rate and an important increase in resting heart rate during follow-
up signify a considerable risk of death in patients with pulmonary arterial hypertension. The
ECG-derived resting heart rate is an important marker of prognosis, and should be assessed
both before and at frequent intervals after initiation of treatment for pulmonary arterial
hypertension.
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Introduction

Pulmonary arterial hypertension is a condition with a poor prognosis. Nevertheless, life
expectancy may vary widely among patients [1]. Assessment of patient prognosis has gradually
shifted from evaluation of histopathology [2], and hemodynamics [1] towards evaluation of
exercise capacity [3], non-invasive imaging [4, 5], and serum markers of disease severity
[6, 7]; all important predictors of survival. In pulmonary arterial hypertension, despite its
pulmonary-artery-pressure-based definition [8], not the degree of right ventricular afterload
but rather cardiac index is considered important for estimation of prognosis [1, 9]. This is
easily understood since exercise capacity, reflected by the oxygen uptake reserve, depends on
both pulmonary artery driving pressure reserve and heart rate reserve [10, 11]. The increased
right ventricular afterload is often associated with impaired right ventricular stroke volume and
a compensatory increase in heart rate, most notably with exercise [12]. In advanced pulmonary
arterial hypertension, heart rate increase is therefore the main compensatory mechanism, and
reflects an increased sympathetic tone [13]. We therefore hypothesized that resting heart rate
might be an equally important marker of prognosis in pulmonary arterial hypertension as it is
known to be in left-sided heart failure [14, 15]. In order to test our hypothesis, we evaluated
the prognostic value of the ECG-derived resting heart rate in parallel with established
prognosticators in pulmonary arterial hypertension, related to clinical well-being, exercise

capacity, and hemodynamics.

Methods

The study procedures were in accordance with the Declaration of Helsinki. National and
institutional guidelines did not require Institutional Review Board approval since the study
was retrospectively performed, patient data were anonymized and randomized, and solely

included patients from the VU University Medical Center.

Study subjects and study design

Between January 1997 and July 2007, out of 868 consecutive patients referred to the VUMC
for evaluation of pulmonary hypertension, 140 patients were found to have idiopathic
pulmonary arterial hypertension (Figure 1). Pulmonary arterial hypertension was defined as a
mean pulmonary artery pressure >25 mmHg with a pulmonary capillary wedge pressure <15
mmHg. Pulmonary arterial hypertension was considered to be idiopathic when identifiable

causes for pulmonary hypertension (i.e. congenital heart disease, portal hypertension, collagen
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868 patients referred for
unexplained dyspnea

——————{  Other diagnosis (n=728)

Idiopathic pulmonary arterial
hypertension , n=140

140 with ECG before treatment
initiation

14 alive without a 17 deaths in the first
further ECG year of follow-up

109 with an ECG after treatment
initiation

11 alive without a 16 deaths in the first
further ECG year of follow-up

3 lung
transplantations

79 patients with a second ECG
after treatment initiation

61 alive without a 16 deaths

further ECG

2 lung
transplantations

Figure 1: study outline

Death rates and follow-up with resting heart rate assessment in patients with idiopathic pulmonary arterial
hypertension.

vascular disease, HIV infection, left heart disease, hypoxic pulmonary disease or chronic
thromboembolic disease) were excluded [16]. According to routine clinical protocol all patients
underwent a 6-minute walk test at regular outpatient visits, and a resting ECG approximately
once yearly, at least. The majority of patients also underwent one or more subsequent right
heart catheterizations during follow-up for evaluation of treatment effect. World Health
Organization (WHO) functional class [17] was assessed at each patient visit. No patients were
lost to follow-up, and follow-up was completed up to February 15th 2008. Available ECGs
were matched in time with available catheterizations and 6-minute walk tests. If more than one

ECG was available, the ECG with the lowest heart was selected for the study.
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Treatment

Patients with a positive response to an acute vasodilator challenge were treated with
calcium antagonists [16]. Before 2002, all patients in WHO class III or IV received
intravenous prostacyclin (epoprostenol). After 2002 patients in WHO class III received
oral monotherapy with an endothelin receptor antagonist (bosentan or sitaxsentan) or
phosphodiesterase-5 inhibitor (sildenafil), whereas patients in WHO class IV received
a prostacyclin-analog (epoprostenol, treprostinil or iloprost). All patients received oral

anticoagulants.

6-minute walk distance
The 6-minute walk distance as well as the Borg dyspnea score was measured according to

American Thoracic Society guidelines [18].

Electrocardiography

ECGs were recorded by certified ECG technicians with patients in supine position using
the standard 12-lead configuration. ECGs were recorded on commercially available
electrocardiographs (MAC VU and MAC 5000, GE Healthcare, The Netherlands), at
a paper speed of 25 mm-s; sensitivity 1 mV = 10 mm; sample frequency of 500 Hz.
Besides heart rate we also derived P amplitude in lead II, QRS axis, and QRS duration,
directly from the standard electrocardiographic calculations, since these variables were
of prognostic value [19] or correlated with clinical status [20] in pulmonary arterial
hypertension patients. Measurements concerning P wave amplitude in lead II (mV), and
presence of RV hypertrophy according to WHO criteria were performed on ECGs in
digital format [21]. All ECGs were analyzed by an experienced cardiologist who was
blinded to the data.

Right heart catheterization

The following measurements were performed: right atrial pressure, mean pulmonary
artery pressure, pulmonary capillary wedge pressure, and mixed venous oxygen
saturation. Cardiac output was measured using the Fick method. Oxygen consumption
was also measured during right heart catheterization. Pulmonary vascular resistance was
calculated by dividing the transpulmonary gradient (=mean pulmonary artery pressure
- pulmonary capillary wedge pressure) by cardiac output. Pulmonary vascular resistance
was expressed in dynes's'cm®. All patients underwent vasodilatory testing with inhaled

nitric oxide (20 ppm) [16].
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Statistical analysis

We expressed all data as mean + standard deviation or median (interquartile range).
We used the SPSS for Windows Software (version 12.0.1, SPSS Inc, Chicago Illinois)
for data analysis. For comparison of baseline variables between survivors and non-
survivors we used independent t-tests or y2-tests. We performed Cox proportional hazards
regression analyses to assess the predictive value of resting heart rate and other variables
at the time of diagnosis (first ECG), and at follow-up (second and third ECG). We also
evaluated the predictive value of changes in individual variables between the time of
diagnosis and the last available moment of follow-up. We considered both death and
lung transplantation as adverse events in these analyses. Death was of cardiopulmonary
origin in all cases but one, which was treated as a censored case in the survival analyses.
We entered variables with a univariable association with adverse prognosis (P<0.20) in
multivariable Cox proportional hazards regression analyses. We used stepwise elimination
to identify variables independently associated with adverse prognosis. We did not include
catheterization data in the multivariable Cox proportional hazards analysis regarding the
third ECG, since only 42 out of 79 patients underwent a catheterization. In additional
analyses we investigated the predictive value of resting heart rate as a predictor of event-
free survival more thoroughly. First, we created receiver operating characteristics curves
(ROC) for all variables present in the final prediction models. Subsequently, we plotted
Kaplan-Meier curves for resting heart rate as a predictor of adverse prognosis based on
the ROC analysis-derived cut-off values at the time of the first, second, and third ECG,
respectively. We compared the Kaplan-Meier curves by means of the log-rank test. Finally,
to investigate the relationship between resting heart rate and adverse prognosis from a
different point of view, we used Cox proportional hazards analysis for risk stratification in
patients based on resting heart rate and changes in resting heart rate. We considered a value
of P <0.05 to be statistically significant.

Results

During the follow-up period of 43 + 28 months, 49 out of 140 patients (35%) died, and 5
patients (4%) underwent lung transplantation (Figure 1). During follow-up 13 patients (9%)
had documented episodes of atrial fibrillation/flutter. Electrical cardioversion was applied
successfully in all but four patients, who remained in atrial fibrillation, and received either

amiodarone (n=1), digoxin (n=1), or no medication (n=2).
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Baseline

Table 1 displays characteristics of survivors and non-survivors before treatment initiation. In
general, non-survivors had less favorable hemodynamics. Medication use after these baseline
measurements was similar in survivors and non-survivors with the exception of endothelin
receptor antagonists (Table 1). Univariable Cox proportional hazards analysis of baseline
variables as predictors of survival demonstrated that age, WHO functional class IV, 6-minute
walk distance, mean right atrial pressure, pulmonary vascular resistance, and resting heart

rate were all univariable predictors of adverse prognosis (Table 2).

TABLE 1: BASELINE DIFFERENCES BETWEEN SURVIVORS AND NON-SURVIVORS

Survivors (n=86, 17 male)  Non-survivors (n=54, 13 male) /P
General
Age, years 43 + 14 48 + 15 0.05
NYHA functional class <0.001
NYHA class II, n 17 1 <0.001
NYHA class III, n 59 33 0.55
NYHA class IV, n 10 20 <0.01
Exercise
6-minute walk distance, m 404 + 132 326 + 120 <0.001
Borg dyspnea index, units (1-10) 4 + 2 4 + 2 0.50
Right heart catheterization
Mean RAP, mmHg 8 e 5 11 e 6 0.01
Mean PAP, mmHg 53 £ 13 53 + 16 0.90
PVR, dynes-s-cm? 859 + 455 1165 + 610 0.01
ECG
Heart rate, bpm 76 + 13 90 + 17 <0.001
P wave amplitude in lead 11, mm 21 + 0.9 23 =+ 1.0 0.22
QRS axis, ¢ 107 + 41 113 + 45 0.44
QRS duration, ms 96 e 16 93 e 19 0.22
WHO criteria for RVH, n (%) 42 (49%) 32 (58%) 0.23
Medication use*
None 0 5 0.02
Calcium antagonist, n 4 1 0.07
Endothelin receptor antagonist, n 41 17 0.02
Phosphodiesterase-inhibitor, n 5 3 0.53
Prostacyclin, n 28 26 0.16
Combination therapy, n 8 2 0.17

RAP=right atrial pressure. PCWP=pulmonary capillary wedge pressure. CI=cardiac index. PVR=pulmonary
vascular resistance. *Medication use refers to the period after baseline measurements.
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Follow-up

The median interval between the first and second ECG was 389 days (310 - 515 days) for
the 109 patients who survived to undergo a second ECG recording. The median interval
between the second and third ECG was 440 days (308 - 686 days) for the 79 patients
who survived to undergo a third ECG recording. Measured values for 6-minute walk

TABLE 3: MEASUREMENTS OF VARIABLES IN PATIENTS AT THE FIRST, SECOND, AND THIRD ECG

ECG 1 ECG 2 ECG 3
Variables n=140 n=109 n=79
General
Age, years 45+ 14 46 £ 14 47+ 13
NYHA functional class, I-IV 3.1+£0.6 3.0+ 0.6 29+0.5
Exercise
6-minute walk distance, m 374 £ 133 446 + 125 452 + 138
Borg dyspnea index, /-10 4(3-6) 4(3-595) 4(3-9)
Right heart catheterization*®
Mean RAP, mmHg 8(5-12) 7(3-11) 6(3-8)
Mean PAP, mmHg 53+14 50+ 14 51+13
PVR10?, dynes-s-cm” 8.6(54-129) 734.1-105) 59(43-82)
ECG
Heart rate, bpm 81+ 16 81£16 79+ 15
P wave amplitude in lead II, mm 22+0.9 2.0+1.0 23+1.0
QRS axis, ¢ 110 (95 - 126) 107 (93 - 120) 104 (90 - 121)
QRS duration, ms 94 (83 - 104) 96 (84 - 104) 96 (86 - 108)
WHO criteria for RVH, n (%) 74 (53%) 60 (55%) 45 (57%)
Medication uset
None, n (%) 5 (4%) 1 (1%) -
Calcium antagonist, n (%) 5 (4%) 1 (1%) 1 (1%)
ERA, n (%) 58 (41%) 29 (27%) 17 (16)
PDE-5 inhibitor, n (%) 8 (6%) 8 (7%) 5 (6%)
ERA combined with PDE-5 inhibitor, n (%) 6 (4%) 23 (21%) 23 (29%)
Prostacyclin, n (%) 54 (39%) 31 (28%) 14 (18%)
Prostacyclin + ERA/PDE-5 inhibitor, n (%) 4 (3%) 16 (15%) 19 (24%)

RAP=right atrial pressure, PAP=pulmonary artery pressure, PVR=pulmonary vascular resistance,
RVH=right ventricular hypertrophy, ERA=endothelin receptor antagonist, PDE-5=Phosphodiesterase-5.
Values measured at the first ECG were all measured before treatment initiation.

*Right heart catheterization was performed in 86 patients at the time of the 2nd ECG, and in 42 patients at
the time of the 3rd ECG. {Medication use as displayed was initiated after diagnosis of pulmonary arterial
hypertension by right heart catheterization.
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distance, catheterization-derived variables, ECG-derived variables, and medication use at the
time of the first, second and third ECG, respectively are displayed in Table 3. Of all variables
assessed at the time of the second ECG, age, WHO class IV, 6-minute walk distance, pulmonary
vascular resistance, and resting heart rate were predictors of adverse prognosis in univariable Cox
proportional hazards analysis (Table 2). WHO class IV and resting heart rate were also predictors
of adverse prognosis in univariable Cox proportional hazards analysis at the time of ECG 3.
During the time interval between the first ECG and the last ECG only change in QRS duration

was a predictor of adverse prognosis in univariable Cox proportional hazards analysis (Table 2).

Multivariable analysis of predictors of adverse prognosis

By multivariable analysis, in which we satisfied the proportional hazards assumption for all
models, only resting heart rate and age were independent predictors of adverse prognosis at
the time of the first ECG, before treatment initiation (Table 4). Resting heart rate and age
were also independent predictors of adverse prognosis at the time of the first and second
ECG after treatment initiation (Table 4). Between the first and last available ECG, change
in resting heart rate and change in QRS duration were independent predictors of adverse

prognosis by multivariable analysis (Table 4).

TABLE 4: INDEPENDENT PROGNOSTICATORS BY MULTIVARIABLE COX PROPORTIONAL HAZARDS ANALYSIS

Time Variables Hazard ratio 95% CI P
ECG 1 Heart rate- 10", bpm 1.76 1.42-2.18 <0.001
Age, years 1.04 1.01 - 1.07 0.01
PVR, dynes-s-cm 1.06 0.99-1.14 0.08
ECG 2 Heart rate- 10, bpm 2.31 1.58-3.38  <0.001
Age, years 1.09 1.05-1.13  <0.001
ECG 3 Heart rate- 10, bpm 2.10 1.34-3.15  <0.001
Age, years 1.10 1.01-1.10 <0.01
WHO class 1V, yes/no* 3.94 0.82-18.8 0.09
P amplitude in lead II 1.73 0.98 - 3.06 0.06
A first to last ECG A Heart rate, bpm 1.03 1.00 - 1.06 0.04
A QRS duration, ms 1.07 1.01-1.13 0.03
A 6-minute walk distance, m-10-' 0.96 0.92 -1.01 0.09

PVR=Pulmonary vascular resistance
WHO=World Health Organization
*WHO class 11 as reference category in Cox proportional hazards regression analysis
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TABLE 5: RISK STRATIFICATION OF ADVERSE EVENTS PER YEAR BASED ON HEART RATE

Events Cut-off value Hazard ratio Event risk/year
(rate/year) (95% CI)

ECG 1 17 (0.12) Heart rate > 82 bpm 42(23-7.6) 0.10
Heart rate < 82 bpm 0.24 (0.13-0.43) 0.02

ECG 2 16 (0.15) Heart rate > 91 bpm 10.7 (4.9 - 23.1) 0.14
Heart rate <91 bpm 0.09 (0.04 - 0.20) 0.01

ECG 3 9(0.11) Heart rate > 92 bpm 5.7(2.2-14.4) 0.09
Heart rate < 92 bpm 0.18 (0.07 - 0.45) 0.02

A ECG 23 (0.21) A Heart rate > 19 bpm 2.8(1.3-6.0) 0.15
A Heart rate < 19 bpm 0.36 (0.17 - 0.76) 0.06

A ECG = change between first and last ECG
A Heart rate = change in heart rate between first and last ECG

Receiver Operating Characteristics

Receiver operating characteristics analysis rendered the optimal cut-off value for resting heart rate to
be 82 bpm at the first ECG, and 91 bpm and 92 bpm at the second and third ECG, respectively. The
optimal cut-off value for change in resting heart rate between the first and last ECG was 19 bpm.

Kaplan-Meier lifetime analysis

Kaplan-Meier analysis defined resting heart rate to be a strong marker of prognosis before treatment
initiation (Log Rank = 26.6, P<0.001), and even more so after treatment initiation (Log Rank =
55.2, P<0.001, and Log Rank = 16.7, P<0.001, respectively) (Figure 2 A,B, and C). Similarly, an
increased heart rate from the time between the first and the last ECG was associated with a worse
prognosis (Log Rank = 7.7, P<0.01) (Figure 3D).

Risk of adverse events

We performed Cox proportional hazards analysis according to ROC analysis-derived cut-off values
for resting heart rate at the time of the first, second and third ECG, as well as for the cut-off value
for change in resting heart between the first and last ECG (Table 5).

With an adverse event rate of 0.12 in the year after the first ECG, based on hazards analysis the
event-risk was calculated to be 0.10 for patients with a baseline resting heart rate > 82 bpm, and
0.02 for patients with a baseline resting heart rate <82 bpm. Although the adverse event rate was
slightly higher at 0.15 in the year after the second ECG, based on hazards analysis the event-risk
was calculated to be 0.16 for patients with a resting heart rate > 91 bpm, and only 0.01 for patients
with a resting heart rate <91 bpm (Table 5).
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Discussion

Key finding of this study is that a high resting heart rate and/or an increase in resting heart rate
is strongly associated with an adverse prognosis in patients with idiopathic pulmonary arterial
hypertension. Since an elevated resting heart rate most likely reflects the degree of disease

burden in idiopathic pulmonary arterial hypertension patients [13], we suggest that the easily

A Survival after ECG 1 B Survival after ECG 2
100
= 3 80
3\: é Heart rate <91 bpm
= = 60
©
2 S 40
=1 =1
7] 9 2
Heart 282 bpm Heart rate 2 91 bpm
o T T T T T T T 1 0 T T T T T 1
1 2 3 4 5 6 7 8 0 1 2 3 4 5
N at risk Time (years) N at risk Time (years)
HR<82bpm 80 74 69 56 40 25 18 13 7 HR<91bpm 76 72 61 44 22 12
HR>82bpm 60 43 32 26 17 10 5 1 HR291 bpm 33 19 15 8 2
(o3 Survival after ECG 3 D Survival after the last ECG
100 Heart rate < 92 bpm 100 o AHeart rate < 19 bpm
Q 80 - 3 oo
< <
= 60 = 60
S 40+ S 40
=] =
(T N 20
Heart rate 2 92 bpm AHeart rate 2 19 bpm
0 T T T T 1 0 T T T T T 1
(] 1 2 3 4 5 0 1 2 3 4 5
N at risk Time (years) N at risk Time (years)
HR<92 bpm 62 47 32 13 3 AHR<19 bpm 95 63 45 20 8
HR292 bpm 17 10 5 2 2 AHR219 bpm 14 8 3 2 1

Figure 2: resting heart rate and event-free survival in pulmonary arterial hypertension

Kaplan-Meier survival analysis based on cut-off values for resting heart rate derived from receiver-operating-

characteristics.

A. Survival analysis based on resting heart rate before treatment initiation.

B. Survival analysis based on resting heart rate derived from the first ECG approximately one year afier
treatment initiation.

C. Survival analysis based on resting heart rate derived from the second ECG dfier treatment initiation.

D. Survival analysis based on the change in vesting heart rate between the first ECG before treatment initiation
and the last ECG dfier treatment initiation.
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Figure 3: resting heart rate in idiopathic pulmonary arterial hypertension

An elevated pulmonary vascular resistance (PVR) induces increased right ventricular (RV) stroke work, as a
result of which the right ventricle hypertrophies, and right ventricular oxygen (O,) consumption rises. Stroke
volume ultimately declines [12], rendering cardiac output dependent on a compensatory increase in heart
rate [9, 12]. Heart rate increases as a result of right atrial stretch [30, 31], and an increased noradrenergic
drive [13], the latter inducing a down regulation of right ventricular f-adrenergic receptors [23]. Chronic
noradrenergic overdrive induces impairment of right ventricular function [23], in turn further decreasing stroke
volume and increasing right ventricular end-diastolic pressure [9, 32]. The impaired right ventricular relaxation
[33] induces a decreased left ventricular end-diastolic volume (LVEDYV), and impaired left ventricular function
[34]. Poor left ventricular filling and decreased stroke volume lead to systemic hypotension, most notably
with exercise [3, 10, 12]. Both systemic hypotension and increased right ventricular pressures hamper right
coronary artery flow [28], to the extent where the right ventricle is supplied with oxygen mainly in diastole,
like the left ventricle. The both absolute and relative shorter diastolic filling time at higher heart rates [34]
can further impair coronary perfusion, inducing right ventricular ischemia [29], which may lead to further
deterioration of right ventricular function. Therefore, resting heart rate reflects right ventricular function.
Pulmonary arterial hypertension attenuating treatments associated with a decrease in resting heart rate may

therefore preserve or even improve right ventricular function.

acquired ECG-derived resting heart rate should be evaluated more frequently in assessment of
these patients.

In comparison with variables related to clinical well-being, exercise capacity, and hemodynamics
— all established determinants of prognosis [4, 10] — resting heart rate was the strongest
prognosticator, both before and after treatment initiation (Figure 2). To a lesser extent, a change
in resting heart rate between the first and last ECG recording also proved to be an important
predictor of prognosis. Of note, it seems important to concomitantly assess baseline resting heart

rate and the subsequent change in resting heart rate to be able to determine whether a change in
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resting heart rate is indeed of clinical importance (Figure 2, Table 5).

Mean pulmonary artery pressure, stroke volume, and heart rate are intertwined around pulmonary
vascular resistance at a given oxygen demand of the body [9, 12]. We suggest the following
straightforward, partially overlapping chain of events in the evolution of pulmonary hypertension
(Figure 3). Initially, at the early onset of afferent pulmonary vascular disease, the right ventricle
will increase pulmonary artery pressure accordingly in order to maintain stroke volume [9]. Right
ventricular hypertrophy ensues in response to increased wall stress [22]. As disease progresses to
the point where the right ventricle can no longer sufficiently increase peak pressure to maintain
stroke volume at rest or during exercise [ 12], a compensatory increase in heart rate emerges, most
likely as a result of increased right atrial stretch and increased noradrenergic activation [13]. It
has been shown that an increased noradrenergic activation is necessary in the presence of right
ventricular hypertrophy for down regulation of B-adrenoceptors, often seen in heart failure [23].
The observed association between a decreasing stroke volume and poor survival supports our
finding of the importance of assessing resting heart rate [4]. Cardiac reserve is highly impaired in
patients with pulmonary arterial hypertension [ 10, 24], the degree of which predominantly depends
on heart rate reserve, since the already impaired stroke volume does not increase with exercise
[12]. In pulmonary arterial hypertension the hemodynamic profile at rest and during exercise
therefore depends largely on the degree of right ventricular burden. Resting heart rate essentially
reflects this burden, since heart rate is the net result of a complex mechanism of modifying reflex
pathways aimed at preserving tissue oxygenation. Especially at rest, an increased heart rate is
therefore an ominous sign of a compromised hemodynamic situation, associated with an adverse
prognosis. Heart rate has been evaluated before as a possible predictor of adverse prognosis in
pulmonary arterial hypertension, both at rest and during exercise [9, 10, 19, 25]. In general, heart
rate was measured during right heart catheterization [1, 5, 10] or during echocardiography [26].
However, despite being a predictor in univariable analysis heart rate was not always included in
multivariable analysis, or not assessed at follow-up [1]. In our study, ECG-derived resting heart
rate was superior to pulmonary vascular resistance for prediction of event-free survival. This
may well be because a routine clinical ECG recording is less stressful for patients and, hence,
more reliable due to standardization of acquisition. Based on the observed prognostic value,
we suggest that resting heart rate should always be assessed, since it outperforms many other
diagnostic tools with respect to cost-effectiveness, patient burden, and ease of implementation.
Despite important differences between patients with pulmonary arterial hypertension and
patients with congestive heart failure, morbidity and survival are quite similar. In congestive
heart failure, clinical well-being and survival has improved substantially with 3-blockade[14].

So far, controlled studies investigating the potential benefit of B-blockade or selective heart rate
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reducing agents have not yet been performed in idiopathic pulmonary arterial hypertension
patients. Whether a treatment strategy aimed at heart rate slowing might be of benefit in PAH
patients with increased neurohumoral activation is therefore unclear. Theoretically, however,
a reduction of resting heart rate could improve right ventricular function in at least two ways.
Firstly, the impaired right ventricular diastolic function in pulmonary arterial hypertension [27]
may improve by prolonging the relative duration of diastolic filling. Secondly, the extended
diastolic filling time may allow right coronary artery perfusion to increase, thereby improving
oxygen delivery to the hypertrophied, and often hypoperfused right ventricle [28, 29] and
effectively improving right ventricular systolic function (Figure 3).

Bossone et al. [19] studied the prognostic value of ECG-derived variables in pulmonary arterial
hypertension, and evaluated heart rate accordingly. However, they merely evaluated patients
before initiation of treatment, and did not conduct a similar evaluation after treatment initiation,
precluding the appreciation of prognostic value of heart rate and other ECG-derived variables
[19]. As is evident from our data, resting heart rate is an even more important prognosticator after
treatment initiation (Figure 2, and Table 5), most likely since it reflects the effect, or lack thereof,
of the initiated treatment. Bossone et al. observed that P wave amplitude in lead II, a qR pattern
in V1, and RV hypertrophy by WHO criteria were related to decreased survival [19]. We only
found P wave amplitude in lead II to play a role in the final multivariable prognostic model at the
time of the third ECG. Perhaps this discrepancy is related to the more advanced disease state of
our patients, as can be deducted from the higher mean PVR, higher QRS axis, and higher mean
P amplitude in lead 11 [19].

Limitations

The retrospective nature of our study precluded evaluation of the potential value of a more
frequent assessment of resting heart rate. Nevertheless, we have meanwhile adopted the policy
to acquire ECG recordings at each patient visit and at least once yearly. Despite the obvious
advantages for both doctor and patient of assessing resting heart rate with an ECG recording, a
24-hour ECG recording has the potential advantage that the lowest heart rate as well as heart rate
variability can be assessed more accurately.

Lastly, we solely assessed patients with idiopathic pulmonary arterial hypertension, which
precludes straightforward extrapolation of our results to just any patient with pulmonary arterial
hypertension, or pulmonary hypertension due to lung disease or left heart disease. Nevertheless,
since resting heart rate is largely determined by the activity of the autonomic nervous system,
it seems plausible that resting heart will also be of prognostic importance in other groups of
pulmonary arterial hypertension patients[15].
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Conclusions

Pulmonary arterial hypertension patients with a resting heart rate in the lower ranges have
a favorable prognosis within the limits of their disease. In contrast, patients with a high
resting heart rate or a substantially increasing resting heart rate during follow-up are at
considerable risk of death, and should be considered for lung transplantation. Resting heart
rate is most likely a reflection of the individual’s coping with disease, and as such a reflection
of prognosis. More frequent risk assessment based on resting heart rate may cost-effectively

help to improve outcome in patients with pulmonary arterial hypertension.
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Summary

Right ventricular overload covers a spectrum ranging from volume overload to pressure
overload, and often is a combination of these, compromising cardiac function. The general
introduction describes the anatomy of the right ventricle and its role in normal hemodynamics,
as well as in pathological hemodynamics due to right ventricular volume and/or pressure

overload.

Part I focuses on right ventricular volume overload in adults in whom surgical correction for
Fallot’s tetralogy was performed in early childhood. Importantly, many adult Fallot patients
will require repeated pulmonary valve replacement. We attempted to elucidate which patient
characteristics are associated with a more prompt recovery time after surgical replacement.
Furthermore, we analyzed what may be expected from pulmonary valve replacement with
respect to right ventricular reverse remodeling. We also determined that pulmonary valve

replacement has a positive effect on the repolarization characteristics in adult Fallot patients.

Part I goes into right ventricular pressure overload due to pulmonary arterial hypertension.
In an animal experimental setup, induction of pulmonary arterial hypertension in rats led to
characteristic evolutionary changes in right ventricular morphology and function. We used
electrocardiography, echocardiography, and heart catheterization to monitor this chain of events.
The documented evolutionary electrocardiographic changes due to right ventricular pressure
overload in rats were similar to the abnormalities found in patients with varying degrees of
pulmonary arterial hypertension. Based on the hemodynamic abnormalities associated with
electrocardiographically detectable abnormalities, we defined electrocardiographic cut-off
points for determination of treatment response in pulmonary arterial hypertension patients.
Finally, we determined that resting heart rate, reflecting hemodynamics and neurohumoral
activation, is a very important marker of prognosis in pulmonary arterial hypertension.
Implementing the prognostic value of resting heart rate in clinical decision making may allow

for earlier, more tailored additional therapy or (heart-)lung transplantation.

Chapter [ is a general introduction to the topics of the thesis: right ventricular volume overload
and right ventricular pressure overload are extensively discussed, offering the reader an insight
into the normal right ventricular anatomy, pathophysiology of right ventricular volume and

pressure overload, accompanying symptoms, diagnosis and follow-up.
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Part 1

In Chapter II we deal with the recovery time after pulmonary valve replacement in adult
patients with a corrected tetralogy of Fallot. Surgical intervention in early childhood
generally allows Fallot patients to grow up without major inhibitions. However, the
malformed pulmonary valve will in time require replacement due to a combination of
stenosis and insufficiency. Pulmonary valve replacement is a relatively straightforward
surgical procedure with typically low mortality. We assessed recovery time — defined as
the time between surgery and return to work or school — after mortality one of the most
important aspects of this intervention for young patients. Importantly, we found that not
New York Heart Association functional class or right ventricular function determined

recovery time, but rather the patient’s age.

In Chapter III we discuss the importance of pre-operative assessment of right ventricular
function in adult tetralogy of Fallot patients. In many cases, surgical correction of the
right ventricular outflow tract early in life does not allow for adequate long-term repair
of the abnormal pulmonary valve. Since residual pulmonary valve stenosis is considered
more deleterious to right ventricular function than residual pulmonary valve regurgitation,
the surgeon will generally settle for a gradient-free right ventricular outflow tract with
pulmonary valve regurgitation. Nevertheless, it is believed that decreased right ventricular
function and increased right ventricular dimensions are a consequence of longstanding
pulmonary valve regurgitation. However, we observed that the degree of pre-operative
pulmonary valve regurgitation is not related to the effect of pulmonary valve replacement.
Rather, pre-operative right ventricular dimensions and function predict reverse remodeling

and functional improvement after pulmonary valve replacement.

In Chapter IV we explore the potentially beneficial effect of pulmonary valve replacement
on myocardial repolarization characteristics in adult patients with tetralogy of Fallot.
Cardiac arrhythmias and sudden death are important issues which need to be addressed
by physicians caring for these patients. In adult Fallot patients with severely dilated
right ventricles, conduction disorders as well as repolarization disorders are thought
to predispose to severe ventricular arrhythmias. We found that, as a consequence of
pulmonary valve replacement, right ventricular volumes decreased, average depolarization
duration decreased, and repolarization characteristics changed towards a more normal

pattern. Due to the relatively small number of patients our study was underpowered to
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detect a clinically significant effect on the incidence of severe ventricular arrhythmias.
Nevertheless, the observed changes suggest that pulmonary valve replacement has a
beneficial effect on depolarization duration and repolarization heterogeneity, theoretically

decreasing ventricular arrhythmia propensity.

Part 11

In Chapter V we determine the evolutionary changes in the right ventricle as a consequence
of developing pulmonary arterial hypertension, using an experimental animal setup. As
pulmonary vascular resistance progressively rises in the face of ongoing pulmonary artery
disease, the right ventricle is required to increase its stroke work order to maintain cardiac
output. We studied rats before and 14 and 25 days after administration of monocrotaline, a
substance that injures the pulmonary vasculature, inducing pulmonary arterial hypertension.
Importantly, on day 14, even before pulmonary arterial hypertension induced right ventricular
hypertrophy, the effect of an increased demand in right ventricular stroke work could be
detected with a three-dimensional vectorcardiogram, reconstructed from a three-lead body
surface ECG. Apparently, three-dimensional electrocardiography is very sensitive to early
changes in right ventricular afterload. This finding is of potential use, since the ECG is

ubiquitously utilized in everyday medical practice.

In Chapter VI we prove our hypothesis that using a three-dimensional vectorcardiogram,
reconstructed from a standard 12-lead body surface ECG, improves detection of increased
right ventricular pressure load. The three-dimensional vectorcardiogram renders additional
parameters for analysis, among which the ventricular gradient, a mathematical representation
of ventricular action potential duration heterogeneity which normally lies within a small
range of magnitude and three-dimensional orientation. Using the ventricular gradient
indeed improved ECG detection of right ventricular pressure overload significantly in our
study population of 72 patients and 144 matched healthy controls. Importantly, much like
in our prior experimental animal setup, the three-dimensional vectorcardiogram detected
mild to moderate pulmonary arterial hypertension, otherwise misclassified by conventional
ECG analysis. Additional MRI studies defined a fair association between the ventricular
gradient and right ventricular mass and volume. Ventricular gradient changes in pulmonary
arterial hypertension patients likely reflect changes in ventricular action potential duration
heterogeneity related to right ventricular remodeling as a result of an increased right

ventricular pressure load.
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In Chapter VII we discuss the role of the ECG in diagnosis and follow-up of pulmonary
arterial hypertension patients. Although inter-individual variation in ECG characteristics may
vary widely, intra-individual variation in ECG characteristics over time is usually negligible
except for situations in which intercurrent events trigger cardiac damage and/or adaptation.
We describe two ECGs of the same patient, before and after development of idiopathic
pulmonary arterial hypertension, which gave rise to suspicion of an increased right heart
load. Furthermore, we discuss the available literature on specific electrocardiographic details
associated with right heart overload. There is now ample evidence to redefine the role of the
ECG as a tool for follow-up, as well as for diagnosis of increased right heart load in selected

groups of patients at risk for developing pulmonary arterial hypertension.

In Chapter VIII we test our hypothesis that the ECG can be used for follow-up of pulmonary
arterial hypertension patients, based on the severity of pulmonary vascular resistance.
Although the conventional 12-lead ECG is less sensitive for increased right ventricular
afterload than its derived three-dimensional vectorcardiogram, physicians are not equipped
to reconstruct, let alone analyze the latter. We therefore focused on the conventional ECG for
longitudinal individual monitoring of treatment response. Previous studies indicated that the
conventional ECG often does not detect mild-to-moderate pulmonary arterial hypertension,
whereas it almost always shows abnormalities in patients with severe pulmonary arterial
hypertension. We classified a group of pulmonary arterial hypertension patients according
to the presence of mild-to-moderate or severe pulmonary arterial hypertension — defined as
a pulmonary vascular resistance below or above 500 dynes-s-cm™ (double of the upper limit
of normal) at the time of diagnosis. Subsequently, we determined which patients improved,
worsened or maintained stable, according to pulmonary vascular resistance measured during
repeated right heart catheterization. Importantly, no ECG changes were found in patients who
remained stable. However, in patients with mild-to-moderate disease who deteriorated, as
well as in patients with severe disease who improved, ECG changes were found consistently.
Routine ECG evaluation in patients with established pulmonary arterial hypertension can

therefore be an important contribution in the assessment of treatment response.

In Chapter IX we evaluate whether resting heart rate is as important a prognostic marker
in pulmonary arterial hypertension as it is in left-sided heart failure. Resting heart rate,
reflecting hemodynamics and noradrenergic drive, tends to be higher in patients with little
cardiac reserve. We retrospectively analyzed resting ECGs from a cohort of 140 pulmonary

arterial hypertension patients, recorded at the time of diagnosis, and after approximately one
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and two years of follow-up, for prognostic value in predicting death or the need for (heart-
)lung transplantation. Resting heart rate superseded hemodynamic data, and 6-minute walk
distance — established prognosticators in pulmonary arterial hypertension patients — both
at the time of diagnosis and at follow-up. Therefore, both a higher resting heart rate and an
important increase in resting heart rate during follow-up signify a considerable risk of death
in patients with pulmonary arterial hypertension. The ECG-derived resting heart rate is an
important marker of prognosis, and should be assessed both before and at frequent intervals

after initiation of treatment for pulmonary arterial hypertension.
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Conclusions

Pulmonary valve replacement is best reserved for adult Fallot patients who do not
qualify for percutancous valve implantation, and older patients should expect a
more prolonged recovery time, regardless of pre-operative functional class or right

ventricular function.

Timing of pulmonary valve replacement should be based on right ventricular function

rather than on the severity of pulmonary valve regurgitation.

Pulmonary valve replacement in adult Fallot patients has a beneficial effect on

electrocardiographic indices of repolarization heterogeneity.

Early right ventricular changes in evolving pulmonary arterial hypertension can be

detected with reconstructed three-dimensional ECG recordings.

The ventricular gradient is very sensitive to right ventricular pressure overload, both
in rats and humans, allowing for better electrocardiographic detection of pulmonary

arterial hypertension.

The role of the electrocardiogram in the diagnosis and follow-up of pulmonary arterial
hypertension patients should not be underestimated: even standard 12-lead ECGs

prove to be a useful contribution for monitoring treatment response.

Resting heart rate is an important marker of prognosis in pulmonary arterial
hypertension patients, and should be assessed before and at frequent intervals after
treatment initiation: both a higher resting heart rate, and an increase in resting heart
rate over time denote an adverse prognosis, requiring intensified treatment and/or lung

transplantation.
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Future perspectives

Non-invasive diagnosis in and the follow-up of patients with right ventricular overload was
long based on physical examination, chest X-rays, and time-consuming electrocardiographical
analyses [1-4]. Nowadays — much like in patients with left ventricular overload — we use
biomarkers [5-8], validated exercise tests [9-13], advanced echocardiography [14-24], and
cardiac MRI [25-31]. Although right ventricular myocardial viability and function associated
with (relative) ischemia has not yet been investigated extensively enough, currently available
data show that a lack of oxygen is important in the evolution of right ventricular failure from
a situation of right ventricular overload [5, 32-34]. This signifies that ischemia-modulating
therapy may have an important role in the treatment of right ventricular overload. Similarly,
non-invasive diagnosis will likely be aimed more at the diagnosis of (episodes of) ischemia.
Despite the fact that right heart catheterization will probably remain in use for diagnosis of
pulmonary hypertension [35], there is an increasing demand for important markers of disease
and prognosis, relevant to the individual patient [6, 36]. Despite the sound physiological
principles one can distill from measuring right ventricular afterload, stroke volume, and
heart rate [37-39], these do not explain why there is such a large heterogeneity in clinical
presentation between patients. It will therefore become important to clarify the consequences
of right ventricular overload for individual patients, in order to administer a specific therapy.
One should think of the consequences for action potential conduction [40, 41], similar to
left ventricular failure, where a certain degree of electromechanical dissociation in the
myocardium should be considered highly unfavorable [42-44]. It is unlikely that pacing the
right ventricle in one specific area will solve this problem [45]. Nevertheless, a substantial
portion of patients with heart failure benefit from such an intervention [46].However, when
there is a more diffuse electromechanical dissociation in the myocardium, rather than
an electrically inactive area [47], the expected result of pacing may be next to nothing.
Electrocardiography can provide insight into the degree of concordance of depolarization and
repolarization [48, 49], whereas echocardiography can measure the degree of heterogeneity
in myocardial contraction [24]. In future, the relevance of electromechanical dissociation
for the occurrence of (fatal) arrhythmias will likely be investigated, and implemented more
broadly in clinical care [50-53].

An interesting part of this research will be whether there is an important difference
between patients with right ventricular overload from birth and patients who developed
right ventricular overload at a later age. As discussed in the introduction, the role of the

endothelium will presumably become more important for the follow-up of patients with
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pulmonary hypertension associated right ventricular overload. Studies already demonstrated
that endothelial progenitor cell levels are markedly decreased in patients with pulmonary
arterial hypertension [54]. Perhaps the level of these cells may be used as a marker of the
effect of pulmonary arterial hypertension attenuating treatment. So far, however, it is fair
to say that the development and fine-tuning’ of techniques for diagnosis and follow-up of
right ventricular overload is suboptimal, compared to the field of left ventricular overload.
The right ventricle is not wrongfully called the ‘forgotten ventricle’ [S5]. On the one hand
this may be a result of the smaller ‘market’ with less resultant scientific interest, on the other
hand the same ‘market’ is probably limiting development and validation of new measurement
utilities by its small size. Important for the further development is therefore the knowledge
regarding the prevalence of right ventricular overload [56-61]. At the same time it is important
to have a fair estimate of the number of people at risk for development of right ventricular
overload, for instance after a pulmonary embolism [62, 63]. Once risk groups are identified,
targeted screening of patients with a high risk profile becomes feasible [2]. Affordable and
easily applicable modalities such as biomarkers and electrocardiography could be of good

use in this setting.
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Samenvatting

Rechter ventrikel overbelasting bestrijkt een breed spectrum tussen volume overbelasting en
druk overbelasting. Vaak is er sprake van een combinatie van druk en volume overbelasting,
waardoor het hart niet optimaal kan functioneren. In de algemene introductic wordt de
anatomie van de rechter ventrikel beschreven, evenals de rol van de rechter kamer in de
situatie van normale hemodynamiek en de situatie van pathologische hemodynamiek ten

gevolge van rechter kamer druk en/of volume overbelasting.

Deel I gaat in op rechter ventrikel volume overbelasting in volwassenen bij wie een
chirurgische correctie voor een tetralogie van Fallot in de eerste jaren na geboorte werd
uitgevoerd. Veel volwassen patiénten met een tetralogie van Fallot zullen bij herhaling een
pulmonaalklep vervanging moeten ondergaan. Wij hebben getracht te verhelderen welke
patiént eigenschappen zijn geassocieerd met een sneller functioneel herstel na chirurgische
pulmonaalklep vervanging. Daarnaast hebben wij geanalyseerd wat het te verwachten effect
is van pulmonaalklep vervanging ten aanzien van positieve remodellering van de rechter
ventrikel. Tot slot hebben we laten zien dat pulmonaalklep vervanging een positief effect

heeft op de repolarisatie karakteristicken van het myocard bij volwassen Fallot patiénten.

Deel II behandelt rechter ventrikel druk overbelasting ten gevolge van pulmonale arteri€le
hypertensie. In een dierexperimentele proefleidde inductie van pulmonale arteriéle hypertensie
bij ratten tot karakteristicke veranderingen in rechter ventrikel morfologie en functie. Wij
pasten elektrocardiografie, echocardiografie en hartkatheterisatie toe om het beloop van de
ontstane veranderingen in kaart te brengen. De in ratten met elektrocardiografie geobserveerde
veranderingen ten gevolge van rechter ventrikel hypertrofie waren vergelijkbaar met de
afwijkingen die werden gevonden in patiénten met een verschillende mate van pulmonale
arteriéle hypertensie. Op basis van de ernst van de hemodynamische afwijkingen die
gepaard gingen met op het ECG detecteerbare afwijkingen, hebben we vervolgens duidelijke
afkapwaarden voor het ECG gedefinieerd, waarmee het succes van behandeling in patiénten
met pulmonale arteriéle hypertensie kan worden bepaald. Tot slot hebben we bepaald dat de
hartfrequentie in rust, als een weerspiegeling van hemodynamiek en neurohumorale activiteit,

een belangrijke prognostische marker is bij patiénten met pulmonale arteriéle hypertensie.

Hoofdstuk I is een algemene introductie over de onderwerpen van het proefschrift: rechter

ventrikel druk en volume overbelasting worden uitgebreid besproken, waarmee de lezer
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een goed beeld wordt geschetst van de normale anatomie van de rechter ventrikel, de
pathofysiologie van rechter ventrikel druk en volume overbelasting, begeleidende symptomen,
behandelopties, en follow-up.

Deel I

In Hoofdstuk IT bespreken we de duur van het herstel na pulmonaalklep vervanging bij
volwassen patiénten met een gecorrigeerde tetralogie van Fallot. Chirurgische behandeling
kort na de geboorte heeft er voor gezorgd dat Fallot patiénten tegenwoordig doorgaans
de volwassen leeftijd kunnen bereiken zonder groeivertraging of ernstige conditionele
beperkingen. Niettemin vereist de in aanleg abnormale pulmonaalklep na initi€le chirurgische
correctie van de rechter ventrikel uitstroombaan op termijn een re-interventie; er is dan meestal
sprake van een combinatie van stenose en lekkage van de pulmonaalklep. Pulmonaalklep
vervanging is een relatief eenvoudige chirurgische procedure en kent een lage mortaliteit.
Wij analyseerden hoe lang de patiénten nodig hadden voor hun herstel — gedefinieerd als de
tijdsduur tussen operatie en het weer aan het werk of naar school gaan — omdat dit een van de
belangrijkste gegevens is voor een jonge patiént. Hierbij vonden we niet dat de herstelduur
werd bepaald door het functioneren volgens de New York Heart Association classificatie of

door rechter ventrikel functie, maar juist door de leeftijd van de patiént.

In Hoofdstuk III behandelen we het belang van preoperatieve beoordeling van rechter
ventrikel functie in volwassen Fallot patiénten. Chirurgische correctic van de rechter
ventrikel uitstroombaan op zeer jonge leeftijd stelt de chirurg in veel gevallen niet in staat
de pathologische pulmonaalklep zodanig te repareren, dat deze geen nieuwe interventie
meer vereist. Omdat residuele pulmonaalklep stenose op lange termijn schadelijker wordt
geacht voor de rechter ventrikel functie dan pulmonaalklep lekkage, zal de chirurg in de
meeste gevallen kiezen voor een rechter ventrikel uitstroombaan met een minimale gradiént
en pulmonaalklep regurgitatie hierbij accepteren. Desondanks worden de op langere termijn
verminderde rechter ventrikel functie en rechter ventrikel dilatatie wel geweten aan het
langdurige bestaan van aanzienlijke pulmonaalklep lekkage. Wij observeerden echter dat
de ernst van de preoperatieve pulmonaalklep lekkage niet gerelateerd is aan het effect
van pulmonaalklep vervanging. In plaats daarvan zijn het de preoperatief gemeten rechter
ventrikel dimensies en functie die de mate van postoperatieve positieve remodellering en

verbetering van functie van de rechter ventrikel voorspellen.
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In Hoofdstuk I'V bestuderen we de potentieel gunstige effecten van pulmonaalklep vervanging
op het repolarisatie patroon van het myocard van volwassen patiénten met een tetralogie van
Fallot. Cardiale aritmieén en plotse dood zijn belangrijke problemen voor artsen die zorgen
voor deze patiénten. Bij volwassen Fallot patiénten met ernstig verwijde rechter ventrikels
worden geleidingsproblemen en repolarisatie afwijkingen geacht een hoger risico te geven
op ernstige ventriculaire ritmestoornissen. Wij vonden dat als gevolg van pulmonaalklep
vervanging rechter ventrikel dimensies afnamen, de gemiddelde depolarisatie duur afnam
en het repolarisatie patroon minder afwijkend werd. Door het relatief kleine aantal patiénten
in onze studie was het niet mogelijk om een klinisch significant effect te detecteren op de
incidentie van ernstige ventriculaire ritmestoornissen. Dit neemt echter niet weg dat de
geobjectiveerde veranderingen suggereren dat pulmonaalklep vervanging een positief effect
heeft op zowel de depolarisatie duur als de repolarisatie heterogeniteit, waarmee in theorie de

kans op het ontstaan van ventriculaire aritmieén zou moeten afnemen.

Deel 11

In Hoofdstuk V bepalen we het beloop van het ontstaan van veranderingen in de rechter
ventrikel als gevolg van een zich ontwikkelende pulmonale arteriéle hypertensie, daarbij
gebruik makend van dierexperimenteel onderzoek. Met een progressief toenemende
pulmonale vaatweerstand als gevolg van voortgaande pulmonaal arteriéle vaatziekte, wordt
van de rechter ventrikel verlangd dat deze zijn arbeid per hartslag verhoogt teneinde het
hartminuutvolume te garanderen. Wij hebben ratten bestudeerd voor en respectievelijk 14 en
25 dagen na toediening van monocrotaline, een stof die de longvaten beschadigt. Opvallend
hierbij was dat al na 14 dagen, nog voor er sprake was van rechter ventrikel hypertrofie
ten gevolge van pulmonale arteriéle hypertensie, de gevolgen van noodzakelijke toename
van de arbeid van de rechter ventrikel konden worden gedetecteerd met een 3-dimensionaal
vectorcardiogram, gereconstrueerd uit een 3-afleidingen lichaamsoppervlak ECG. Het lijkt
er dus op dat 3-dimensionale elektrocardiografie zeer gevoelig is voor vroege veranderingen
in rechter kamer afterload. Dit is van belang, omdat het ECG binnen de medische praktijk

zeer veel wordt gebruikt.

In Hoofdstuk VI leveren wij het bewijs voor onze hypothese dat het gebruik van een 3-
dimensionaal vectorcardiogram, gereconstrueerd uit een standaard 12-afleidingen
lichaamsoppervlakte ECG, de detectie van rechter ventrikel druk overbelasting kan

verbeteren. Dit 3-dimensionale vectorcardiogram levert namelijk additionele parameters
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voor analyse, waaronder de ventriculaire gradiént, een mathematische weergave van de
heterogeniteit van de duur van de verschillende ventriculaire actiepotentialen in het myocard.
De ventriculaire gradiént ligt normaliter binnen nauwe grenzen van grootte en oriéntatie. Het
toepassen van de ventriculaire gradiént verbeterde de diagnostische accuratesse van het ECG
voor rechter ventrikel druk overbelasting significant in onze studie populatie van 72 patiénten
gematched met 144 gezonde controles. Van belang hierbij was, dat net als in ons eerdere
experiment bij ratten, het 3-dimensionale vectorcardiogram ook milde tot matige pulmonale
arteri€le hypertensie detecteerde, iets wat doorgaans wordt gemist bij conventionele ECG
analyse. Aanvullend MRI onderzoek liet zien dat er een redelijke correlatie bestaat tussen
de ventriculaire gradiént en rechter ventrikel massa en volume. De veranderingen in de
ventriculaire gradiént bij patiénten met pulmonale arteri€le hypertensie zijn waarschijnlijk
een afspiegeling van de veranderingen in actiepotentiaal duur heterogeniteit, gerelateerd aan
remodellering van de rechter ventrikel als gevolg van een toegenomen rechter ventrikel druk

belasting.

In Hoofdstuk VII bespreken we de rol van het ECG voor diagnostiek en follow-up van
patiénten met pulmonale arteri€le hypertensie. Hoewel er een brede inter-individuele variatie
bestaat in de algemene populatie, is een intra-individuele variatie in ECG karakteristieken
doorgaans gering, behalve wanneer tussentijdse gebeurtenissen leiden tot myocardiale
schade en/of adaptatie. Wij beschrijven twee ECGs van een patiént, voor en na ontwikkeling
van idiopathische pulmonale arteriéle hypertensie, welke aanleiding gaven tot het vermoeden
van de aanwezigheid van een rechter ventrikel druk overbelasting. Daarnaast bespreken we
de beschikbare literatuur over specifieke elektrocardiografische details, die geassocieerd zijn
met rechter ventrikel druk overbelasting. Er is nu voldoende bewijs om de rol van het ECG
te herdefiniéren: het is niet alleen een adequaat instrument voor follow-up, maar ook voor de
diagnose van rechter ventrikel druk overbelasting in geselecteerde groepen patiénten die het
risico lopen op het ontwikkelen van pulmonale arteriéle hypertensie.

In Hoofdstuk VIII testen we onze hypothese dat het ECG kan worden gebruikt voor de
follow-up van patiénten met pulmonale arteriéle hypertensie, op basis van de ernst van de
pulmonale vaatweerstand. Hoewel het 12-afleidingen ECG minder gevoelig is voor een
verhoogde rechter ventrikel druk dan het 3-dimensionale vectorcardiogram, zijn artsen
doorgaans niet in staat het laatstgenoemde te reconstrueren, laat staan te analyseren. We
hebben onze aandacht daarom gericht op het conventionele ECG voor het longitudinaal

monitoren van het effect van behandeling. Eerdere studies wezen uit dat het conventionele
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ECG vaak milde tot matige pulmonale arteriéle hypertensie niet detecteert, terwijl het ECG
doorgaans wel afwijkend is bij patiénten met ernstige pulmonale arteri€le hypertensie. We
hebben daarom een groep pati€énten met pulmonale arteri€le hypertensie verdeeld in twee
groepen op basis van de aanwezigheid van milde tot matige, dan wel ernstige pulmonale
arteri€le hypertensie — gedefinieerd als een pulmonale vaatweerstand kleiner of groter dan
500 dynes-s-cm™ (twee keer het maximum van de normaalwaarde) ten tijde van diagnose.
Vervolgens hebben we bepaald welke patiénten verbeterden, verslechterden of stabiel bleven,
op basis van de gemeten pulmonale vaatweerstand tijdens een tweede hart catheterisatie.
Er werden geen ECG veranderingen gevonden bij patiénten die stabiel bleven. Echter, in
patiénten met milde tot matige pulmonale arteriéle hypertensie die verslechterden, alsook in
patiénten met ernstige pulmonale arteriéle hypertensie die verbeterden, werden consequent
ECG veranderingen gezien. Routinematige ECG opname in patiénten met aangetoonde
pulmonale arteri€le hypertensie kan daarom een belangrijke bijdrage leveren aan beoordeling
van het effect van therapie.

In Hoofdstuk IX evalueren we of de hartfrequentie in rust een net zo belangrijke prognostische
marker is bij patiénten met pulmonale arteriéle hypertensie als bij patiénten met linkszijdig
hartfalen. De hartfrequentie in rust, een weerspiegeling van de hemodynamiek en noradrenerge
activiteit, is doorgaans hoger in patiénten met een krappe cardiale reserve. We hebben van een
cohort van 140 patiénten met pulmonale arteri€le hypertensie de ECGs geanalyseerd, gemaakt
ten tijde van diagnose en na respectievelijk een en twee jaar follow-up. Hierbij keken we naar
de prognostische waarde ten aanzien van het optreden van dood of (hart-) longtransplantatie.
De hartfrequentie in rust bleek een betere prognostische parameter dan hemodynamische data
of de afgelegde afstand tijdens de 6-minuten looptest — beiden geaccepteerde prognostische
markers in patiénten met pulmonale arteri€le hypertensie —zowel op het moment van diagnose
als tijdens follow-up. Een hogere hartfrequentie in rust en een belangrijke toename van de
hartfrequentie tijdens follow-up zijn daarom een teken van een verhoogd risico op overlijden
in patiénten met pulmonale arteri€le hypertensie. De van het ECG afgeleide hartfrequentie in
rust is daarmee een belangrijke prognostische marker die dient te worden bepaald voor start
van therapie voor pulmonale arteri€le hypertensie en regelmatig gedurende follow-up. Er kan
dan vroegtijdig worden ingeschat of patiénten intensievere therapie nodig hebben of wellicht
kandidaat zijn voor een (hart-)longtransplantatie.
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Conclusies

Pulmonaalklep vervanging is het meest geschikt voor volwassen Fallot patiénten
die niet in aanmerking komen voor percutane klepvervanging en oudere patiénten
moeten rekenen op een langer herstelduur na operatie, ongeacht hun pre-operatief

functioneren of rechter ventrikel functie.

Het tijdstip waarop pulmonaalklep vervanging wordt uitgevoerd, dient te worden
gebaseerd op de rechter ventrikel functie en niet op de ernst van de pulmonaalklep
lekkage.

Pulmonaalklep vervanging heeft bij volwassen Fallot patiénten een gunstig effect op

elektrocardiografische parameters van repolarisatie heterogeniteit.

Vroege veranderingen in de rechter ventrikel bij zich ontwikkelende pulmonale arteriéle
hypertensie kunnen worden gedetecteerd met gereconstrueerde 3-dimensionale ECG

opnames.

De ventriculaire gradiént is zeer gevoelig voor rechter ventrikel druk overbelasting,
zowel in ratten als in mensen. Gebruik van deze parameter maakt een betere

elektrocardiografische detectie van pulmonale arteri€le hypertensie mogelijk.

De rol van het elektrocardiogram ten tijde van diagnose en follow-up moet niet
worden onderschat bij patiénten met pulmonale arteriéle hypertensie: zelfs standaard
12-afleidingen ECGs blijken een belangrijke bijdrage te kunnen leveren aan het

monitoren van het therapie effect.

De hartfrequentie in rust is een belangrijke prognostische marker bij patiénten met
pulmonale arteriéle hypertensie. Idealiter zou de hartfrequentie in rust voor en
regelmatig na het starten van therapie moeten worden bepaald, aangezien zowel een
hogere hartfrequentie in rust, als een toename van de hartfrequentie in rust in het
beloop der tijd een slechte prognose aangeeft, wat intensievere behandeling en/of long

transplantatie vereist.
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Niet-invasieve diagnostieck bij en het vervolgen van patiénten met rechter ventrikel
overbelasting heeft lange tijd geleund op lichamelijk onderzoek, thoraxfoto’s en tijdrovende
elektrocardiografische analyses [1-4]. Tegenwoordig kan men echter steeds meer — net
als bij linker ventrikel overbelasting — gebruik maken van biomarkers [5-8], gevalideerde
inspanningstesten [9-13], geavanceerde echocardiografie [14-24] en cardiale MRI [25-31].
Viabiliteit en functie van het myocard van de rechter ventrikel in relatie tot (relatieve) ischemie
is weliswaar nog onvoldoende onderzocht, maar voorlopige resultaten laten zien dat zuurstof
gebrek wel degelijk een rol speelt bij het gaan falen van een overbelaste rechter ventrikel [5,
32-34]. Daarmee zal ischemie-modulerende therapie een belangrijke rol kunnen gaan krijgen
in de behandeling van rechter ventrikel overbelasting. Op dezelfde wijze zal niet-invasieve
diagnostiek zich waarschijnlijk meer gaan richten op het aantonen dan wel uitsluiten van
(episoden van) ischemie. Want hoewel de rechtszijdige hartkatheterisatie als gouden standaard
voor het aantonen van pulmonale hypertensie waarschijnlijk gebruikt zal blijven worden [35],
lijkt er steeds meer vraag te bestaan naar voor de individuele patiént belangrijke markers van
ziekte en prognose [6, 36]. Er zijn namelijk wel fysiologische principes te distilleren uit
metingen van rechter ventrikel afterload, slagvolume en hartfrequentie [37-39], maar deze
verklaren niet waarom er tussen patiénten een dergelijk grote variatie bestaat in klinische
presentatie. Het zal daarbij dan ook belangrijk worden om de individuele gevolgen van rechter
ventrikel overbelasting in kaart te brengen, teneinde een passende therapie in te stellen. Men
moet hierbij denken aan gevolgen voor prikkelgeleiding [40, 41], waarbij analoog aan de
situatie bij linker ventrikel falen, een zekere mate van elektromechanische ontkoppeling in het
myocard als buitengewoon ongunstig moet worden beschouwd [42-44]. Dat het uniloculair
pacen van de rechter ventrikel, teneinde een geleidingsvertraging ten dele teniet te doen, dit
probleem zal oplossen, lijkt onwaarschijnlijk [45]. Niettemin lijkt een significant deel van
patiénten met hartfalen wel baat bij te hebben bij een dergelijke interventie [46]. Wanneer
er echter sprake is van een diffusie elektromechanische ontkoppeling, meer dan van een
elektrisch inactief gebied [47], zal het resultaat van pacing geringer zijn. Elektrocardiografie
kan inzicht geven in de mate van concordantie van depolarisatie en repolarisatie [48, 49],
terwijl echocardiografie de mate van heterogeniteit van contractie kan weergeven [24]. In
de toekomst zal waarschijnlijk ook het belang van elektromechanische ontkoppeling voor
het optreden van (fatale) ritmestoornissen nader worden onderzocht en breder worden
geimplementeerd [50-53]. Interessant hierbij zal zijn of er een belangrijk verschil bestaat

tussen patiénten met rechter ventrikel overbelasting vanaf de geboorte en patiénten die dit op
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latere leeftijd ontwikkelden. Zoals besproken in de introductie, zal ook de rol van het endotheel
belangrijker worden voor de follow-up van patiénten met rechter ventrikel drukoverbelasting
t.g.v. pulmonale hypertensie. Studies laten reeds zien dat endotheel-progenitor-cellen in
belangrijke mate minder aanwezig zijn bij patiénten met pulmonale arteri€le hypertensie
[54]. Wellicht dat de aanwezige hoeveelheid van deze cellen in het bloed in de toekomst zal
worden gebruikt om het effect van pulmonale arteriéle hypertensie modulerende therapie te
beoordelen. Tot op heden mag men echter zeggen dat de ontwikkelingen op het gebied van
diagnostiek aanzienlijk achter lopen op die in het veld van linkszijdig hartfalen. De rechter
ventrikel wordt daarom niet ten onrechte wel de ‘vergeten kamer’ genoemd [55]. Enerzijds
lijkt dit te wijten aan een kleinere ‘markt’ waardoor er minder wetenschappelijke interesse
bestaat, anderzijds is diezelfde kleine ‘markt” waarschijnlijk debet aan de trage ontwikkeling
en validatie van nieuwe meetmethoden. Belangrijk voor de verdere ontwikkeling is dan ook
de kennis aangaande het aantal patiénten dat reeds bekend is met een overbelaste rechter
ventrikel [56-61]. Tegelijkertijd is het ook belangrijk een concreet idee te hebben hoeveel
en welke personen er risico lopen op het ontwikkelen van een overbelaste rechter ventrikel,
bijvoorbeeld na het doormaken van een longembolie [62, 63]. Er bestaat dan namelijk de
mogelijkheid tot het gericht screenen van patiénten met een hoog risicoprofiel [2]. Hier
zouden goedkope en gemakkelijk toepasbare technieken als elektrocardiografie en controle

van biomarkers hun diensten kunnen bewijzen.
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