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α-MHC   alpha-myosin heavy chain 

β-MHC   beta-myosin heavy chain 

BNP   brain-type natriuretic peptide 

CTEPH   chronic thromboembolic pulmonary hypertension 

LV   left ventricle 

PAH   pulmonary arterial hypertension  

RV   right ventricle 

VF   ventricular fibrillation 
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The normal right ventricle 

1. Anatomy 

In the normal heart, the right ventricle (RV) is the most anteriorly situated cardiac 

chamber and lies immediately behind the sternum. The RV is a thin-walled chamber of a 

complex geometry, very much different from that of the ellipsoid shaped concentric left 

ventricle (LV): crescent shaped in cross section due to the concave free wall opposite to 

the convex interventricular septum, approximating a pyramid with a triangular base 

longitudinally (Table 1). It comprises an inflow tract (tricuspid annulus) and outflow tract 

(RVOT), separated by the crista terminalis1-3. Additionally, the (RV) can also be divided 

into anterior, lateral, and inferior walls, as well as basal, mid, and apical sections4.  

Compared to the LV, the RV has a lower volume-to-surface area ratio, and this 

makes it a highly compliant chamber designed to work under low pressure conditions 

and pump the blood against low pulmonary vascular resistance1-3,5. Accordingly, 

macroscopically, ultrastructurally, and biochemically, the RV differs drastically from the 

LV. The normal RV seldom exceeds 2–3 mm wall thickness at end-diastole, compared 

with 8–11 mm for the LV (Table 1). The biochemical composition of the RV and LV 

differ, with the RV having a higher proportion of the α-myosin heavy chain (α-MHC) 

isoform that results in more rapid but less energy efficient contraction 6. In the normal 

adult human RV, the α-MHC isotype makes up approximately 23 to 34% of total MHC, 

and β-MHC the remainder 7.  
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Table 1. Comparison of Normal RV and LV Structure and Function 

Characteristics RV LV 

Structure 
Inflow region, trabeculated 

myocardium, infundibulum 

Inflow region and 

myocardium, no infundibulum 

Shape 
From the side: triangular 1 

cross section: crescentic 
Elliptic 1 

End-diastolic volume, mL/m2 75±13 (49–101) 8 66±12 (44–89) 8 

Mass, g/m2 26±5 (17–34) 8 87±12 (64–109) 8 

Thickness of ventricular wall, 

mm 
2 to 5 9 7 to 11 8 

Ventricular pressures 

(systolic)/(diastolic), mmHg 
(15–30)/(1–7) 2 (90–140)/(5–12) 2 

Ejection fraction, % 
61±7 (47–76) 8 

>40–45 

67±5 (57–78) 8 

>50 

Ventricular elastance, mmHg/mL 1.30±0.84 10 5.48±1.23 11 

Exercise reserve ↑RVEF ≥5% 1 ↑LVEF ≥5% 12 

 

Data are mean±SEM(range) 

 

2. Electromechanical aspects of RV contraction 

In most individuals without cardiovascular disease, RV is activated either simultaneously 

with LV or slightly earlier starting from the anterior paraseptal region and ending in the 

RV outflow area13-15. The repolarization sequence is believed to be unaffected by the 

activation sequence14, with the longest monophasic action potentials in or near the 

earliest activated area, and the shortest ones in or near the latest activated area16. Of 

note, average RV activation recovery interval, a measure of action potential duration, is 

~32 ms shorter than in LV14. Altogether, RV completes electrical activation virtually 

simultaneously with LV and ends repolarization slightly earlier than LV13,14,16.  
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RV contraction is sequential and resembles, in general, the electrical activation 

sequence. It starts with the contraction of the inlet and trabeculated myocardium and 

ends with the contraction of the infundibulum (approximately 25 to 50 ms apart)1.  

Furthermore, contraction of the infundibulum is of longer duration than contraction of 

the inflow region1. The RV contracts by 3 separate mechanisms: (1) inward movement of 

the free wall, which produces a bellows effect; (2) contraction of the longitudinal fibers, 

which shortens the long axis and draws the tricuspid annulus toward the apex; and (3) 

traction on the free wall at the points of attachment secondary to LV contraction2. 

Shortening of the RV is greater longitudinally than radially17. In contrast to the LV, 

twisting and rotational movements do not contribute significantly to RV contraction. 

Moreover, because of the lower volume-to-surface area ratio of the RV, a smaller inward 

motion is required to eject the same stroke volume2. Maximal systolic longitudinal strain 

values are highest at the apex and base, with a pronounced decrease in the medial 

segments, while maximal systolic circumferential strain has the highest values at the 

apex4. Moreover, peak systolic longitudinal and circumferential shortening occurs earlier 

at the apex than at the mid-ventricle and base4. Importantly, such electrical activation-

relaxation sequence, closely coupled with the contraction sequence, allows the heart to 

function optimally via mechanisms of systolic and diastolic interventricular interaction by 

synchronizing RV and LV mechanics 18-20. For example, experimental animal studies 

showed that approximately 20% to 40% of RV systolic pressure and volume outflow 

results from LV18.  

 

3. RV hemodynamics and myocardial perfusion 

Under normal conditions, the RV is coupled with a low impedance system, i.e., the highly 

distensible pulmonary vasculature. Compared with the systemic circulation, pulmonary 

circulation has a much lower vascular resistance, greater pulmonary artery distensibility, 

and a lower peripheral pulse wave reflection coefficient1,2. Right-sided pressures are 

significantly lower than corresponding left-sided pressures (Table 1)2. RV pressure 

tracings show an early peaking and a rapidly declining pressure in contrast to the  
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rounded contour of LV pressure tracing2,21. RV isovolumic contraction time is shorter 

because RV systolic pressure rapidly exceeds the low pulmonary artery diastolic 

pressure2, 21. 

The blood supply of the RV varies according to the dominance of the coronary 

system. In a right-dominant system, which is found in ~80% of the population, the right 

coronary artery supplies most of the RV2,21. The lateral wall of the RV is supplied by the 

marginal branches of the RV, whereas the posterior wall and the inferoseptal region are 

supplied by the posterior descending artery. The anterior wall of the RV and the 

anteroseptal region are supplied by branches of the left anterior descending artery. The 

infundibulum derives its supply from the conal artery, which has a separate ostial origin in 

30% of cases. The separate ostium explains the preservation of infundibular contraction 

in the presence of proximal right coronary occlusion2,21. In the absence of severe RV 

hypertrophy or pressure overload, proximal right coronary artery flow occurs during 

both systole and diastole22. However, beyond the RV marginal branches, diastolic 

coronary blood flow predominates23. 

 

 4.Cardiodynamics 

RV systolic function is a reflection of contractility, afterload, and preload. RV 

performance is also influenced by heart rhythm, synchrony of ventricular contraction, RV 

force interval relationship, and interventricular interdependence2,18,24. RV afterload 

represents the load that the RV has to overcome during ejection. Compared with the 

LV, the RV demonstrates increased sensitivity to afterload change25,26. RV preload 

represents the load present before contraction. Within physiological limits, an increase in 

RV preload improves myocardial contraction on the basis of the Frank-Starling 

mechanism. Beyond the physiological range, excessive RV volume loading can compress 

the LV and impair global ventricular function through the mechanism of ventricular 

interdependence25,26. Compared with LV filling, RV filling normally starts earlier and 

finishes later. 
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Adaptive response of RV to chronically increased pressure 

In general, the RV adapts better to volume overload than to chronic pressure overload27. 

For example, chronic increases in pulmonary blood flow can be well tolerated by the RV 

in patients with atrial septal defect and tricuspid regurgitation28. In contrast to volume-

overload states, moderate to severe acquired pulmonary arterial hypertension (PAH), 

leading to chronic RV pressure overload, often results in RV dilatation and failure in the 

adult28. In the RV, an increase in end-systolic pressure results in a corresponding increase 

in end-systolic volume and a decrease in ejection fraction29. If nothing else changed, an 

increase in pulmonary artery pressure would result in a decrease in RV ejection fraction 

and stroke volume, and a corresponding decrease in cardiac output. Thus, for the RV to 

maintain cardiac output when confronted with an increase in afterload or pressure, RV 

performance must increase to generate the required increase in stroke work30, through 

either an increase in contractile state or the Frank-Starling mechanism. 

From the Laplace relationship it follows that, in a thin-walled sphere, an increase 

in intraluminal pressure results in an increase in wall stress, unless the thickness of the 

chamber wall is augmented or the internal radius of the chamber is reduced. Since an 

increase in wall stress not only increases myocardial oxygen demand, but also impedes 

myocardial perfusion, an important adaptation of the RV to the high pressure in PAH is 

to increase wall thickness by accumulating muscle mass (hypertrophy) and to assume a 

more rounded shape. The increase in ventricular mass induced by an increase in afterload 

is predominantly the result of protein synthesis and an increase in cell size through the 

addition of sarcomeres. Protein synthesis in the cardiomyocytes is directly induced by 

stretch and enhanced by autocrine, paracrine, and neurohormonal influences27,31,32. An 

increase in afterload is sensed by integrins33 and stretch-activated ion channels34 in 

cardiac cells (myocytes, fibroblasts, endothelial cells), and leads to increased protein 

expression27, 34.. Pressure-induced growth (and proliferation) of cardiomyocytes needs to 

be paralleled by increase in the extracellular matrix, predominantly collagen with 

relatively small amounts of fibronectin, laminin, and elastin, and synthesis and growth of 

the supporting vasculature. Under physiologic circumstances, signaling by vascular  
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endothelial growth factor, Angiopoietin 1, and other growth factors provides a tight 

match between angiogenesis and myocyte growth. 

 

Maladaptive structural remodeling during development of PAH-associated 

RV heart failure 

It is generally believed that sustained pressure overload per se is enough to induce 

maladaptive hypertrophy and cardiac failure. However, little is known how the 

development of PAH-associated RV heart failure is modified by neurohormonal 

activation, oxidative and nitrosative stress, immune activation, myocardial ischemia, 

cardiomyocyte apoptosis, electrophysiological remodeling, and altered interventricular 

interaction. 

In heart failure secondary to chronic PAH, the RV is characterized by increased end-

diastolic and end-systolic volumes, and changes from a normal ventricular conformation 

tetrahedron to a crescentic trapezoid, and varying degrees of RV hypertrophy27, 28, 32. 

With hypertrophy, the RV becomes more concentric and the interventricular septum 

flattens27, 29, 31, 32. RV chamber remodeling and (dys)function are interrelated, and one 

alteration may produce the other. Contractile dysfunction can result from a remodeled 

ventricle because of RV ischemia35, the increased energetic load of heightened wall 

stress36 and/or a switch from the α-MHC to the β-MHC isoform. For example, the 

reduction in α-MHC content (down to ± 5%) that is encountered in PAH-associated RV 

heart failure7 can have important functional consequences. β-MHC has lower adenosine 

triphosphatase activity than α-MHC; in an experimental study, the disappearance of the 

latter resulted in a significant decrease in systolic function37. Yet, RV endomyocardial 

biopsy specimens from patients with PAH showed increased levels of fibrosis7, confirming 

earlier findings in rats after pulmonary artery banding38 and monocrotaline-treated rats39. 

Other factors in chronic PAH appear to be involved in progression from adaptive RV 

hypertrophy to RV heart failure. For example, pressure overload is the primary 

determinant of (mal)adaptations in β-adrenoreceptor density40, angiotensin type 1  

receptor density41, atrial natriuretic peptide expression7, and altered calcium handeling42.   
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Besides that, the rate of cardiomyocyte apoptosis was shown to be elevated in rats after 

pulmonary artery banding43. 

Ventricular interdependence plays an important role in progression from heart 

failure secondary to chronic PAH 27, 28, 32. The mechanical aspects of right and left 

ventricular interaction have been studied in detail by Dong et al.44 in animal experiments 

and by applying a mathematical model45. It was clearly shown that this interaction is due 

to the common septum shared by the ventricles, further enhanced by the limited and 

relatively noncompliant space within the pericardial sac. The mechanical model also 

showed that RV pressure overload due to chronic PAH led to diastolic unloading of both 

the LV free wall and the septum. Accordingly, LV in acquired chronic RV pressure 

overload is underfilled32,36,46,47. Importantly, peak of LV diastolic filling rate is directly 

related to RV ejection fraction48. Although LV diastolic dysfunction due to direct and 

series interventricular interaction, particularly in the early phase of diastole, is most 

common28,32, 48-50, LV systolic dysfunction may also occur in patients with heart failure 

secondary to chronic PAH48,50-52 and contribute to heart failure progression in patients 

with chronic PAH27, 32. Not surprisingly, gene expression patterns53, altered 

neuromediators concentration54, and β-adrenoreceptor density reduction55 observed in 

LV of experimental animals with RV failure due to chronic PAH were similar to changes 

found in RV.  

 

(Mal)adaptive electrophysiological remodeling and arrhythmias during 

development of PAH-associated RV heart failure 

Experimental studies have indicated that RV heart failure secondary to chronic pressure 

overload is associated with action potential prolongation in RV myocytes56,57, similar to 

changes in LV during the development of LV failure. Changes in repolarization in RV 

heart failure are caused by cardiac ion channel remodeling, e.g., downregulation of 

inwardly rectifying potassium current (IK1), transient outward potassium current (Ito), and 

the slow component of the delayed rectifier potassium current (IKs). At the stage of 

compensatory RV hypertrophy, AP prolongation may be caused mainly by an increase in   
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inward calcium current (ICa) density56. Life-threatening ventricular tachyarrhythmias 

(ventricular tachycardia/fibrillation, VT/VF) are frequently observed in patients with left 

ventricular (LV) heart failure58. Accordingly, VT/VF incidence and electrophysiological and  

structural remodeling of LV in LV failure have been extensively studied. In contrast, little 

is known about the occurrence of VT/VF in RV heart failure secondary to PAH. In a 

number of studies, the reported incidence of VT/VF was low in PAH and subsequent RV 

heart failure59,60. On the other hand, VT/VF may occur in patients with congenital heart 

defects who were exposed to corrective cardiac surgery27. However, these 

tachyarrhythmias are often linked to the surgical scars61, rather than to the presence of 

RV overload/failure61. Yet, atrial tachyarrhythmias are the most common arrhythmias 

encountered in patients with RV heart failure secondary to chronic PAH 27,59. 

 

RV heart failure due to chronic pulmonary arterial hypertension 

RV heart failure is the main determinant of poor survival of untreated patients with 

idiopathic PAH27, 31, 32, chronic thromboembolic pulmonary arterial hypertension 

(CTEPH)29, 62, 63, and other types of chronic PAH27, 64. Clinical experience suggests that 

some patients with PAH develop heart failure earlier than others despite a similar degree 

of pulmonary pressure27, 32. This leads to a variable natural history with some patients 

living a surprisingly long time and others dying more rapidly. Therefore, one of the 

important questions related to chronic RV pressure overload is identification of the 

factors which determine why subjects may differ substantially in their tendency to 

develop RV failure. 

 

1. Definitions and clinical features 

RV heart failure secondary to chronic PAH is a complex clinical syndrome that mainly 

results from the compromised ability of the RV to fill or to eject blood against 

chronically elevated pulmonary vascular resistance at abnormal central venous filling 

pressure27,28,32. This definition of RV failure provides a practical means of identifying RV 

failure clinically: RV failure is not present if there is adequate cardiac output and central  
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venous pressure is normal. The essential clinical manifestations of heart failure are (1) 

fluid retention, which may lead to peripheral edema, ascites, and anasarca; (2) decreased 

systolic reserve or low cardiac output, which may lead to exercise intolerance and 

fatigue; and (3) atrial arrhythmias27. However, no single sign, symptom, or laboratory test 

can perfectly identify all episodes of RV heart failure. Nevertheless, decompensated RV 

heart failure is not present if jugular venous pressure is normal, regardless of any 

measured index of RV contractile function. Absence of pulmonary congestion with 

elevated central venous pressure is often considered to be the most specific finding of 

isolated RV failure; however, severe RV heart failure may result in elevated left 

ventricular end-diastolic pressure due to interventricular septal shift, so at least in theory 

pulmonary venous pressure may be able to rise to the point of causing pulmonary 

congestion65. 

 

2. Diagnostic tools for assessment of RV function 

Methods proposed for assessing RV function include echocardiography, magnetic 

resonance imaging (MRI), intermittent haemodynamic monitoring, implantable 

haemodynamic monitors, nuclear medicine, and natriuretic peptide levels. 

 

I. Echocardiography 

The majority of the proposed methods of echocardiographic assessment of RV function 

are based on volumetric approximations of the RV. Such approaches have inherent 

limitations, firstly, because volume-related measures such as ejection fraction (EF) are 

load dependent, and secondly, because of the complex geometry of the RV66. The issue 

of RV geometry is usually overcome using geometry-independent parameters such as 

tricuspid annular velocity. Tricuspid annulus velocity assessed by Doppler has been 

shown to correlate closely with radionuclide ventriculography assessed RV-EF, with Pulse  

 

Tissue Doppler-derived systolic annular velocity of <11.5 cm/s having a sensitivity of 90% 

and a specificity of 85% for predicting RV-EF of <45%67. Tricuspid annulus plane systolic  
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excursion (TAPSE) is a simple and easily obtained measurement with reasonable 

correlation with radionuclide RV-EF68 and MRI-derived volumes69. The development of 

3D echocardiography promises reliable assessment of volumetric parameters even of 

such a complex chamber as the RV. However, both the short-axis summation method 

and, recently, the longitudinal axial plane method have also been shown to be accurate 

for the assessment of RV volume69. Other promising tools for assessment of RV function 

are myocardial strain and/or strain rate and RV fractional area change measurements70. 

 

II. Magnetic resonance imaging  

MRI is becoming the method of choice for early detection of RV dysfunction27. In 

addition to producing more accurate and consistent determinations of RV end-diastolic 

and RV end-systolic dimensions than echocardiography, MRI is capable of measuring 

ventricular volumes and mass by computer processing of multiple cross-sectional areas. 

These measurements can then be used to calculate RV ejection fraction, cardiac output, 

and RV hypertrophy. RV stroke volume can be determined via volumetric flow in the 

pulmonary artery, and RV output can be calculated from the product of RV stroke 

volume and heart rate. Indices of RV function determined by serial MRIs correlate well 

with changes in functional capacity in patients being treated for chronic PAH. 

 

III. Biomarkers of RV heart failure 

Another approach to assess RV function in PAH is to monitor circulating levels of 

biomarkers such as BNP71,72 and troponin73. The natriuretic peptides appear to play an 

important role in blunting the development of maladaptive cardiac hypertrophy. 

Pulmonary hypertension increases RV mRNA and circulating levels of both atrial 

natriuretic peptide (ANP) and BNP. Furthermore, circulating BNP levels correlate 

directly with pulmonary artery pressure, pulmonary vascular resistance, and right atrial 

pressure, and inversely with cardiac index, six-minute walking distance, and peak oxygen 

uptake74. These findings suggest that plasma BNP can serve as a biomarker of RV 

overload and as a useful tool to monitor RV function in patients with chronic PAH.  
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Cardiac troponin, a sensitive indicator of myocardial ischemia in coronary artery disease, 

is another biomarker that holds promise for assessing RV function in chronic PAH. Small 

increases in plasma troponin levels are commonly seen in clinical situations where 

myocardial oxygen demand exceeds supply without acute obstruction to coronary blood 

flow. A rising RV pressure in PAH patients with progressive disease increases RV wall 

tension and oxygen demand. At the same time, reduced systemic blood pressure 

combined with a falling cardiac output compromises RV coronary perfusion. Under these 

conditions, the imbalance of oxygen supply and demand renders the RV ischemic, 

promoting troponin release. 

 

 3. Main therapeutic strategies for heart failure due to chronic PAH  

 I. RV afterload reduction 

The mainstay of treatment is relief from pressure overload by reducing pulmonary 

arterial pressure. Patients with PAH-associated RV heart failure may benefit from 

prostanoid therapy, phosphodiesterase inhibitors, or endothelin receptor antagonists. All 

three therapies have led to a significant, but modest improvement in exercise capacity in 

patients with PAH27. Yet, prostacyclin derivatives are potent pulmonary vasodilators, and 

chronic administration improves pulmonary vascular remodeling, but these agents also 

cause an acute increase in cardiac output that can be attributed at least partially to 

improvements in cardiac contractility. Pulmonary endarterectomy may be lifesaving in 

patients with CTEPH62 63. Although afterload reduction cannot be achieved in all cases, 

increased RV wall thickness and reversal of a fetal gene expression program have not yet 

been investigated as potential targeted treatments. 

 

II. RV and LV preload optimization 

Diuretics are indicated when peripheral edema, hepatic congestion, or ascites become 

uncomfortable for patients with advanced PAH, but their use must be balanced against  

the need to maintain adequate RV preload. Patients with advanced RV failure may require 

higher filling pressures to maintain cardiac output and often will need to tolerate some  
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degree of volume overload. Judicious diuresis may improve RV function by returning the 

RV to a more favorable position on its Frank-Starling curve. In addition, adequate diuresis 

may dramatically improve symptoms of discomfort in the legs and abdomen swelling even 

without altering the severity of PAH. On the other hand, overzealous diuresis can reduce  

cardiac output and systemic blood pressure by excessively lowering intravascular volume. 

Some patients may become refractory to diuretics due to decreased cardiac output; 

under these circumstances, sodium and fluid restriction become important. Potassium 

sparing diuretics, such as spironolactone, may be useful in treating patients with chronic 

ascites. 

In advanced disease, atrial septostomy has been used successfully to unload the 

failing RV75. This technique creates an alternative pathway, permitting a portion of the RV 

preload to reach the left heart without transversing the pulmonary circulation. The 

resultant right-to-left shunt reduces RV work, increases LV diastolic filling but at the cost 

of greater arterial hypoxemia due to venous blood reaching the left atrium. Hypoxia due 

to right-to-left shunting across the septostomy is essentially irreversible and does not 

respond to supplemental oxygen. Thus, this procedure is typically used as a bridge to a 

more definitive procedure such as heart-lung transplantation. 

  

 

 III. RV contractility increase 

Ideally, the strategy that aims at improving RV function should not only address reduction 

in afterload but also increase in contractility. However, the role of positive inotropic 

agents in RV failure associated with PAH is limited due to a fixed myocardial oxygen 

supply and a reduction of functional myocardial tissue from myocardial fibrosis and 

apoptosis. In end-stage RV failure, dobutamine and milrinone have been used to augment  

RV function as rescue therapies. Digoxin therapy for RV failure has been studied in 

pulmonary hypertension and chronic pulmonary disease. In severe chronic PAH, Rich and 

colleagues76 showed that digoxin, given acutely, may improve cardiac output by ~10%. 

Long-term studies are needed, however, to better define its role in PAH. 
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 IV. Other therapies  

Among other therapeutical options for PAH-associated RV failure, maintenance of sinus 

rhythm, anticoagulation, supplemental oxygen and ventilation, lung transplantation, and 

RV assist device implantation are of importance27, 29. 

 

Conclusion 

RV heart failure due to chronic PAH is a progressive disorder that involves both RV and 

LV. Neurohormonal activation, cytokine activation, altered gene expression, and 

ventricular remodeling may contribute to the progressive nature of the syndrome. 

Ongoing research will lead to a better understanding of the mechanical, 

electrophysiological, molecular, genetic, and neurohormonal bases of the syndrome, 

which will help us tailor the management of RV heart failure. 
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Aims and outline of the present thesis 

The outcome of patients with various types of chronic PAH (for example, patients with 

idiopathic PAH and CTEPH) is predominantly determined by the response of the RV to 

the increased afterload. However, the specific mechanisms underlying the development 

of RV heart failure secondary to chronic PAH are not fully clear. For example, very little 

is known about the structural and functional evolution of RV and LV (dys)function in 

chronic PAH. Secondly, the underlying electrophysiological mechanisms that result in the 

reported low incidence of life-threatening ventricular tachyarrhythmias in patients with 

chronic PAH-associated RV failure are not fully clarified. Thirdly, it is unknown to what 

extent cardiac electrophysiological remodeling in patients with chronic PAH contributes 

to loss of interventricular contraction synchronicity. Finally, while surgical reduction of 

RV afterload by pulmonary endarterectomy is the treatment of choice for RV heart 

failure in patients with CTEPH, this treatment is not always effective. Thus, the 

identification of those patients who can benefit from pulmonary endarterectomy is of 

importance.  

 

Therefore, the aims of the present thesis were: 

• To characterize the sequence of changes in cardiac structure and function 

during development of RV heart failure secondary to chronic PAH 

• To assess the incidence of tachyarrhythmias in patients with chronic PAH and 

relate possible changes in incidence to electrophysiological properties of RV and 

LV in RV heart failure secondary to chronic PAH  

• To investigate the relationship between changes in electrophysiological 

properties of RV and LV, and interventricular dyssynchrony in patients with 

chronic PAH 

• To study whether diastolic interventricular resynchronization improves 

hemodynamic in patients with RV dysfunction due to chronic PAH  

• To develop novel echocardiographic predictors of outcome in patients with 

chronic PAH treated operatively  
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To address these aims, we studied patients with RV dysfunction due to CTEPH and a rat 

model of RV heart failure secondary to chronic PAH. 

 

Since the results of experimental animal studies can be extrapolated to human only with 

limitations, it is important to choose a relevant animal model for investigation of 

pathophysiology and effectiveness of treatments in PAH. We discussed this issue in 

Chapter 2. To study RV heart failure following chronic PAH, we have chosen a well-

established rat model of RV heart failure, i.e., monocrotaline injection. In order to 

investigate structural evolution of RV in chronic PAH, we characterized the temporal 

relation between the onset of PAH and development of RV heart failure in Chapter 3. 

In particular, RV dimensions, free-wall thickness, contractility, and systolic pulmonary 

arterial pressure were assessed by serial echocardiography.  

In patients with chronic PAH, RV systolic peak shortening and, accordingly, diastolic 

relaxation is delayed with respect to LV. This RV-to-LV interventricular diastolic delay is 

associated with RV contractile dysfunction, altered LV diastolic filling, reduced stroke 

volume, and functional limitation. We hypothesized that the loss of interventricular 

contraction synchronicity in patients with chronic PAH is related to RV activation delay 

and action potential prolongation. Having tested this hypothesis in Chapter 4, we 

investigated whether RV-to-LV interventricular resynchronization of onset of early 

diastolic relaxation by atrioventricular sequential pacing improves hemodynamics in 

patients with RV dysfunction secondary to CTEPH. This acute proof-of-concept study is 

described in Chapter 5. 

Since both RV and LV dysfunction occur in patients with heart failure secondary to 

chronic PAH, we hypothesized that structural and electrophysiological remodeling occur 

in both RV and LV. However, despite the occurrence of such remodeling during RV 

heart failure, the incidence of life-threatening ventricular tachyarrhythmias in patients 

with chronic PAH is low. Therefore, in Chapter 6, we studied whether 

electrophysiological properties of the heart during RV heart failure secondary to chronic 
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PAH can protect from development of ventricular tachyarrhythmias. Moreover, because 

LV dysfunction may contribute to symptoms of heart failure in patients with chronic 

PAH, in Chapter 7, we tested our hypothesis that during RV heart failure secondary to 

chronic PAH underfilled LV undergoes atrophic remodeling. Furthermore, we studied 

whether the electrophysiological remodeling in LV during RV heart failure may be 

explained by LV cardiomyocytes atrophy. 

A particular feature in the pulmonary systolic flow velocity profile, the so-called 

pulmonary flow systolic notch (midsystolic deceleration in pulmonary flow, as assessed 

using Doppler echocardiography), may distinguish proximally located obstructions in the 

pulmonary arterial vasculature (surgically accessible) from distal obstructions 

(inaccessible). This notch occurs significantly later in systole in case of distal location. 

Accordingly, in Chapters 8 we tested the hypothesis that a late notch, assessed 

preoperatively by Doppler echocardiography, in patients with CTEPH is associated with 

in-hospital mortality and unfavorable mid-term hemodynamic PEA outcome.   
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List of abbreviations 

 

ACE    angiotensin converting enzyme  

BMPR2     one morphogenetic protein type II receptor gene 

ET     endothelin 

IPAH     idiopathic pulmonary arterial hypertension  

5-HT     (5-hydroxytryptamine); serotonin 

5-HTT     serotonin plasmatic membrane transporter 

MCT     monocrotaline 

PAP     pulmonary artery pressure 

PASMCs    pulmonary artery smooth muscle cells 

PDE5    phosphodiesterase 5  

PH    pulmonary hypertension 

RV   right ventricle 
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Abstract 

 

Various animal models of pulmonary hypertension (PH) exist, among which injection of 

monocrotaline (MCT) and exposure to hypoxia are used most frequently. These animal 

models have not only been used to characterize the pathophysiology of PH but also to 

test novel therapeutic strategies. This manuscript summarizes the available treatment 

studies in animal models of PH and compares the findings to those obtained in patients 

with PH. The analysis shows that all approaches which have proven successful in patients, 

most notably prostacyclin and its analogs, and endothelin receptor antagonists, are also 

effective in various animal models. However, the opposite it not necessarily true. 

Therefore, promising results in animals have to be interpreted carefully until confirmed in 

clinical studies. 

 

Key words: pulmonary hypertension, monocrotaline, hypoxia, prostacyclin, endothelin 
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Pulmonary hypertension (PH) is a serious illness with multiple potential causes that may 

progressively worsen and eventually prove fatal. PH was previously classified into two 

categories: primary pulmonary hypertension (PPH) and secondary pulmonary 

hypertension, depending on the absence or the presence of identifiable causes or risk 

factors. In 1998, during the Second World Symposium on Pulmonary Hypertension held 

in Evian, France, a clinical classification of PH was proposed1. In 2003, the 3rd Symposium 

on Pulmonary Arterial Hypertension in Venice included several improvements over the 

1998 Evian Classification2. The current classification consists of five categories in which 

PH is grouped according to specific therapeutic interventions directed at dealing with the 

cause: 1) pulmonary arterial hypertension (this includes idiopathic pulmonary arterial 

hypertension, IPAH); 2) pulmonary hypertension associated with left heart disease; 3) PH 

associated with lung diseases and/or hypoxemia; 4) PH due to chronic thrombotic and/or 

embolic disease; 5) miscellaneous. 

PH is characterized by progressive remodeling of the small pulmonary arteries, 

causing increased resistance to blood flow in the lung, which, in turn, raises the 

pulmonary artery pressure (PAP). As the pressure builds, the afterload on the right 

ventricle (RV) increases. Unrelieved PH, regardless of the underlying cause, leads to RV 

failure. PH is difficult to diagnose and a challenge to treat. 

Although the long-term prognosis for patients with PH is poor at present, there 

have been recent advances in our understanding of the pathophysiological mechanisms 

underlying the progression of PH. Accordingly, novel therapeutic approaches, which 

target various molecular pathways, hold promise for an improved prognosis. Most 

treatment studies have mainly targeted the vascular derangements (vasoconstriction, 

vascular remodeling) of PH. Fewer studies have addressed the RV sequelae of PH (RV 

hypertrophy and ultimately failure). In the following, we will briefly review the various 

animal models which have been used to investigate the pathophysiology of PH as well as 

to evaluate novel therapeutic approaches. The potential value of such models will be 

discussed in light of the available treatment data in humans. The most commonly used 

models of PH are the monocrotaline (MCT) model and the chronic hypoxia model. 
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ANIMAL MODELS 

Monocrotaline injection 

 

   The MCT model was introduced more than 40 years ago3. It is based upon a 

single injection of MCT (typically 60 mg/kg intraperitoneally or subcutaneously) which 

rapidly leads to severe pulmonary vascular disease in the absence of intrinsic heart and 

lung disease, thus suggesting its value as an animal model of IPAH. Despite its frequent 

use for many decades, the basic mechanism underlying PH induction by MCT remains to 

be fully resolved. It is accepted that MCT is not intrinsically toxic, but must be activated 

to the reactive MCT pyrrole, the initial dehydrogenation product of MCT, by hepatic 

cytochrome P450 3A4-6. The pulmonary vascular endothelium is thought to be an early 

target of MCT intoxication and also plays a central role in the development of human 

PH7-8. Interestingly, only the combination of MCT-injection with one-sided 

pneumonectomy causes the neointima formation and vascular obliteration of small 

pulmonary arterioles that reproduces many of the pathological features of human IPAH9. 

Major differences exist between rat strains with regard to their MCT sensitivity, 

and even within a given strain the inter-individual differences in time of onset and extent 

of toxic effects can vary markedly10. These differences in susceptibility may relate to the 

pharmacokinetics of MCT and possibly include differences in absorption, degradation, 

hepatic formation of the toxic MCT pyrrole or conjugation and excretion11. Thus, MCT 

injection is an artificial model but mimics well the processes occurring secondary to 

dysfunction of the pulmonary arteries. 

 

Chronic hypoxia 

 

Reduction of the alveolar oxygen pressure to <70 mm Hg elicits strong 

pulmonary arterial vasoconstriction. Hypoxia-induced pulmonary vasoconstriction is 

common in mammals, but important species differences exist. Rabbits show almost no 

reaction to hypoxia, whereas cattle exhibit the strongest vasoconstriction; hypoxic  
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vasoconstriction is weaker in humans than in rats12. There is also a great variability 

among humans13.  

The pathophysiological mechanism of hypoxic pulmonary vasoconstriction is still 

under discussion. While a short exposure to hypoxia causes pulmonary vasoconstriction, 

prolonged hypoxia results in remodeling of the distal branches of pulmonary arteries. 

Experiments conducted in rats that were chronically exposed to hypoxia showed 

endothelial and myocyte hyperplasia in the walls of pulmonary arteries during the first 

days of continuous hypoxia14-16. 

 Hypoxia applied in animal experiments has been much more severe than the 

hypoxia that generally develops in human disease states. This could result in a different 

severity of vasoconstriction and remodeling. It is also possible, that an episode of hypoxic 

pulmonary vasoconstriction in humans must last a certain time before it initiates 

reactions that ultimately lead to arterial wall remodeling17. Another cause of discrepancy 

may be related to variations in the individual susceptibility to the hypoxic stimulus18. In 

animal models, intermittent severe hypoxia leads to the development of PH, regardless of 

the duration of the hypoxia/normoxia intervals. Intermittent hypoxia in humans, 

however, seems to exert only a small, probably clinically unimportant, effect on 

pulmonary hemodynamics. Thus, hypoxia is a stimulus also occurring in some forms of 

human PH, but the duration and severity of hypoxia may differ between the animal 

models and humans. 

 

Ligation of ductus arteriosus 

 

Persistent PH of the newborn is a clinical syndrome characterized by elevated pulmonary 

vascular resistance, resulting in right-to-left shunting across the foramen ovale and ductus 

arteriosus with severe hypoxemia19. Chronic intrauterine PH due to ligation of the 

ductus arteriosus in fetal lambs mimics this condition and causes marked elevation of 

intrauterine PAP, RV hypertrophy, hypertension-related structural changes in the lung, 

and failure to achieve the normal decline in pulmonary resistance at birth20-22. 
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Ligation of the ductus arteriosus in late-gestation fetal lambs has provided an 

experimental model for studying mechanisms that contribute to structural and functional 

changes associated with perinatal PH. Studies of this experimental model of persistent 

PH of the newborn suggest that high pulmonary vascular resistance is partly due to 

vascular remodeling and an imbalance in production or responsiveness to vasodilator and 

vasoconstrictor stimuli20,21,23.  

 

Chronic embolic PH 

Repeated microembolizations with Sephadex microspheres generate moderate chronic 

PH in dogs24. Based upon the size of the injected microspheres, the vascular lesions can 

be targeted at smaller or larger vessels. Primary vascular mechanical obstruction and 

vasoconstriction25 are the mechanisms of the high pulmonary vascular resistance24. 

Weimann et al. 26 established a model of sustained PH in pigs using three repeated 

embolizations with polydextrane microspheres, which lead to a sustained elevation in 

PAP. In this model, PAP was increased for at least 1 week. Models of acute pulmonary 

embolism using various different materials27,28 or autologous blood clots29 have been used 

to study the pathophysiological mechanisms or drug effects within the first hour 

following the embolization.  

 

Genetically modified animals 

 

Genetic screening has identified a number of potentially important gene variants that may 

contribute to the development of PH. The discovery a heterozygous mutation of the 

BMPR2 gene, which encodes for the bone morphogenetic protein receptor–II (BMPR-II), 

in a substantial proportion of patients with IPAH30,31 represents a major advance towards 

an understanding of the molecular mechanisms underlying PH. However, heterozygous 

BMPR2-deficient mice generally exhibit only a mild phenotype with slight increases in PAP 

and evidence of reduced arterial remodeling after chronic  
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exposure to hypoxia32, indicating that this mouse model may not appropriately reflect 

human PH. 

A role of serotonin (5-hydroxytryptamine, 5-HT) and its plasmatic membrane 

transporter (5-HTT) was recently reported in the pathogenesis of PH in human and 

experimental models. Specifically, genetically engineered mice lacking the 5-HTT exhibit 

attenuated hypoxia-induced PH33-35, whereas 5-HHT overexpression can induce PH in 

mice36. 

 

TREATMENT TARGETS IN PH 

  

Various drug classes are currently used or under investigation for the treatment of PH, 

both in animal models and in patients. They include prostanoids, endothelin receptor 

antagonists, phosphodiesterase 5 inhibitors, serotonin transporter inhibitors, NO (for a 

review, see Badesch et al., 37), other vasodilators, and statins. 

 

Prostanoids 

  

Prostacyclin and several of its analogs have been tested in animal models and patients 

with PH with good success. Their conceptual role in the treatment of PH has been 

confirmed using MCT-treated rats which were rescued by gene therapy with prostacyclin 

synthase38. Repeated inhalation of iloprost also reversed both hemodynamic 

derangements and structural changes of the small pulmonary arteries in the MCT rat 

model of PH39. Beraprost sodium, a stable and orally active prostacyclin congener, 

exhibited protective effects on the development of PH in the MCT rat model40. 

Interestingly, a combination of the phosphodiesterase 5 (PDE5) inhibitor sildenafil plus 

beraprost was significantly more effective than either drug alone in MCT-induced PH41. 

Recently, subcutaneous administration of the prostacyclin agonist ONO-1301 markedly 

attenuated PH and improved survival in MCT-treated rats42. Potential benefits of ONO-

1301 as compared to prostacyclin may include its long plasma half-life, which results in  



Chapter 2 
 

__________________________________________________________________ 

43 

 

long lasting increases in plasma cAMP levels and attenuation of increases in plasma 

thromboxane levels. Thus, various prostacyclin receptor agonists have shown beneficial 

effects in the rat MCT model. Differences among the compounds may largely relate to 

differential pharmacokinetic properties. 

In line with the consistent efficacy of prostacyclin and its analogs in the MCT 

model, such compounds have also been studied extensively in the treatment of human 

PH. Based upon such studies, prostacyclin has become part of the standard treatment for 

PH patients (for reviews see McLaughlin & Rich43; Wanstall & Jeffery44). The 

vasoprotective effects of prostacyclin include vasodilatation and inhibition of platelet 

aggregation and pulmonary artery smooth muscle cells (PASMC) proliferation45. While 

prostacyclin can be administered intravenously or by inhalation, its pharmacokinetic 

properties, particularly its very short half-life, are clearly not optimal for chronic 

treatment. Therefore, several prostacyclin analogs have been tested. The prostacyclin 

analog iloprost has vasodilatory and antithrombotic properties and exhibits long-term 

beneficial effects in PH patients upon daily inhalations46. Inhalation of aerosolized iloprost 

promoted selective pulmonary vasodilatation in severe PH of both primary and 

secondary origin47,48. On the other hand, the effectiveness of the prostacyclin analog 

beraprost sodium was limited in patients with primary and secondary PH49,50. Intravenous 

epoprostenol improves exercise capacity and survival in patients with PH51 (Archer and 

Michelakis, 2006). Moreover, continuous intravenous epoprostenol treatment prior to 

pulmonary endarterectomy in patients with chronic thromboembolic PH produced 

beneficial hemodynamic and clinical effects52. In a direct comparative cross-over study 

treprostinil had even better overall therapeutic efficacy than epoprostenol after 

intravenous administration in PH patients53. Of interest, according to that study 

treprostinil also exhibited bioequivalence whether administered subcutaneously or 

intravenously, and it has a longer half-life than epoprostenol.   

In conclusion, prostacyclin and its analogs have largely been tested in the MCT 

rat model, and the animal data, with the possible exception of beraprost, are largely in  
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good agreement with those found in clinical studies. Therefore, the MCT rat model 

appears useful for studies on prostacyclin analogs. Whether beneficial long-term effects 

of prostanoids are due to the sustained pulmonary dilatatory effects, or whether they 

indicate reverse remodeling of the pulmonary vasculature, is still unclear54.  

 

Endothelin antagonists 

 

Endothelin (ET) levels are elevated in PH, providing the rationale for the use of 

endothelin receptor antagonists55. BQ-123, a selective antagonist of the ETA subtype of 

ET receptors was the first ET receptor antagonist to exhibit beneficial effects in animal 

models of PH56. BQ-123 is a peptide and hence not orally active. It has a short duration 

of action, requiring continuous intravenous infusion. Medial wall thickness and 

neomuscularisation were successfully inhibited using continuous infusion of BQ-123 in a 

rat hypoxia model57,58, the MCT rat model56, and in newborn sheep in which the ductus 

arteriosus was ligated59,60. It was demonstrated that inhibition of pulmonary vascular 

remodeling by BQ-123 is associated with concomitant reductions in PAP, but the rise in 

PAP was prevented completely only with the highest dose of BQ-123 (9.6 mg/day)58. 

Other ETA receptor antagonists, which are orally active and can be administered once 

daily, e.g. A 127722, LU135252, and sitaxsentan, have also been examined in various 

animal models of PH, where they consistently attenuated or even prevented medial 

thickening of pulmonary arteries61-66. 

Bosentan, an antagonist of both ETA and ETB receptors, has also been examined 

in various animal models of PH. Similar to ETA–selective receptor antagonists, bosentan 

had beneficial effects on medial thickening and neomuscularisation of distal pulmonary 

arteries and reduced PAP in a rat hypoxia model and rat MCT model61,67,68. In a canine 

model of chronic thromboembolic hypertension treatment with bosentan not only 

reduced medial thickening of pulmonary arteries, but also reduced adventitial thickening 

and prevented intima fibrosis and peripheral neomuscularisation69. In hypoxic models of 

PH, bosentan administration after PH had developed not only attenuated the remodeling  
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of the pulmonary vessels but actually reversed it towards values seen in normoxic 

animals; additionally, any further rise in PAP was either prevented or reversed61,62,66. Of 

note, inhibition of the remodeling in the rat MCT model required higher doses of 

bosentan and sitaxsentan than in the rat hypoxia model61,66-68. Another mixed ETA/B 

antagonist, BSF420627, was effective in a hypoxia model of PH63.  Thus, ET receptor 

antagonists appear to readily inhibit remodeling associated with hypoxic exposure.The 

combined therapy of an oral ET receptor antagonist and the prostacyclin analogue 

beraprost was superior to the single use of each drug alone in PH induced by MCT 

injection in rats, even if started after the onset of PH70. 

Clinical data with selective ETA receptor antagonists have not been 

communicated, and hence it remains unclear whether selective inhibition of this subtype 

is sufficient to yield effective treatment in PH patients. Bosentan has shown therapeutic 

efficacy in several studies with patients with PH (for a review see Dingemanse and van 

Giersbergen 200471). Completed randomized, placebo controlled pilot trials of bosentan 

showed significant improvement in exercise capacity, functional class, and pulmonary 

hemodynamics in patients with PH72,73. In patients with chronic thromboembolic PH, 

bosentan provided an alternative medical therapy to improve six-minute walking distance, 

functional class, cardiac index, total pulmonary resistance, and one-year survival74. 

Retrospective studies in children with PH (IPAH or associated with congenital heart or 

connective tissue diseases), suggested that bosentan, with or without concomitant 

prostanoid therapy, is efficient and safe and may improve survival75,76. Taken together, 

these data show that hypoxia-related PH models were more sensitive towards inhibition 

of ET receptors than other models; however, it remains unclear whether this translates 

in a differential sensitivity of PH patients based upon the underlying cause of their 

condition. 
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Ca2+-channel blockers 

 

 In both hypoxic and MCT-treated rats, diydropyridine Ca2+-entry blockers such as 

nifedipine, nitrendipine, and amlodipine had beneficial effects on pulmonary vascular 

remodeling77-79. Although Ca2+-entry blockers are widely used in the treatment of human 

PH, the evidence base for such use is insufficient. As compared to other uses of this drug 

class, relatively high doses are needed in PH patients, possibly due to both impaired drug 

absorption and lower sensitivity of the pulmonary vasculature80. It had been proposed 

that acute responses to such drugs may predict long-term responses, as improved 

survival in acute responders as compared to non-responders has been reported80. More 

recent analyses, however, found that <10% of the IPAH evaluated patients exhibited 

long-term benefit upon Ca2+-entry blocker treatment81. These authors strongly advised 

not to consider Ca2+-entry blockers as a routine first-line treatment for PH. While a 

comprehensive discussion of the benefits and risks of Ca2+-entry blockers in the 

treatment of PH is beyond the scope of this manuscript, these data highlight the 

possibility that positive data in animal models, even if shown in multiple models, do not 

necessarily predict clinical efficacy in PH, particularly with regard to end-points such as 

survival. 

 

PDE5 inhibitors 

  

The pulmonary arterial vasodilating effects of PDE5 inhibitors, which were originally 

developed for the management of erectile dysfunction, were discovered incidentally. 

Most available studies have been performed with sildenafil, but limited data with other 

compounds such as T-103282 suggest that the sildenafil findings may represent class 

effects. Chronic oral treatment of MCT-treated rats with sildenafil significantly 

attenuated PH despite delayed administration, i.e. commencement of treatment after PH 

had already develope83. Sildenafil was also found to be effective in PH of newborn rats  
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exposed to hypoxia84. In vitro studies suggest that this may involve beneficial effects on 

endothelial capillary network formation84, on calcium signaling in pulmonary artery 

smooth muscle cells from hypoxia-exposed rats leading to a reduced vascular reactivity85 

and on smooth muscle cell proliferation86. Moreover, sildenafil also blunted the acute 

hypoxia-induced vasoconstriction response in isolated lungs obtained from both wild-

type mice and those genetically engineered to lack the endothelial NO synthase87. 

Interestingly, a combination of the prostanoid beraprost and sildenafil was significantly 

more effective than either drug alone in MCT-induced PH; plasma levels of cAMP and 

cGMP also increased substantially more and remained elevated for a longer period of 

time in animals treated with the combination88. 

In humans, sildenafil can attenuate the acute pulmonary vascular response to 

hypoxia87. Hence, sildenafil was shown to be effective in treating PH in humans. This 

applies to high altitude-induced transient PH in healthy volunteers89 as well as to patients 

suffering from PH90,91. Moreover, sildenafil treatment of PH patients has been associated 

with reduction in RV mass91, suggesting that PDE-5 inhibitors may have a role in the 

prevention or reversal of remodeling of the RV secondary to PH. Similar to the animal 

studies, the combination of sildenafil and beraprost has also yielded beneficial effects in 

PH patients92. Nevertheless, the long-term benefits of sildenafil are not clear and the risk 

for adverse effects should be considered93. Interestingly, sildenafil has been effective in 

various pathophysiologically different models of PH, raising the possibility that it may be 

suitable for the treatment of PH patients irrespective of the underlying cause. It is also 

interesting to note that sildenafil exhibited its beneficial clinical effects upon once daily 

dosing despite its relatively short half-life. 

 

NO and L-arginine 

 

Within PASMC, NO and PDE5 are part of the same signaling cascade, as 

inhibition of the latter potentiates effects of the former, i.e. reduced breakdown of cGMP 

enhances cGMP-dependent effects of NO. A possible role of NO in the management of  
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PH has been studied using inhaled NO gas, NO donor drugs, L-arginine (the precursor of 

NO), and gene transfer of NO synthase. Animal and human studies have demonstrated 

that NO causes selective pulmonary vasodilatation, lowering PAP and pulmonary vascular 

resistance94,95. 

In animal studies, the effectiveness of NO seems to vary depending on the 

experimental model. In adult rats injected with MCT, inhalation of NO had no effect on 

remodeling96,97 but this approach was effective in newborn rats treated with MCT98. 

Treatment of both hypoxia-induced and MCT-induced PH in rats with L-arginine 

inhibited medial thickening and neomuscularisation, and this was associated with a 

reduction in PAP99. The beneficial effect of L-arginine in the rat MCT model was 

observed in studies aimed at reversing rather than preventing PH and its sequelae. 

Neomuscularisation was reduced, but there was no effect on medial thickening or PAP. 

The beneficial effect of L-arginine in the MCT model is surprising in light of the lack of 

effect of NO gas in adult rats under similar conditions. A recent experimental approach 

for increasing NO in the pulmonary vasculature is via gene transfer of NO synthase, the 

enzyme responsible for the production of NO from L-arginine. Using the hypoxia model 

in rats, the transfer by aerosol of an adenoviral vector containing the gene for inducible 

NO synthase was found to decrease neomuscularisation of small pulmonary arteries and 

to reduce both pulmonary vascular resistance and PAP100. 

Until now, elevation of NO tone has been tested clinically only on a limited 

basis. In critically ill adults, NO is used as an option in the short term management of PH, 

because it reduces PAP and improves oxygenation by increasing the fraction of blood 

flow to lung regions with a normal ventilation-perfusion ratio in acute respiratory 

syndrome 101. A possible role for NO donors or L-arginine in the chronic treatment of 

PH remains to be established. This also makes it difficult to compare clinical and 

experimental data based upon an NO approach. 
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Statins 

 

Based upon their anti-proliferative and anti-inflammatory cardiovascular benefits in 

addition to cholesterol-lowering effects102,103, statins have also been tested in animal 

models and patients with PH. Most of these studies have used simvastatin. Originally, it 

was reported that simvastatin was effective in the rat MCT model when administered at 

the time of induction of vascular injury, but had only smaller effects when given 2 weeks 

after the induction of PH104. In a later study from the same group using the more severe 

MCT/pneumonectomy rat model of fatal PH, simvastatin attenuated and reversed both 

PH and neointimal formation and conferred a 100% survival; this was accompanied by a 

reversed vascular occlusion through reduced intima proliferation and increased apoptosis 

of pathological smooth muscle cells in pulmonary arteries105. Similar results were noted 

in a rat model of hypoxic pulmonary hypertension106. A study in this issue of the 

journal107 extends findings on the use of statins in PH to pravastatin by demonstrating 

beneficial effects when administered at the time of PH induction by MCT. This is 

interesting because pravastatin differs from simvastatin and other statins due to its open 

lactone ring chemical structure108. While it is too early to determine the utility of statins 

in the treatment of PH, it is encouraging that simvastatin was shown to improve exercise 

capacity in an observational study with PH patients109. 

 

5-HTT inhibitors 

 

Perivascular inflammation, i.e. infiltration with macrophages and lymphocytes in the 

region of occlusive lesions, is a histopathological feature of PH110. It may involve 

endothelial dysfunction with deregulated expression of vasoactive, mitogenic and pro-

inflammatory mediators111. These findings are the rationale to test anti-inflammatory 

approaches, such as immunosuppressant and cytokine antagonists, in the treatment of 

PH. Indeed the immunosuppressants rapamycin and triptolide were shown to significantly  
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reduce PAP in rats that had undergone pneumectomy and subsequent MCT 

injections112,113. Interleukin-1 is excessively produced in the lungs of MCT-treated rats,  

 

but not in hypoxia-induced PH; accordingly, repeated injections of a recombinant 

interleukin-1 receptor antagonist reduced PH and RV hypertrophy in the MCT model, 

but not in the chronic hypoxia model114. The possible implications of such findings for the 

treatment of PH patients are difficult to evaluate in the absence of clinical data. 

 

Angiotensin-converting enzyme (ACE) inhibitors and angiotensin receptor 

blockers 

 

The effects on PH or its sequelae of drugs that prevent either the production or the 

action of the potent mitogen/growth factor angiotensin II have been examined in both 

hypoxic and MCT rat models. In chronically hypoxic rats, various ACE inhibitors have 

been shown to inhibit pulmonary vascular remodeling associated with the development 

of PH. When rats were studied for the entire hypoxic period115,116, medial thickening and 

muscularisation of the pulmonary arteries were attenuated. In one study with the ACE 

inhibitors cilaprazil, medial thickening of these vessels was even totally prevented117. The 

beneficial effects of ACE inhibitors were even found when treatment started 7 or 12 days 

after commencement of hypoxic exposure118. On the other hand, the effects of ACE 

inhibitors in MCT-treated rats are not fully clear. While treatment with captopril (12 

mg/kg/day for 4 weeks) had no effects on medial thickness, neomuscularisation or on 

PAP116, a longer treatment with a higher dose (60 mg/kg/day for 6 weeks) reduced the 

degree of neuromuscularisation of peripheral pulmonary arteries 119. The role of 

angiotensin II in PH is further confirmed by findings with angiotensin receptor 

antagonists. Thus, losartan, inhibited medial hypertrophy and neuromuscularisation in 

hypoxic rats120 as well as in the MCT-plus-pneumonectomy rats121. Similarly, olmesartan 

medoxomil inhibited RV hypertrophy and also inhibited increases in mRNA levels of 

various markers of RV dysfunction such as atrial and brain natriuretic peptides in a  



Chapter 2 
 

__________________________________________________________________ 

51 

 

chronic hypoxia model of PH122. The possible implications of such findings for the 

treatment of PH patients are difficult to evaluate in the absence of clinical data. 

 

Conclusion 

 

In conclusion, a variety of therapeutic strategies have been tested in various animal 

models of PH, most often hypoxia- or MCT-based models. Several of these approaches 

were also shown to be effective in PH patients, and all clinically proven treatments also 

work in the animal models. However, some models may be more sensitive to certain 

approaches than others (e.g. the greater potency of ET receptor antagonists in hypoxia 

than in other models). Moreover, the clinical role of Ca2+-entry blockers remains unclear 

despite their consistent beneficial effects in animal models. Therefore, promising animal 

data e.g. 5-HTT inhibitors, inhibitors of the rennin-angiotensin-system, statins and anti-

inflammatory drugs need to be interpreted with caution until confirmed in clinical 

studies. 
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Abstract 

  

Introduction: The temporal relations between the onset of echocardiographic changes and 

clinical diagnosis of right ventricular (RV) failure are unresolved. We have characterized 

such relations in a rat monocrotaline (MCT) model of RV failure. 

Methods: Eight-week old male Wistar rats were injected with MCT (60 mg/kg) or vehicle 

and underwent serial echocardiography. RV free-wall thickness (RVWT), pulmonary 

artery acceleration time normalized to cycle length (PAAT/CL), RV end-diastolic 

diameter (RVEDD), and tricuspid annular plane systolic excursion (TAPSE) were 

measured.  

Results: Significant differences in echocardiographic parameters between MCT-treated 

and control rats were found as early as 14 days prior to RV failure for RVWT, 10 days 

for PAAT/CL, and 7 days for RVEDD and TAPSE. The time intervals between the onset 

of changes in RVWT, PAAT/CL, RVEDD, TAPSE and diagnosis of RV failure were 11.3 ± 

0.8 days, 10.9 ± 0.7 days, 6.5 ± 0.5 days, and 5.4 ± 0.7 days, respectively. The sequence of 

echocardiographic changes was consistent in all animals during development of RV failure. 

Conclusions: Pulmonary hypertension (assessed by PAAT/CL) and RV free-wall thickening 

(characterized by RVWT) precede RV dilation and RV systolic dysfunction (measured by 

RVEDD and TAPSE, respectively). Echocardiographic analysis permits accurate 

determination of the stage of disease development in MCT induced RV failure.   
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Introduction 

Congestive heart failure (CHF) affects approximately 1% of the general population with 

progressively increasing prevalence in industrialized countries. Despite significant 

advances in its medical treatment, CHF continues to be a major source of morbidity and 

mortality1-3. While left-sided CHF is more prevalent and has been studied intensively, 

right-sided CHF is also common but much less is known about its pathophysiology and 

treatment. Causes of right-sided CHF are not only advanced left-sided CHF but also 

congenital cardiac malformations4, increased pulmonary vascular resistance5,6, chronic 

obstructive pulmonary disease7 and myocardial ischemia of the right ventricle (RV)8,9. For 

example, RV failure is the main cause of death in patients with primary and 

thromboembolic pulmonary hypertension.7 Thus, development of optimal treatment 

strategies for RV failure is of great importance. 

A well-established animal model of RV failure is injection of monocrotaline (MCT) into 

rats.10-12 This model is often used to study the effects of various drugs on progression of 

pulmonary hypertension.13,14 MCT is a pyrrolizidine alkaloid which causes structural 

remodeling of pulmonary arteries with consequent severe progressive pulmonary 

hypertension. A single MCT injection leads to RV hypertrophy and in most, but not all, 

cases RV failure.10,11,14-17 However, in rats that develop RV failure the speed of 

progression to RV failure after MCT injection is highly variable between individual 

animals.10,11,17,18 This variability confounds the design of treatment studies.  

Echocardiography plays an important role in diagnosing pulmonary hypertension and its 

outcome in patients.5,6,19-21 It is also used for non-invasive assessment of progressive 

pulmonary hypertension in the rat MCT model.16,18 Thus, we aimed to monitor the 

development of RV failure in MCT-injected rats in detail using echocardiography and to 

characterize the temporal relation between echocardiographic changes and the onset of 

RV failure. This may aid in delineating the disease stage in vivo and allowing better design 

of future treatment studies in this model. 
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Methods 

Animal treatment  

The study protocol was approved by the institutional animal use committee and was in 

line with European Union directives on the care and use of experimental animals. Seven 

weeks old male Wistar rats (225-285 gr) were obtained from Harlan (The Netherlands). 

After acclimatization for one week, the animals were anesthetized with single 

intraperitoneal (i.p.) injections of ketamine (75 mg/kg) and midazolam (7.5 mg/kg). Their 

chest was shaved and transthoracic echocardiography was performed. Thereafter, the 

rats were divided into two groups. One group (n=17) was injected with a single dose of 

60 mg/kg i.p. of MCT (dissolved in Dulbecco’s phosphate-buffered solution at 20 mg/ml 

with the pH adjusted to 7.4 with 5 N HCl). The control group (n=22) was injected i.p. 

with a comparable amount (3 ml/kg) of the MCT vehicle. Animals were then returned to 

their cages and housed at 22-24 °C with free access to water and commercially available 

rat chow. MCT was obtained from Sigma (The Netherlands). 

Based upon published studies, the subsequent planned observation time was 56 days. 

MCT-injected rats were to be killed if they developed clinical signs of RV failure and/or 

appeared clinically to be severely stressed. For the purpose of this study, we 

operationally predefined such a condition by the occurrence of a body weight loss of 

more than 30 g in the preceding week or more than 15 g in the preceding 4 days, in 

combination with at least one of the following criteria: 1) Dyspnea, defined as visibly 

increased respiratory efforts and chest-opposite-to-belly breath movement; 2) Cold 

lower body, tail and limbs temperature assessed subjectively by physical examination; 3) 

Cyanotic ears; 4) Markedly decreased activity level (lethargy). Whenever a MCT-injected 

rat was killed because it had developed clinical signs of RV failure, 1-2 control animals 

with a corresponding time after injection were killed to allow for optimal matching. All 

MCT-injected animals and their controls, that had not developed RV failure, were  
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sacrificed on day 56. Each animal was killed by i.p. injection of 100 mg/kg pentobarbital. 

The thorax was opened and checked for the presence of fluid. The heart, lungs and liver 

were immediately dissected, blotted dry and weighed. RV was separated from atria and 

left ventricle (LV) plus septum in 4 MCT-treated animals and 4 age-matched controls. In 

all animals, we calculated the whole heart to body weight ratio (HW/BW, mg/g). In 4 

animals, we also calculated the RV to body weight ratio (RV/BW, mg/g), and the RV to 

LV plus interventricular septum ratio (RV/[LV+IVS]). 

During the period between the MCT or vehicle injection and the sacrifice, the animals 

were routinely monitored clinically and by echocardiography. Such assessments were 

done once per week during the first 21 days, and twice per week thereafter. In some 

cases, when animals appeared ill but did not fulfill our above criteria for the clinical 

diagnosis of RV failure, they were assessed on additional days. If they were diagnosed 

with RV failure on such an additional day, they were sacrificed and the measurements 

from that day were taken as their final day. Additionally, rectal temperature was 

measured on the day of sacrifice in 4 MCT-treated rats with RV failure and their age-

matched controls. 

Echocardiographic measurements  

Echocardiographic measurements were performed in anaesthetized (ketamine plus 

midazolam, see above), but spontaneously breathing rats which were positioned on their 

left side. The dose of anaesthetics was reduced down to 50% only on the day when a rat 

had developed clinical signs of RV failure. Transthoracic two-dimensional, M-mode 

(according to standards of American Society of Echocardiography) and Doppler imaging 

were performed with a VingMed Sound System Five (General Electric, USA) with a 10 

MHz transducer. Two-dimensional images, M-mode and Doppler tracings were stored on 

a computer for subsequent analysis, with the latter two being recorded at a sweep speed 

of 200 mm/s. Each parameter was measured and averaged over 3 cardiac cycles.  
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The RV morphology was assessed as RV free-wall thickness (RVWT) and RV end-

diastolic diameter (RVEDD). RVWT was measured either in the 2-dimensional short-axis 

parasternal view below the tricuspid valve or in the long-axis parasternal view by M-

mode, depending on the quality of RV free-wall visualization. RVEDD was measured as 

the maximal distance from the RV free-wall to the septum from the apical four-chamber 

view (Figure 1). The position of the transducer was aligned to visualize the RV apex. To 

select accurately a true end-diastolic frame, the diastole was screened frame-by-frame 

with the rate of 132 frames per second. The last frame with maximal RV cavity size 

preceding the frame with the onset of systolic closure of tricuspid valve leaflets was used 

as a true one to measure RVEDD. To assess RV function, the base-to-apex shortening 

during systole, measured as the tricuspid annular plane systolic excursion (TAPSE) of the 

lateral portion of the tricuspid annular plane, was recorded in the M-mode format under 

two-dimensional echocardiographic guidance from the apical four-chamber view. Pulse-

wave Doppler of the pulmonary outflow was recorded in the parasternal view at the 

level of the aortic valve. For this purpose, the sample volume was positioned proximal 

(2-3 mm) to the pulmonary leaflets and aligned to maximize laminar flow. The pulmonary 

artery acceleration time (PAAT) was used as an echocardiographic indicator of 

pulmonary hypertension18,22,23 and measured from the onset of systolic flow to peak 

pulmonary outflow velocity. This was normalized to cardiac cycle length (CL) as 

measured within the same images.  

Determination of cut-off value 

The cut-off values for each analyzed echocardiographic parameter were derived from 

serial measurements in control rats. For RVWT and RVEDD, these values were the 

mean values plus 2 standard deviations found in control rats at each measurement day. 

For PAAT/CL and TAPSE, the mean values minus 2 standard deviations, found in control 

rats at each measurement day, were used. The cut-off values determined at each 

measurement day were plotted against time and connected with straight lines. The day at  
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which echocardiographic variables started to change continuously were defined as the 

day at which the cut-off values were reached. 

 

Figure 1: Typical examples of 2-D echocardiographic images. A: 2-dimensional short-

axis parasternal view (a control rat); B: apical 4-chamber view (a control rat); C: 2-

dimensional short-axis parasternal view (a rat with RV failure); D: apical 4-chamber view 

(a rat with RV failure). 

Data analysis  

In line with several other studies,11,17,18 the interval between MCT injection and the onset 

of RV failure differed markedly between animals (Figure 2). Thus, we analyzed the data in 

two ways: by counting from the MCT injection day (Figures 3 and 4, upper panels) and by  
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“backward counting”. Since the individual clinical and echocardiographic course appeared 

similar in all MCT-treated rats during the last three weeks prior to RV failure, the 

backward counting was performed from the day at which each individual rat developed 

clinical RV failure. In the backward counting analysis, all measured values were plotted 

against time before RV failure and averaged (Figures 3 and 4, lower panels). 

 

Figure 2: Distribution of time of onset of RV failure in MCT-treated rats. No rat 

developed RV failure later than 42 days after MCT injection. 

The sequence of changes of echocardiographic parameters in RV failure rats was 

determined in two ways. In the forward counting analysis, we compared the intervals 

between the MCT injection and the day when the parameter reached its cut-off value. In 

the “backward counting” analysis, the intervals between the day at which the parameter 

reached its cut-off value and the day of clinical RV failure were compared. Since the 

intervals between measurements ranged from 3 to 7 days, while the echocardiographic 

changes progressed continuously (Figures 3 and 4, upper panels), the day when each 

echocardiographic parameter reached its cut-off value was interpolated as demonstrated  
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in Figure 5. The measured values were plotted against time and connected with straight 

lines. From these lines, the day at which the cut-off value was reached, was read. 

 

Figure 3: Effect of monocrotaline (MCT) injection on right ventricular free-wall 

thickness (RVWT). Data are shown from individual MCT-treated rats relative to the time 

of injection (upper panel), and as group means ± SEM of MCT (n= 4-13)- and vehicle-

treated rats (n= 9-22) relative to the time when they developed clinical signs of RV 

failure (lower panel). *- p < 0.05 vs. control. 
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Figure 4: Effect of monocrotaline (MCT) injection on right ventricular end-diastolic 

diameter (RVEDD). Data are shown from individual MCT-treated rats relative to the 

time of injection (upper panel), and as group means ± SEM of MCT (n= 4-13)- and 

vehicle-treated rats (n= 9-22) relative to the time when they developed clinical signs of 

RV failure (lower panel). *- p < 0.05 vs. control. 
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Statistical analysis 

All values are expressed as mean ± SEM. Mean values of control and MCT-treated rats 

were compared using two-tailed unpaired Student’s t-test (Figures 3 and 4). One-way 

ANOVA test with Bonferroni t-test was applied to find the difference in the days at which 

echocardiographic parameters reached their cut-off values (Figure 6). The differences 

with p < 0.05 were considered statistically significant. Software (SigmaStat® 3.0; Aspire 

Software International, Leesburg LA) was used for statistical analysis. 
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Results 

Biometrical changes 

MCT treatment induced clinical signs of RV failure in 13 of 17 rats within 56 days. The 

time to do so varied considerably between animals, ranging from 24-42 days after 

injection (Figure 2). The four animals which did not develop RV failure were excluded 

from the further analysis. Compared to vehicle-injected rats, MCT-injected rats with RV 

failure had a significantly reduced body and liver weight and rectal temperature at the 

time of sacrifice (Table 1). This was accompanied by significantly increased HW/BW, 

RV/BW and RV/[LV+IVS] ratios (Table 1) demonstrating development of RV 

hypertrophy. A significantly increased mean lung weight (Table 1) and pleural effusion in 

all MCT rats (in 5 animals with hemorrhage) confirmed the decompensation of RV pump 

function.  

Table 1: Biometrical parameters of RV failure and control rats at the time of sacrifice. 

 Body 

weight        

(g) 

HW/BW 

ratio 

(mg/g) 

RV/BW 

ratio    

(mg/g) 

RV/[LV+IVS]           

ratio 

Lung 

weight     

(g) 

Liver 

weight     

(g) 

Rectal 

temperature 

(°C) 

Control 366±7 3.9±0.1 0.57±0.06 0.19±0.01 1.4±0.1 15.3±0.3 37.7±0.2 

RVF  290±5 4.8±0.2 1.49±0.10 0.39±0.01 2.4±0.1 10.9±0.4 35.4±0.3 

p-value p<0.0001 p<0.0001 p<0.001 p<0.0001 p<0.0001 p<0.0001 p<0.001 

Data are means ± SEM of 13 RV failure and 22 control animals, except RV/BW and 

RV/LVS ratios, and rectal temperature measurements, where n = 4. RVF: right ventricular 

failure; HW/BW: heart weight to body weight ratio; RV/BW: right ventricle to body 

weight ratio; RV/[LV+IVS]: right ventricle to left ventricle plus interventricular septum 

ratio. 
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Echocardiographic changes 

The increased RV weight seen at autopsy was detectable by echocardiography as 

increased RVWT (Figure 3). While all MCT-injected animals with RV failure developed an 

RVWT of at least 0.8 mm, none of the control rats exceeded 0.7 mm. The mean RVWT 

was significantly greater in RV failure than in control rats as early as 14 days prior to 

developing clinical signs of RV failure (Figure 3). A functionally altered morphology of the 

RV in MCT-induced RV failure was demonstrated by increases in RVEDD (Figure 4). 

While all MCT-injected animals with RV failure developed an RVEDD of at least 6 mm, 

none of the control rats exceeded 4.5 mm. The mean RVEDD was significantly greater in 

RV failure than in control rats as early as 7 days prior to developing clinical signs of RV 

failure (Figure 4).  

The TAPSE was used to assess RV systolic function. While all MCT-injected animals with 

RV failure had a TAPSE of 1.6 mm or less, none of the control rats had less than 1.75 

mm. The mean TAPSE was significantly smaller in CHF than in control rats as early as 7 

days prior to developing clinical signs of RV failure, i.e. at the same time point when RV 

dilatation, assessed by RVEDD, was first observed.   

Since the RV morphological and functional alterations in the MCT model result from 

increased pulmonary vascular resistance, we measured the PAAT/CL as an 

echocardiographic indicator of pulmonary hypertension. While all MCT-injected animals 

with RV failure developed a PAAT/CL ratio of 0.08 or less, none of the control rats had a 

ratio of less than 0.15. The mean PAAT/CL was significantly smaller in RV failure than in 

control rats as early as 10 days prior to development of clinical signs of RV failure. 

The heart rate of MCT-treated animals did not differ significantly from that in control 

rats during the echocardiographic measurements (not shown), except on the day when 

the diagnosis of RV failure was established. At the day of sacrifice, heart rate in MCT- 
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injected rats was significantly slower than in control rats (311 ± 14 beats/minute versus 

349 ± 19 beats/minute, respectively; p<0.05). 

 

Figure 5: Determination of day at which the cut-off value of echocardiographic variable 

was reached. In this typical example, solid circles are measured data from a MCT-treated 

rat that developed RV failure. PAAT/CL, Pulmonary artery acceleration time normalized 

to cycle length. 

Sequence of echocardiographic changes  

The sequence of echocardiographic changes culminating in RV failure was derived from 

the days at which each echocardiographic parameter reached its cut-off value. The first 

echocardiographic parameters to change were RVWT and PAAT/CL at 22.2 ± 1.6 days  
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(range 14-34) and 22.7 ± 1.7 days (range 11-32) after MCT injection, respectively, 

followed by RVEDD at 27.0 ± 1.7 days (range 18-37) and, finally, TAPSE at 28.2 ± 1.7 

days (range 20-40) (Figure 6). The same sequence of echocardiographic changes was 

found with respect to the day of development of RV failure, i. e. by “backward counting”. 

Indeed, the first echocardiographic parameters to change were RVWT and PAAT/CL at 

11.3 ± 0.8 days (range from 7 to 16) and 10.9 ± 0.7 days (range from 7 to 17), 

respectively, prior to clinical RV failure. These changes were followed by RVEDD at 6.5 ± 

0.5 days (range from 4 to 9) and, finally, TAPSE at 5.4 ± 0.7 days (range from 2 to 9) 

(Figure 6). Thus, during development of RV failure in this rat model, the onsets of 

pulmonary hypertension and RV thickening assessed by PAAT/CL and RVWT, 

respectively, preceded RV dilation and RV systolic dysfunction as characterized by 

RVEDD and TAPSE, respectively.  The sequence of echocardiographic changes was 

consistent in all MCT-treated animals that developed RV failure. 

Of note, Figure 6 demonstrates the strong correlation in the sequence of 

echocardiographic changes between the forward analysis and the backward analysis 

methods. Furthermore, the finding that the horizontal error bars are smaller but the 

vertical error bars large indicates that the onset of echocardiographic changes is more 

closely related to the onset of RV failure than to the MCT injection day. This shows that 

the speed of progression of echocardiographic changes, once started, varies little 

between individual rats. 
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Figure 6: Day at which echocardiographic parameters reached cut-off values in RV 

failure rats with respect to the day of the onset of clinical RV failure (axis) and the day of 

monocrotaline (MCT) injection (ordinate). Note that the error bars are much smaller in 

“Day before RV failure” than in “Day after MCT injection”. RVWT: right ventricular free-

wall thickness; PAAT/CL: pulmonary artery acceleration time normalized to cycle length; 

RVEDD: right ventricular end-diastolic diameter; TAPSE: tricuspid annular plane systolic 

excursion. Data are means ± SEM. *- p < 0.05 - vs. RVWT, # - vs. PAAT/CL. 
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Discussion 

The injection of MCT into rats is a well-established model of pulmonary 

hypertension,15,16,24,25 which leads to RV hypertrophy and, ultimately, to RV failure.10-

12,14,17,18 We have used echocardiography to non-invasively monitor this process and 

found PAAT/CL, RVWT, RVEDD and TAPSE of use. PAAT reflects pulmonary artery 

pressure,18,22,23 while RVWT, RVEDD and TAPSE are indicators of RV hypertrophy,7,13 RV 

dilation26 and RV contractile function,27 respectively.  

The animal model 

The presence of RV hypertrophy was confirmed by an increase in HW/BW, RV/BW and 

RV/[LV+IVS] ratios. RV failure was indicated clinically by a combination of the following 

symptoms: body weight loss and cyanotic ears and/or cold limbs and/or dyspnea and/or 

lethargy. Autopsy demonstrated increased lungs weight and massive pleural effusion in all 

MCT-treated rats that exhibited the symptoms of RV failure. It has been recently 

reported that, in patients with severe CHF, hypothermia was a predictor of death.28 In 

the present study, we found a significant decrease in rectal temperature. Diminished liver 

weight in rats with RV failure might be explained by the occurrence of liver cirrhosis. The 

presence of liver cirrhosis was demonstrated in patients with severe right-sided CHF 29 

and in MCT-treated rats.11 

Anaesthesia used and cardiac performance  

Anaesthetics may affect cardiac performance in rodents.31 Therefore, the measured 

values of echocardiographic parameters might be influenced by anaesthesia. To minimize 

this possible confounder, we used the lowest drug dosage that was sufficient to keep a 

rat unconscious and immobilized and completed echocardiographic examination within 

15-20 minutes. Thus, the ketamine dose was 75 mg/kg, while a 100 mg/kg dose per se  
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was shown not to affect cardiac performance in healthy rats.30 To potentiate a short 

anaesthetic effect of ketamine, we used midazolam, a hypnotic-sedative drug. In contrast 

with xylazine, which markedly suppress cardiac performance in rodents, 30 midazolam has 

only slight effects on the cardiovascular system in animals.31 

Despite negligible effects of anaesthesia on cardiac performance of healthy animals, 

ketamine causes a significant dose-dependent decrease in developed tension of failing 

atrial and ventricular muscles in vitro.32 Also, the systemic clearance of midazolam in 

patients with CHF is lowered.33 Accordingly, on the day of sacrifice, the dose of 

anaesthetics was reduced down to 50% in MCT-treated rats with RV failure. Yet, this 

dose was still sufficient to complete the protocol of echocardiographic measurements. 

However, despite the dose reduction, minor heart rate depression on this day was 

observed. 

Determination of disease stage of individual animal  

In the present study, not all MCT-treated animals developed RV failure in accordance 

with previous studies.24,25 In those which did, we found that RV failure occurred at highly 

variable time points relative to time point of MCT injection. An important observation of 

the present study was the finding that the variability in the timing of changes of 

echocardiographic estimates of RV morphology and function were markedly reduced 

when changes during the last 17 days prior to clinical RV failure are analyzed (“backward 

counting”). This method revealed a close relation between the onset of 

echocardiographic changes and the day when RV failure is clinically obvious in each 

individual case.   

This situation makes it desirable to identify changes in cardiac morphology and/or 

function that precede the development of clinical signs of RV failure as early as possible. 

Indeed, we identified several echocardiographic parameters which discriminated MCT- 
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treated and control rats, i.e. RVWT as early as 14 days, PAAT/CL 10 days, and RVEDD 

and TAPSE 7 days prior to RV failure. Jones and colleagues18 also demonstrated a 

significant increase in RVWT and PAAT in MCT rats. However, in contrast with our 

data, they did not find a significant increase in RVEDD. There are several possible 

explanations for this difference. Jones et al. included into analysis all the injected with 

MCT rats, while our primary aim was to study only animals which developed RV failure. 

Another possible explanation is that Jones et al. used a parasternal view for 

measurements of RVEDD, whereas we measured this parameter using the four-chamber 

apical view. The latter method has been shown to be more accurate.26  

Thus, based on echocardiographic data, we are able to identify the following 

disease states in MCT rats: pulmonary hypertension, RV hypertrophy, RV dilation and RV 

contractile dysfunction, as assessed by PAAT/CL, RVWT, RVEDD and TAPSE, 

respectively. RVWT and PAAT/CL were the earliest echocardiographic parameters to 

change during development of RV failure. These parameters were followed by RVEDD 

and TAPSE. The sequence of echocardiographic changes indicates that RV failure occurs 

shortly after the onset of RV dilation and contractile dysfunction in this model.  

Implication of echocardiography for treatment study design 

In several previous studies, the effects of tested drugs on the progression of pulmonary 

hypertension in MCT-injected rats were assessed at fixed time points after MCT 

injection.13,14 Our data demonstrate that changes in echocardiographic parameters 

started at different time points after MCT injection. Thus, 7 of 13 (54%) RV failure-

destined rats had no echocardiographic changes up to day 21 after MCT injection. 

Therefore, because of variability in the onset of these changes, the effects of tested drugs 

in this model may be misinterpreted, when assessed at fixed time points after MCT 

injection. For example, seemingly positive effects of treatment may be false-positive if  
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given to animal that had not truly developed into an advanced disease stage. 

Echocardiographic monitoring may help to avoid these misinterpretations.  

The accurate identification of the disease stage with echocardiography has 

another benefit. It has been reported that biochemical and histopathologic characteristics 

of MCT rats differed markedly between animals with RV hypertrophy and those with 

symptoms of RV failure.12 This observation may suggest differences in response to 

treatment between RV hypertrophy and RV failure rats. Since the symptoms of RV failure 

occur shortly after the onset of contractile dysfunction (decreased TAPSE) and appear 

irreversible in the case of progressive pulmonary hypertension (continuous decrease in 

PAAT/CL), treatment may be more effective for attenuation of RV failure if started at the 

RV hypertrophy stage when RV systolic function is preserved. Thus, echocardiography 

permits more refined testing of the effectiveness of drugs by targeting the onset of 

treatment to different stages during development of RV failure in this model. Such 

analysis of disease stage-targeted drug effectiveness may also prove to be helpful in 

patients when clinical therapies are considered.    

Time course of development of MCT-induced RV failure  

In the present study, the time interval between MCT injection and development of 

clinical RV failure ranged from 24 to 42 days. Although echocardiographic changes, once 

started, progressed homogeneously and predictably, the intervals between MCT injection 

and time points at which echocardiographic parameters reached their cut-off values 

varied markedly among individual rats. This observation may be in part explained by 

differences in the effects of MCT on the pulmonary vasculature between individual rats 

leading to unequal rates of increase in pulmonary vascular resistance.15,34 Indeed, Ghodsi 

et al.15 observed rats with minimal changes of pulmonary vessels and pulmonary artery 

pressure comparable with control values even 4 weeks after MCT injection. Similarly, 

clinically observed heterogeneities in the rate of development of RV failure may be 

explained by varying speeds at which the underlying mechanisms cause RV overload. 
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Summary 

In summary, we have demonstrated the close temporal relation between the onset of 

changes of echocardiographic parameters and occurrence of clinical signs of RV failure in 

individual rats and the sequence of such changes. Echocardiographic analysis permits 

accurate determination of the stage of disease development in MCT induced RV failure. 

This may allow a better design of treatment studies in the MCT model by targeting 

treatments at specific disease states. Our data also raise the possibility that similar 

echocardiographic measurements could also be helpful in patients with chronic 

pulmonary hypertension to assess their likelihood of progressing to RV failure. However, 

this possibility remains to be studied clinically. 

Acknowledgements 

Dr Tan was supported by a fellowship grant of the Royal Netherlands Academy of Arts 

and Sciences (KNAW), the Netherlands Heart Foundation (NHS 2002B191), and the 

Bekales Foundation. 



Chapter 3 
 

__________________________________________________________________ 

 89 

 

References 

 

1. Goodlin SJ. Heart failure in the elderly. Expert Rev Cardiovasc Ther  2005;3:99-

106 

2. Jaarsma T, Haaijer-Ruskamp FM, Sturm H, Van Veldhuisen DJ. Management of 

heart failure in The Netherlands. Eur J Heart Fail  2005;7:371-5 

3. Jessup M, Brozena S. Heart failure. N Engl J Med 2003;348:2007-2018 

4. Book WM. Heart failure in the adult patient with congenital heart disease. J 

Card Fail 2005;11:306-12. 

5. Raymond RJ, Hinderliter AL, Willis PW, Ralph D, Caldwell EJ, Williams W et al. 

Echocardiographic predictors of adverse outcomes in primary pulmonary 

hypertension. J Am Coll Cardiol 2002;39:1214-19 

6. Yeo TC, Dujardin KS, Tei C, Mahoney DW, McGoon MD, Seward JB. Value of a 

Doppler-derived index combining systolic and diastolic time intervals in 

predicting outcome in primary pulmonary hypertension. Am J Cardiol 

1998;81:1157-61 

7. Chemla D, Castelain V, Herve P, Lecarpentier Y, Brimioulle S. Haemodynamic 

evaluation of pulmonary hypertension. Eur Respir J 2002;20:1314-31 

8. Jacobs AK, Leopold JA, Bates E, Mendes LA, Sleeper LA, White H, et al. 

Cardiogenic shock caused by right ventricular infarction: a report from the 

SHOCK registry. J Am Coll Cardiol 2003;41:1273–1279 

9. Mehta SR, Eikelboom JW, Natarajan MK, Diaz R, Yi C, Gibbons RJ, Yusuf S. 

Impact of right ventricular involvement on mortality and morbidity in patients 

with inferior myocardial infarction. J Am Coll Cardiol 2001;37:37–43 

10. Ceconi C, Condorelli E, Quizanini M, Rodella A, Ferrari R, Harris P. 

Noradrenaline, atrial natriuretic peptide, bombesin and neurotensin in 

myocardium and blood of rats in congestive heart cardiac failure. Cardiovasc Res 

1989;23:674-82. 

 



Sequence of echocardiographic changes during development of right ventricular failure in 
rat 
__________________________________________________________________ 

90 

 

11. Doggrell SA, Brown L. Rat models of hypertension, cardiac hypertrophy and 

failure. Cardiovasc Res 1998;3:89-105 

12. Farahmand F, Hill MF, Singal PK. Antioxidant and oxidative stress changes in 

experimental cor pulmonale Mol Cell Biochem 2004;260:21-29 

13. McMurtry MS, Bonnet S, Wu X, Dyck JR, Haromy A, Hashimoto K, et al. 

Dichloroacetate prevents and reverses pulmonary hypertension by inducing 

pulmonary artery smooth muscle cell apoptosis. Circ Res 2004;95:830-40 

14. Pasini E, Cargnioni A, Pastore F, Razzetti R, Bongrani S, Gitti GL, et al. Effect of 

nolomirole on monocrotaline-induced heart failure. Pharmacol Res 2004;49:1-5 

15. Ghodsi F, Will JA. Changes in pulmonary structure and function induced by 

monocrotaline intoxication. Am J Physiol 1981;240:H149-55 

16. Kato Y, Iwase M, Kanazawa H, Kawata N, Yoshimori Y, Hashimoto K, et al. 

Progressive development of pulmonary hypertension leading to right ventricular 

hypertrophy assessed by echocardiography in rats. Exp Anim 2003;52:285-94 

17. Werchan PM, Summer WR, Gerdes AM, McDonough KH. Right ventricular 

performance after monocrotaline-induced pulmonary hypertension. Am J Physiol  

1989;256:H1328-36 

18. Jones JE, Mendes L, Rudd MA, Russo G, Loscalzo J, Zhang YY. Serial noninvasive 

assessment of progressive pulmonary hypertension in a rat model. Am J Physiol 

2002;283:H364-71 

19. Bossone E, Bodini BD, Mazza A, Allegra L. Pulmonary arterial hypertension: the 

key role of echocardiography. Chest 2005;127:1836-43. 

20. Eysmann SB, Palevsky HI, Reichek N, Hackney K, Douglas PS. Two-dimensional 

and Doppler-echocardiographic and cardiac catheterization correlates of survival 

in primary pulmonary hypertension. Circulation  1989;80:353-60 

21. Meluzin J, Spinarova L, Hude P, Krejci J, Kincl V, Panovsky R, et al. Prognostic 

importance of various echocardiographic right ventricular functional parameters 

in patients with symptomatic heart failure. J Am Soc Echocardiogr 2005;18:435-

44 



Chapter 3 
 

__________________________________________________________________ 

 91 

 

22. Isobe M, Yazaki Y, Takaku F, Koizumi K, Hara K, Tsuneyoshi H, et al. Prediction 

of pulmonary arterial pressure in adults by pulsed Doppler echocardiography. 

Am J Cardiol 1986;57:316-21 

23. Martin-Duran R, Larman M, Trugeda A, Vazquez de Prada J. A, Ruano J, Torres 

A, et al. Comparison of Doppler-determined elevated pulmonary arterial 

pressure with pressure measured at cardiac catheterization. Am J Cardiol 

1986;57:859-863 

24. Brunner F. Cardiac endothelin and big endothelin in right-heart hypertrophy due 

to monocrotaline-induced pulmonary hypertension in rat.  Cardiovasc Res 

1999;44:197-206. 

25. Wolkart G, Stromer H, Brunner F. Calcium handling and role of endothelin-1 in 

monocrotaline right ventricular hypertrophy of the rat. J Mol Cell Cardiol 

2000;32:1995-2005 

26. Schenk P, Globits S, Koller J, Brunner C, Artemiou O, Klepetko W, et al. 

Accuracy of echocardiographic right ventricular parameters in patients with 

different end-stage lung diseases prior to lung transplantation. J Heart Lung 

Transplant 2000;19:145-54 

27. Ghio S, Recusani F, Klersy C, Sebastiani R, Laudisa ML, Campana C, et al. 

Prognostic usefulness of the tricuspid annular plane systolic excursion in patients 

with congestive heart failure secondary to idiopathic or ischemic dilated 

cardiomyopathy. Am J Cardiol 2000;85:837-42 

28. Casscells W, Vasseghi MF, Siadaty MS, Madjid M, Siddiqui H, Lal B, et al. 

Hypothermia is a bedside predictor of imminent death in patients with 

congestive heart failure. Am Heart J 2005;149:927-33 

29. Naschitz JE, Slobodin G, Lewis RJ, Zuckerman E, Yeshurun D. Heart diseases 

affecting the liver and liver diseases affecting the heart. Am Heart J 

2000;140:111-20 

 

 



Sequence of echocardiographic changes during development of right ventricular failure in 
rat 
__________________________________________________________________ 

92 

 

30. Kawahara Y, Tanonaka K, Daicho T, Nawa M, Oikawa R, Nasa Y, et al. 

Preferable anesthetic conditions for echocardiographic determination of murine 

cardiac function. J Pharmacol Sci 2005;99:95-104 

31. Pieri L. Preclinical pharmacology of midazolam. Br J Clin Pharmacol 1983;16:17S-

27S. 

32. Sprung J, Schuetz SM, Stewart RW, Moravec CS. Effects of ketamine on the 

contractility of failing and nonfailing human heart muscles in vitro. 

Anaesthesiology 1998;88:1202-10. 

33. Patel IH, Soni PP, Fukuda EK, Smith DF, Leier CV, Boudoulas H. The 

pharmacokinetics of midazolam in patients with congestive heart failure. Br J 

Clin Pharmacol 1990;29:565-569 

34. Meyrick B, Gamble W, Reid L. Development of Crotalaria pulmonary 

hypertension: hemodynamic and structural study. Am J Physiol 1980;239:H692-

702 

 

 

 

 

 

 

 

 

 

 



Chapter 4 

 

Right-to-left ventricular diastolic delay in chronic 
thromboembolic pulmonary hypertension is 
associated with activation delay and action 
potential prolongation in right ventricle 

 
 

Maxim Hardziyenka1,2, Maria E. Campian1, Berto J. Bouma3, André C. Linnenbank1, 

H.A.C.M. Rianne de Bruin-Bon3, Jaap J. Kloek4, Allard C. van der Wal5, Jan Baan Jr.3, 

Edouard M. de Beaumont6, Herre J. Reesink7, Jacques M.T. de Bakker1,2, Paul Bresser7, 

Hanno L. Tan1,3.   

 

1Heart Failure Research Center, Academic Medical Center, University of Amsterdam, 

The Netherlands; 2Interuniversity Cardiology Institute of the Netherlands, Utrecht, the 

Netherlands; Departments of 3Cardiology, 4Cardiothoracic Surgery, 5Pathology, 

6Anesthesiology, and 7Pulmonology, Academic Medical Center, University of Amsterdam, 

The Netherlands 

 

 

 

 

 

 

 

 

 

Circ Arrhythmia Electrophysiol. 2009; in press 



Right-to-left ventricle diastolic delay in chronic thromboembolic pulmonary hypertension 
is associated with activation delay and action potential prolongation in right ventricle  
__________________________________________________________________ 

94 

 

List of abbreviations  

 
ARI    activation-recovery interval 

CTEPH    chronic thromboembolic pulmonary hypertension  

DIVD    diastolic interventricular delay 

IVS    interventricular septum 

LV    left ventricle 

PEA    pulmonary endarterectomy 

RBBB   right bundle branch block 

RR   cycle length 

RV   right ventricle 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 4 
 

__________________________________________________________________ 

95 

 

Abstract  

 

Background: Delayed left ventricle (LV)-to-right ventricle (RV) peak shortening results 

in cardiac output reduction in patients with chronic thromboembolic hypertension 

(CTEPH) and other types of pulmonary arterial hypertension. Why the synchrony 

between LV and RV is lost, is unknown. We hypothesized that RV electrophysiologic 

remodeling, notably, conduction slowing and action potential prolongation, contribute to 

this loss in synchrony. 

Methods and Results: We conducted epicardial mapping during pulmonary 

endarterectomy in 26 CTEPH patients, and compared these findings with clinical, 

hemodynamic, and echocardiographic variables. We consecutively placed a 

multielectrode grid on the epicardium of the RV free wall and LV lateral wall. These 

regions corresponded to RV and LV areas where echocardiographic Doppler sample 

volumes were placed to measure RV-to-LV diastolic interventricular delay (DIVD). RV 

and LV epicardial action potential duration was assessed by measuring activation-

recovery interval (ARI). Onset of diastolic relaxation of RV free wall with respect to LV 

lateral wall (DIVD) was delayed by 38±31 ms in CTEPH patients versus -12±13 ms in 

control (p<0.001), because in CTEPH patients RV completed electrical activation later 

than LV (65±20 vs. 44±7ms, p<0.001) and epicardial action potential duration, as 

assessed by ARI measurement, was longer in RV free wall than in LV lateral wall (253±29 

vs. 240±22ms, p<0.001).  

Conclusion: Additive effects of electrophysiologic changes in RV, notably, conduction 

slowing and action potential prolongation, assessed by epicardial activation-recovery 

interval, contribute to diastolic interventricular delay in CTEPH patients. 
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Introduction 

 

Right ventricular (RV) failure is the common outcome and main cause of death in patients 

with chronic thromboembolic pulmonary hypertension (CTEPH)1,2. The mechanisms that 

underlie clinically manifest RV failure in CTEPH are incompletely understood3. Recent 

studies in patients with CTEPH4 and pulmonary arterial hypertension5 demonstrated 

delay in peak shortening of RV with respect to the interventricular septum (IVS) and left 

ventricle (LV). The associated RV-to-LV diastolic interventricular delay (DIVD) results in 

diminished efficiency of RV contraction and culminates in reduced cardiac output.  

However, the underlying mechanisms of DIVD are not fully known. 

We aimed at resolving the pathophysiologic basis of DIVD. We hypothesized 

that it results, at least in part, from RV electrophysiologic remodeling, i.e., changes in RV 

electrophysiologic properties secondary to RV hypertrophy/failure, analogous to LV 

electrophysiologic remodeling during LV hypertrophy/failure6. Previous studies in CTEPH 

patients have indicated that RV completes activation and repolarization later than LV7. 

Moreover, RV action potentials are prolonged in humans8 and experimental animals9 with 

RV dysfunction associated with severe heart failure, and RV hypertrophy caused by 

chronic RV pressure overload10 and RV volume overload11. In support of our hypothesis, 

we found that these changes in RV activation and action potential duration are associated 

with DIVD in CTEPH.  
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Methods 

Patient assessments 

We prospectively studied 26 consecutive CTEPH patients (mean age 58±13 years, 14 

women) who were referred between August 2004 and November 2007 for pulmonary 

endarterectomy (PEA) and had analyzable Tissue Doppler Imaging (TDI) 

echocardiographic recordings at preoperative assessment. CTEPH was diagnosed as 

reported previously12. PEA was performed using standardized surgical techniques13 and 

anesthesia protocols. Preoperatively, all patients underwent transthoracic TDI 

echocardiography, 12-lead ECG recording, pulmonary angiography, and RV 

catheterization. Thirteen age/sex-matched individuals (mean age 54±9 years, 8 women) 

without cardiovascular disease served as controls to establish normal echocardiographic 

values. All subjects gave written informed consent. Investigations were approved by the 

local institutional review board. 

 

DIVD analysis: Tissue Doppler Imaging echocardiography 

Echocardiographic recordings were made with a 1.6-3.2 MHz transducer following the 

guidelines of the American Society of Echocardiography. Chamber dimensions, LV early 

diastolic eccentricity index (a measure of early diastolic leftward IVS bowing), and 

Doppler flow parameters were analyzed as reported previously14,15. The color-coded TDI 

traces were recorded and analyzed off-line by positioning sample volumes in the middle 

of the basal portions of the RV free wall and LV lateral wall segments (Figure 1 and 

Supplemental Figure 1). From these traces, RV and LV peak velocities during systole (Sm) 

and early diastole (E’) were measured. Time to E’ was measured as time between onset 

of the QRS complex and onset of the E’ wave (early diastolic relaxation)16. DIVD was 

calculated by subtracting RV time to E’ from LV time to E’ (Supplemental Figure 1)16,17. 

To minimize the influence of heart rate, all times were corrected to the RR interval 

between two QRS complexes and expressed as percentage of cycle length16. The 

averages of at least two consecutive beats were used for comparisons. 

 



Right-to-left ventricle diastolic delay in chronic thromboembolic pulmonary hypertension 
is associated with activation delay and action potential prolongation in right ventricle  
__________________________________________________________________ 

98 

 

Electrophysiologic remodeling: epicardial mapping 

Twenty-six patients underwent epicardial mapping during PEA (body core temperature 

36.0-36.5ºC). At the time of measurement, spontaneous circulation was maintained and 

pulmonary arterial and systemic pressures were virtually identical to preoperative values 

obtained during right heart catheterization. A complete mapping protocol consisted of 

the following. In all patients, multielectrode grids (144 or 126 electrodes, 1x1 or 

0.4x0.4mm interelectrode distance, respectively) were consecutively placed on the 

epicardium of the RV free wall and LV lateral wall. Both areas corresponded to the basal 

RV and LV areas where echocardiographic Doppler sample volumes were placed during 

TDI recordings. These regions have been previously shown to be the last activated in 

CTEPH patients 7 and in the intact human heart18,19. As reference, we used a reference 

electrode placed on fat tissue of the chest wall. Unipolar electrograms were recorded 

during sinus rhythm and during constant pacing from the central electrode of the grid. 

The interval between a Reference time and the moment of the maximal negative dV/dt of 

the electrogram was used as activation time (Figure 2). The earliest deviation from 

baseline in recorded electrograms served as Reference time. We validated that this 

moment coincides with the onset of the QRS complex. Mean activation time of RV free 

wall and LV lateral wall was the average activation time of all electrograms of the 

multielectrode grid recorded during sinus rhythm. RV-to-LV activation delay was the 

difference between activation times of RV and LV. To assess RV and LV action potential 

durations, we measured activation-recovery intervals (ARIs)20 in electrograms recorded 

during constant pacing at the central electrode (500 or 600ms basic cycle length). ARIs 

were the time intervals between the maximum negative dV/dt of the local QRS 

complexes (local activation) and maximum dV/dt of the local T-wave (local 

repolarization)20 (Figure 3). Mean ARIs of RV and LV were the average ARI of all 

electrograms of the multielectrode grid placed on RV and LV, respectively. RV-to-LV 

difference in ARI was calculated by subtracting mean ARI of RV from mean ARI of LV. 

RV-to-LV delay in end-of-repolarization (delay between ends of repolarization of RV and 

LV) was the sum of RV-to-LV activation delay and RV-to-LV difference in ARI. The  
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longitudinal and transversal conduction velocities were calculated from ellipsoid 

activation patterns as described previously (Figure 3)21. 

   

Figure 1: Measurement of RV time to E’, LV time to E’, and DIVD. Tissue Doppler 

imaging recordings of velocity curves of RV free wall (yellow curves) and LV (green 

curves) lateral wall. Patient 1 has mean pulmonary artery pressure (mPAP) of 25 mmHg 

(A), patient 2 has mPAP of 57 mmHg (B), and patient 3 has mPAP of 33 mmHg (C). 

White lines in panels A, B, and C indicate onset of QRS complex. RV and LV time to E’ 

were intervals between onset of QRS and onset of early diastolic relaxation E’ of each 

ventricular wall (dotted yellow and green arrows, respectively). DIVD was the 

difference between time to E’ of RV and LV. Values of RV-to-LV delay in activation and 

difference in ARI were obtained during electrophysiologic study (see “Methods”). Note 

that patient 2 has large DIVD (60 ms) despite normal QRS duration (88 ms). 

Abbreviations: see List of abbreviations. (For color figure: see Appendix, page 249) 

 

Patient 1: 
DIVD= -10 ms 
QRS=78 ms 
RV-to-LV 

 activation delay=1 ms 
 difference in ARI=-3 ms 

Patient 2: 
DIVD=60 ms 
QRS=88 ms 
RV-to-LV 

 activation delay=22 ms 
 difference in ARI=28 ms 

Patient 3: 
DIVD= 90 ms 
QRS=140ms 
RV-to-LV 

 activation delay=53 ms 
 difference in ARI=30 ms 
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Interstitial fibrosis was assessed in histological sections of hearts obtained at postmortem 

analysis in 6 randomly taken regions of RV and LV each22. We studied 3 CTEPH patients 

who died perioperatively (one of them underwent electrophysiologic study during PEA), 

and 6 age/sex-matched patients who died of non-cardiac causes. Postmortem analysis in 

the remaining CTEPH patient who died perioperatively was declined by his relatives. 

Time to E’

E’

A’

Sm

ECG

Tissue Doppler
Imaging trace

Time to

E’

A’

Sm

ECG

Tissue Doppler
Imaging trace

 

Supplemental Figure 1: Measurement of “Time to E’”. Time to E’ is interval between 

onset of QRS and onset of early diastolic relaxation movement (E’, filled arrow). A’, atrial 

phase of diastolic filling. 

 

Statistics 

The statistical analysis was performed using SPSS version 16.0. Data are mean±SD or 

median with interquartile range. Paired and unpaired Student’s t-test, one-way ANOVA 

with Bonferroni post-hoc correction or non-parametric Wilcoxon signed rank tests 

were used for comparison when appropriate. There was no censoring in time-to-event 

measurements. Pearson’s and Spearman’s correlation analyses, logistic regression or 

linear regression analysis were conducted where appropriate to study an association 

between echocardiographic, hemodynamic and electrophysiologic parameters. P<0.05 

was considered statistically significant. 
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Figure 2: Method of determination of local activation time. Examples of RV (A, D) and 

LV (B, E) epicardial activation during sinus rhythm of patients 1 (A-C) and 2 (D-F) 

(same patients as in Figure 1). Activation time is interval between Reference time and 

maximum negative slope (solid black dots) of unipolar QRS complex (C and F). Time 

scale in panels A, B, D, and E indicates times from Reference time. Abbreviations: see 

List of abbreviations. (For color figure: see Appendix, page 250) 
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Figure 3: Method of determination of ARI. Example of RV (A, D) and LV (B, E) 

epicardial activation during constant pacing of patients 1 (A-C) and 2 (D-F). Local 

activation time was interval between onset of stimulus artifact (S) and maximum negative 

slope of local electrogram (solid black dots). Local repolarization time was maximum 

positive slope of local electrogram T wave (open dots). ARI was the difference between 

repolarization time and local AT. The activation maps were constructed, and longitudinal 

(black arrow, A) and transversal (white arrow, A) conduction velocities were 

calculated from the ellipsoid activation pattern. Abbreviations: see list of abbreviations. 

(For color figure: see Appendix, page 251) 
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Results 

Baseline patient characteristics 

Baseline patient characteristics are summarized in Table 1. All patients used oral 

anticoagulants for at least 3 months before referral, seven used the dual endothelin 

receptor antagonist bosentan, and none used antiarrhythmic drugs (including calcium 

channel blockers and beta-blockers). Patients with CTEPH had, on average, dilated RV 

(as shown by significantly larger RV end-diastolic diameter) with impaired early diastolic 

relaxation (reduced E’) and contractility (reduced RV peak Sm and tricuspid annulus 

plane systolic excursion). Reduced LV end-diastolic diameter was accompanied by 

decreased early diastolic relaxation velocity and leftward shift of IVS (LV early diastolic 

eccentricity index). Patients with CTEPH had significantly increased QRS and QTc 

duration (Table 1) and DIVD (Table 2) compared to control. 

 

Electrophysiologic basis of DIVD 

To test the hypothesis that increased DIVD results from RV electrophysiologic 

remodeling, we conducted epicardial mapping during PEA. The mean interval between 

echocardiographic and epicardial mapping was 16±6 days. On average, epicardial 

activation occurred significantly later in RV free wall than in LV lateral wall (65±20 vs. 

44±7ms, p<0.001) due to significantly slower longitudinal (47±6 vs. 58±10cm/s, p<0.001) 

and transversal (12±1 vs. 18±4cm/s, p<0.001) conduction velocities in RV. Moreover, 

mean ARI was significantly longer in RV than in LV (253±29 vs. 240±22ms, p<0.001). 

Thus, mean LV-to-RV activation delay and difference in ARI were 21±20ms and 15±21 

ms, respectively. This resulted in RV-to-LV delay in end-of-repolarization of 37±30ms. 

DIVD positively correlated both with RV-to-LV activation delay (Figure 4A) and RV-to-

LV difference in ARI (Figure 4B), confirming the roles of both slower conduction and ARI 

prolongation in RV. Of note, DIVD correlated even stronger with RV-to-LV delay in end-

of-repolarization, i.e., the added effects of activation delay and ARI prolongation in RV 

(Figure 4C). 
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Among all patients, CTEPH patients without right bundle branch block (RBBB) 

had significantly increased DIVD (28±28 ms) and longer QRS duration (95±14 ms) than 

control (p<0.001 and p=0.031, respectively), and RV-to-LV delay in activation of 16±17 

ms. Not surprisingly, 4 patients with RBBB had more pronounced increase in DIVD of 

78±19 ms (p<0.001 and p=0.001 vs. control and patients without RBBB, respectively) and 

QRS duration of 137±6 ms (p<0.001 vs. control and patients without RBBB), and RV-to-

LV activation delay of 49±10 ms (p<0.001 vs. patients without RBBB).   

 

Table 1: Baseline characteristics and electrocardiographic data of patients with CTEPH 

and controls. 

 Patients 

n=26 

Controls 

n=13 

NYHA class, I/II/III/IV 0/10/12/4  

Systolic arterial pressure, mmHg 125 ± 19  

Diastolic arterial pressure, mmHg 75 ± 8  

Mean arterial pressure, mmHg 92 ± 11  

Electrocardiography 

PQ duration, ms 167 ± 29 157 ± 16 

QRS duration, ms 100 ± 20 84 ± 8 * 

QTc duration, ms a 422 (41) 406 (21) ** 

Right bundle branch block, n 4 0 

Catheterization 

Mean pulmonary arterial pressure, mmHg 41 ± 15  

Total pulmonary resistance, dynes/sec/cm
−5 818 ± 507  

RV stroke volume index, ml/m2 31.6 ± 10.1  

Cardiac index, L/min/m2 2.4 ± 0.7  

Pulmonary capillary wedge pressure, mmHg a 8 (10) a (n=17)  

Mixed venous blood oxygen saturation, % a 64 (20) a (n=25)  

Data are mean±SD or  amedian (interquartile range). * p=0.004 vs. patients; ** p=0.006 

vs. patients; NYHA, New York Heart Association; Other abbreviations: see List of 

abbreviations. 
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To study one possible cause of slower RV conduction velocities, we analyzed 

the extent of interstitial fibrosis. Interstitial fibrosis in RV was significantly increased in 

CTEPH patients compared to patients who died of non-cardiac causes (12.0±1.7 vs. 

7.1±2.5%, p=0.02), but not different in LV between both groups (8.0±1.4 vs. 5.7±1.7%, 

p=0.4). 
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Figure 4: Relation between DIVD and RV-to-LV activation delay (A), RV-to-RV 

difference in ARI (B), and RV-to-LV delay in end-of-repolarization (C). Abbreviations: 

see list of abbreviations. 
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Table 2: Echocardiographic measurements in patients with CTEPH and controls. 

 

 Patients 

n=26 

Controls 

n=13 

p value 

Heart rate, beats per minute 79±12 67±13 0.006 

DIVD, ms 38±31 -12±13 <0.001 

DIVD/RR, % 5.2±4.5 -1.4±1.5 <0.001 

Left ventricle, diastole 

Early diastolic eccentricity index 1.34(0.68) a 0.98(0.07) a <0.001 

Early diastolic relaxation velocity (E’), cm/s 7.4±2.4 9.6±2.3 0.009 

End-diastolic diameter, mm 36±8 44±2 <0.001 

Time to E’, ms 408±47 454±46 0.006 

Time to E’/RR, % 53.1±5.8 48.7±4.2 0.019 

Left ventricle, systole 

Ejection fraction, % 63±8 68±11 0.19 

Peak systolic movement (Sm), cm/s 7.7±2.1 6.9±1.7 0.16 

Right ventricle, diastole 

Early diastolic relaxation velocity (E’), cm/s 6.1±2.8 8.5±1.8 0.002 

End-diastolic diameter, mm 42±11 31±2 <0.001 

Time to E’, ms 438±49 443±53 0.85 

Time to E’/RR, % 57.3±7.8 47.3±3.6 <0.001 

Right ventricle, systole 

Tricuspid regurgitation grade 2 (1) a   

Pulmonary artery systolic pressure, mmHg 64±26   

Tricuspid annulus plane systolic excursion, mm 18.5±5.6 22.5±2.7 0.005 

Peak systolic movement (Sm), cm/s 7.9±1.9 9.8±1.3 0.003 

 

Data are mean±SD or amedian (interquartile range). Abbreviations: see List of 

abbreviations. 
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Discussion 

We found that CTEPH is associated with augmented differences in electrophysiologic 

properties between RV and LV, notably slower conduction velocities and longer action 

potential durations in RV. These differences may contribute to increased DIVD in 

CTEPH patients because they may delay the completion of systole and the start of 

diastole of RV with respect to LV (Figure 5). 

 

Figure 5: Schematic representation of the mechanism by which electrophysiologic 

remodeling may cause DIVD. Averaged action potentials and Tissue Doppler Imaging 

traces of RV (dotted line) and LV (solid line) are temporally aligned. RV-to-LV 

repolarization delay constitutes DIVD and is sum of RV-to-LV activation delay (a) and 

difference in RV-to-LV action potential duration. Note that averaged RV action potential 

in CTEPH patient is prolonged by grey region compared to normal situation. Filled and 

open arrows indicate onsets of LV and RV early diastolic filling velocity E’, respectively. 

Abbreviations: see List of abbreviations. 
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Mechanisms contributing to DIVD  

We found increased DIVD in patients with CTEPH, regardless of whether RBBB was 

present or not although this increase was more prominent in patients without RBBB. 

This finding is in line with a previous study7, which showed that RV completed activation 

significantly later than LV, even in CTEPH patients who had no RBBB. Similarly, Marcus 

et. al.5 observed delayed RV peak shortening in patients with pulmonary arterial 

hypertension without RBBB. Importantly, in most of individuals without cardiovascular 

disease RV was activated either simultaneously with LV or slightly earlier18, 23. In the 

present study, 15 out of 26 CTEPH patients (88%) had RV-to-LV activation delay in 

excess of 20 ms. Although the possible alterations in the specialized conduction tissue of 

the right bundle branch in patients with CTEPH cannot completely be ruled out as a 

partial explanation of our findings it is most likely that this activation delay is explained by 

the observed slower longitudinal (~19%) and transversal (~ 33%) conduction velocities in 

RV that, in turn, may partly be based on increased interstitial fibrosis24. In the present 

study, RV collagen content in CTEPH patients was significantly higher than in patients 

who died of non-cardiac causes. Moreover, collagen contents of CTEPH patients were 

higher in RV than in LV, while RV and LV values were similar in patients who died of non-

cardiac causes, in accordance with previous studies25. Besides fibrosis, RV ischemia, as 

documented in patients with PAH26, may also contribute to conduction slowing27. 

Another important cause of delayed RV relaxation and DIVD in the present study is 

longer action potential duration in RV, as assessed by ARI. In healthy humans, average 

LV-ARI exceeds RV-ARI by 32 ms23. In patients with CTEPH, reduced density of the 

repolarizing sarcolemmal potassium currents IK1, Ito1, and IKs may be a possible mechanism 

of RV action potential prolongation8. Similarly, in experimental animals with chronic 

pulmonary arterial hypertension, RV action potential duration is prolonged in the early 

stages of hypertrophy due to increased density of the depolarizing sarcolemmal calcium 

current ICa-L, while, at late stages, it may be ascribed to a reduction in Ito density
10. Taking 

into account that the onset of early diastolic relaxation (RV and LV E’s) and, 

consequently, DIVD coincides in time with the ECG T-wave (Figure 1), it is not  
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surprising that, in the present study, DIVD correlated most strongly with RV-to-LV delay 

in end-of-repolarization. The RV-to-LV repolarization delay in CTEPH patients is 

compatible with the study of Chen et al.7.  

Increased RV size could also be a contributing factor to delayed RV electrical 

activation and repolarization with respect to LV. For example, in the present study, RV-

to-LV activation delay significantly correlated with echocardiographically-derived RV end-

diastolic diameter (r=0.56, p=0.003) and free wall thickness (r=0.61, p=0.001). Similarly, 

RV-to-LV delay in end-of-repolarization was directly related to RV end-diastolic diameter 

(r=0.61, p=0.001) and RV free wall thickness (r=0.66, p<0.001). 

 It is possible that other pathophysiologic mechanisms also contribute to 

prolonged RV contraction, delayed relaxation, and DIVD, in patients with RV disease and 

RV failure. For example, β-myosin heavy chain is upregulated in human end-stage heart 

failure28, but has slower force generation and decay rates29 than α-myosin heavy chain, 

the transcript present in healthy hearts. Moreover, delayed RV relaxation may result 

from regional ischemia in RV1, increased RV mass30, enhanced collagen deposition in RV, 

and abnormal intracellular calcium handling (delayed post-contraction sequestration of 

calcium into the sarcoplasmic reticulum)31 observed in RV hypertrophy and failure 

secondary to pulmonary hypertension. It cannot be ruled out that changes in LV action 

potential duration and conduction velocities may also occur to some extent in patients 

with severe CTEPH and RV failure. For instance, chronic pulmonary hypertension and 

subsequent RV dysfunction resulted in LV myocardial edema and fibrosis in an 

experimental study32. 

 

Relation between DIVD and end-systolic/early diastolic IVS position  

In the present study, IVS was shifted leftward in early diastole as evidenced by enhanced 

LV early diastolic eccentricity index (Table 2). Moreover, DIVD was directly related to 

the this index (r=0.67, p<0.001). In patients with pulmonary arterial hypertension, the 

end-systolic and end-diastolic IVS bowing are caused by inversed of low transseptal 

pressure gradient33. Indeed, in the study of Roeleveld et. al.34 the end-systolic/early  
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diastolic IVS bowing in patients with pulmonary arterial hypertension was caused by the 

transseptal pressure gradient inversion and was related to RV peak contraction delay 

and, accordingly, the onset of RV relaxation phase. In the present study, early diastolic 

IVS septal bowing in CTEPH patients may partly be explained by DIVD. However,  the 

well-known end-diastolic IVS leftward shift in patients with CTEPH and other types of 

with pulmonary arterial hypertension which is dictated by low or inversed transseptal 

pressure gradient can hardly be attributed to DIVD. Moreover, wether DIVD 

contributes to impaired LV diastolic filling in CTEPH35, 36 remains to be investigated.  

 

Study limitations  

We performed only standard longitudinal TDI that allows for simultaneous visualization 

of RV and LV free walls, although circumferential TDI may more accurately reflect 

diastolic interventricular delay. Secondly, RV and LV epicardial activation maps were not 

recorded simultaneously, and the areas covered by the electrodes were relatively small. 

However, our electrophysiologic data are in close agreement with previously published 

values by Chen et al.7, who recorded unipolar electrograms from the complete RV and 

LV epicardial surfaces, and demonstrated that, in CTEPH patients, RV completed 

activation later than LV although some patients had early RV epicardial activation 

breakthrough. Moreover, early RV epicardial activation breakthrough, if it occurred, took 

place 10ms later than reported normal values. Based on these observations, we believe 

that the electrophysiologic properties of the mapped parts of both ventricles which we 

report in the present study adequately reflect the augmented electrophysiologic 

differences between RV and LV in CTEPH. Thirdly, we did not investigate the 

relationship between delayed RV-to-LV delay in end-of- repolarization and the 

transseptal pressure gradient which determines IVS position in diastole33. The next 

limitation of the present study is that epicardial mapping was performed under general 

anaesthesia when the pericardium was open, while DIVD was assessed in conscious 

patients. Although the study of Blanchard et al.37 demonstrated negligible pericardium-

mediated interventricular interaction in patients with CTEPH in their study,  
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intrapericardial pressures may well have been increased in the present study, particularly 

in patients with decompensated heart failure. If so, opening of pericardium may have 

potentially lead to changes in interventricular interaction. Finally, we did not perform 

epicardial mapping in controls. However, our observation that CTEPH patients have 

significantly longer QRS and QTc durations than controls provide further evidence for 

electrophysiologic remodeling. 

 

Conclusion 

Additive effects of RV electrophysiologic remodeling, notably conduction slowing and 

action potential prolongation, as assessed by measuring activation-recovery intervals, 

contribute to increased DIVD in CTEPH patients.  
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Clinical perspective 

Early studies have indicated that resynchronization therapy may be beneficial in some 

patients with RV disease. Similarly, studies in animal models of RV pressure overload 

demonstrated improved interventricular synchrony, RV contractility, LV geometry, and 

cardiac output when RV was preexcited with respect to LV during biventricular pacing. 

Such intervention studies may also prove or refute the possibility that RV-to-LV delay in 

end-of-repolarization is causally related to DIVD and has, thus, a functional impact in 

CTEPH. If so, the fact that RV completes activation and repolarization later than LV 

provides the opportunity to preexcite RV with respect to LV in an effort to reduce RV-

to-LV phase shift. Future studies are required to resolve whether DIVD can be corrected 

by cardiac resynchronization therapy which aims at reducing RV-to-LV interventricular 

delay.  Such studies may be conducted in CTEPH patients who are not eligible for PEA, 

the therapy of choice for CTEPH, or those who did not benefit from it. Similarly, it must 

be also proven whether the findings of the present study may be clinically relevant in 

other patient categories with RV hypertrophy/failure, e.g., those who suffer from other 

categories of pulmonary hypertension, especially in combination with RBBB. However, 

these studies should be cautiously conducted in patients with severe RV failure because 

systolic septal motion towards the RV free wall was shown to be an important 

compensatory mechanism. 
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LVOT-VTI  left ventricular outflow tract velocity-time integral 
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Abstract 

 

Background: Right ventricular (RV) failure in patients with chronic thromboembolic 

pulmonary hypertension (CTEPH) and other types of pulmonary arterial hypertension is 

associated with right-to-left ventricle (LV) delay in peak myocardial shortening and, 

consequently, onset of early diastolic relaxation. We studied whether resynchronization 

of the onsets of RV and LV early diastolic relaxation improves hemodynamics. 

Methods and Results: Sixty-seven CTEPH patients (mean age 55±2years, 43 women) 

underwent tissue Doppler echocardiography, 12-lead ECG, pulmonary angiography, and 

RV catheterization. Seven of them with large (≥60ms) RV-to-LV delay in onset of early 

diastolic relaxation (diastolic interventricular delay, DIVD) underwent temporary 

atrioventricular (A-V) sequential pacing with incremental shortening of A-V delay to 

advance RV activation. Effects were assessed using echocardiography (n=7) and LV 

pressure-conductance catheter (n=4). Compared with right atrial pacing, A-V pacing at 

optimal A-V delay (average134±8ms, range 120-160ms) resulted in significant DIVD 

reduction (69±9ms to 3±11ms, p<0.001), and increase in LV outflow tract velocity-time 

integral (15.6±0.6cm to 17.5±0.7cm, p=0.003) and LV stroke volume (from 44±4ml to 

50±6ml, p=0.015), along with enhanced global RV contractility and LV diastolic filling. 

Conclusion: RV-to-LV resynchronization of onset of early diastolic relaxation results in 

stroke volume increase in CTEPH patients and may be a novel therapeutic target in RV 

failure. 
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Introduction 

 

Right ventricular (RV) failure is the main cause of death in patients with chronic 

thromboembolic pulmonary hypertension (CTEPH)1,2. At present, pulmonary 

endarterectomy is a treatment of choice for CTEPH1,3,4. However, ~30% of CTEPH 

patients are not eligible for pulmonary endarterectomy, while ~35% have persistent 

pulmonary arterial hypertension (PAH) after pulmonary endarterectomy5. Furthermore, 

despite progress in non-surgical treatment of CTEPH, survival rates of medically treated 

CTEPH patients remains low: overall five-year survival is 55%5, while patients with mean 

pulmonary arterial pressure >40mmHg have a six-year survival of only 35%6. Clearly, 

development of new therapeutic strategies for the treatment of RV failure secondary to 

CTEPH is of importance. 

In patients with CTEPH and other types of PAH, RV-to-left ventricle (LV) delay 

in peak myocardial shortening (i.e., later shortening in RV than in LV), and, consequently, 

delayed onset of RV diastolic relaxation contributes to diminished efficiency of RV 

contraction and reduced stroke volume7. We previously demonstrated in CTEPH 

patients that the delayed onset of RV early diastolic relaxation that underlies RV-to-LV 

delay in onset of early diastolic relaxation (which we called diastolic interventricular 

delay, DIVD) was explained by the added effects of RV activation delay and RV action 

potential prolongation8. 

Cardiac resynchronization therapy (CRT) is based on the principle that onset of 

activation of targeted regions of the heart is controlled (advanced). CRT has consistently 

demonstrated improvement in left-sided heart failure symptoms and a reduction in 

recurrent hospitalizations for heart failure exacerbation9,10. We hypothesized that CRT 

may confer similar benefits in patients with CTEPH and other forms of PAH that are 

associated with increased DIVD. The rationale is that DIVD may be reduced if RV 

activation delay is corrected with the use of CRT (even if RV action potential 

prolongation is not corrected); this would entail preexcitation of RV. In support of this 

hypothesis, experimental animals with acute PAH exhibited maximal increase in cardiac  
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output when RV was preexcited with respect to LV; in contrast, RV preexcitation in 

control animals resulted in hemodynamic deterioration11-13. To test whether these 

findings also apply to CTEPH patients, we conducted temporary atrioventricular (A-V) 

sequential pacing in 7 CTEPH patients with large DIVD, and studied whether RV 

preexcitation by incremental shortening of A-V delay reduced DIVD, and increased 

cardiac output. 
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Methods 

Patients 

In this single-center study, we studied 67 consecutive CTEPH patients (mean age 55±2 

years, 43 women) who were referred for pulmonary endarterectomy between March 

2008 and June 2009. CTEPH was diagnosed as reported previously3. Preoperatively, all 

patients underwent transthoracic tissue Doppler echocardiography, 12-lead ECG, 

pulmonary angiography, and RV catheterization. From this cohort, the last 7 patients who 

had large DIVD (≥60ms) underwent temporary A-V sequential pacing, including 4 in 

whom LV pressure-volume loops were recorded during pacing. All subjects gave written 

informed consent. Investigations were approved by the local institutional review board. 

 

Pacing protocol 

To study the effects of CRT (RV preexcitation), we performed temporary pacing 

(Medtronic Model 5388 dual chamber temporary pacemaker) with leads that were 

transfemorally placed in the right atrium (RA) and RV apex. Data were subsequently 

collected under the following conditions: sinus rhythm, RA pacing (A-pacing pre-CRT), 

A-V sequential pacing with incremental shortening of A-V delay, and RA pacing (A-pacing 

post-CRT). During A-V sequential pacing, the following A-V delays were used in 

successive order: 180ms, 160ms, 140ms, 120ms, and 100ms. The pacing rate was 100 

beats/min (n=6) or 80 beats/min (because Mobitz I A-V block occurred at faster rates, 

n=1). All pacing conditions were maintained for 1min to obtain steady-state before data 

collection. Data collection took ~1min; after this, the next pacing condition was started. 

The primary endpoint was increase in echocardiographically derived LV outflow tract 

velocity-time integral (LVOT-VTI), a measure of LV stroke volume14. The optimal A-V 

delay during A-V-pacing was defined as the A-V delay at which LVOT-VTI was maximal. 

Pacing with the optimal A-V delay was called A-V-pacing CRT. The entire pacing protocol 

was completed within 20min in all patients. 
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Echocardiographic measurements 

Echocardiographic recordings were made with a 1.6-3.2 MHz transducer following the 

guidelines of the American Society of Echocardiography. RV and LV end-diastolic and 

end-systolic areas were measured as previously reported14. Percentage of change in RV 

and LV area (fractional area change) was calculated for each ventricle by subtraction of 

end-systolic area from end-diastolic area. Pulse-wave Doppler was performed in the 

apical five-chamber view for measurements of LVOT-VTI. The intraobserver and 

interobserver variability in LVOT-VTI analysis by the readers of the echocardiograms 

(MH, HACMRdeBB, BJB) was measured by independent analyses of a set of 10 patients. 

Mitral valve inflow velocity-time integral (MV-VTI) was measured from pulse-wave 

Doppler derived transmitral velocities obtained at the mitral leaflet tips15. MV-VTI was 

used as an estimate of LV preload. Doppler-derived variables were averaged from three 

to five consecutive cardiac cycles. The color-coded Tissue Doppler Imaging traces were 

recorded and analyzed off-line by positioning sample volumes in the middle of the basal 

portions of the RV free wall and LV lateral wall segments8. From these traces, we 

measured DIVD8 along with RV and LV myocardial acceleration during isovolumic 

contraction (RV-IVA and LV-IVA)16,17. RV-IVA and LV-IVA were used as 

echocardiographic indexes for assessment of longitudinal contractility of RV and LV, 

respectively. 

 

LV hemodynamic measurements and data analysis 

Baseline hemodynamic data were obtained during routine diagnostic RV catheterization, 

including thermodilution cardiac output. LV pressure-volume loops were obtained in 

patients who also required left-sided catheterization for coronary angiography. To this 

end, a 7-F pigtail-equipped combined pressure-conductance catheter (CD Leycom, 

Zoetermeer, the Netherlands) was placed in the LV via a femoral artery. Pressure-

volume signals were displayed on a monitor after analog-to-digital conversion at 250Hz. 

The LV pressure and volume were continuously assessed at each A-V delay and periods 

of at least 20sec were selected for offline analysis. The following variables were  
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obtained18: heart rate, cardiac output, ejection fraction, stroke volume, stroke work (the 

area of the pressure-volume loop), end-systolic volume, end-diastolic volume, end-

systolic pressure, end-diastolic pressure, and peak positive (dP/dtmax) derivative of LV 

pressure. The relaxation time constant τ, an index for the active diastolic LV properties 

during isovolumetric relaxation, was defined as the time required for the LV cavity 

pressure to be reduced by one-half. 

 

Statistical analysis 

SPSS release 16.0 statistical software package for Windows (SPSS Inc., Chicago, Illinois) 

was used for analyses. Data are presented as mean±SEM or median with interquartile 

range. Linear regression analysis was performed to characterize the relation between 

DIVD and cardiac output. Data obtained during pacing were analyzed by repeated 

measures ANOVA or ANOVA on Ranks where appropriate. A value of P<0.05 was 

taken as statistically significant. 
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Results 

Baseline characteristics 

All patients used oral anticoagulants for at least 3 months before referral, and none used 

antiarrhythmic drugs. The average values of the whole cohort (n=67) were: mean 

pulmonary arterial pressure 42±2mmHg, cardiac output 4.6±0.3L/min, and DIVD 

38±4ms. In support of the notion that DIVD is a significant determinant of 

hemodynamics and functional capacity, we found that DIVD was inversely related to 

cardiac output (R= -0.48, p<0.001) (Figure 1). Baseline characteristics of the 7 patients 

who underwent A-V sequential pacing are presented in Table 1. Mean pulmonary arterial 

pressure and cardiac output in these 7 patients did not differ significantly from the rest of 

the cohort. All these patients were on bosentan treatment. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Relation between diastolic interventricular delay (DIVD) and cardiac output. 
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Effects of A-V sequential pacing on DIVD, LVOT-VTI, LV stroke volume, and chamber size 

The intraobserver and interobserver variability in LVOT-VTI measurements were 1.0% 

and 3.8%, respectively. The pacing protocol was completed and well-tolerated in all 7 

patients. A-V pacing CRT resulted in a ~12% increase in LVOT-VTI from 15.6±0.6cm 

during A-pacing pre-CRT to 17.5±0.7cm during A-V pacing CRT (p=0.003) (Figures 2 and 

3A, Table 2). During subsequent A-pacing post-CRT, LVOT-VTI returned to its baseline 

values (15.6±0.4cm, p=0.003 vs. A-V pacing CRT; Table 2). The maximal LVOT-VTI 

during A-V-pacing CRT was found at an optimal A-V delay of 134±8ms (range 120-

160ms) (Figures 2 and 3A). The response to A-V pacing CRT was similar in 6 patients 

(LVOT-VTI increased >10% compared to A-pacing pre-CRT). In 1 patient (Patient 2, 

Table 1), no increase in LVOT-VTI was observed. Improvement in LVOT-VTI was 

accompanied by significant reduction in DIVD from 69±9ms (A-pacing pre-CRT) to 

3±11ms (A-V-pacing CRT) (Figure 3B). DIVD returned to 49±6ms during subsequent A-

pacing post-CRT (p=0.002 vs. A-V pacing CRT) (Figure 3B). In comparison with A-pacing 

pre-CRT, A-V-pacing CRT was also associated with echocardiographic evidence of 

optimization of RV and LV diastolic function (reduced RV end-diastolic area and 

increased LV end-diastolic area and MV-VTI, respectively), and significant improvements 

in RV global and longitudinal contractility (increased RV fractional area change and RV-

IVA) and LV longitudinal contractility (increased LV-IVA) (Table 2).  

As a confirmation for the echocardiographically demonstrated increase in LV 

stroke volume (LVOT-VTI), we found that LV stroke volume, measured with the 

pressure-conductance catheter, increased significantly during A-V-pacing CRT compared 

with A-pacing pre-CRT (Table 3 and Figure 4).  Moreover, LV filling improved, as 

evidenced by increases in LV end-diastolic pressure and volume; however, these changes 

did not reach statistical significance (Table 3).  
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Table 1: Baseline characteristics of patients who underwent temporary atrioventricular 

sequential pacing. 

Patient  

1 2 3 4 5 6 7 

Age, years 61 58 60 60 66 51 65 

Sex f f f f m f f 

NYHA functional class III III III III III II II 

NT-proBNP, ng/L 3604 393 1014 259 110 528 513 

DIVD, ms 110 60 100 90 90 70 80 

PAPm, mmHg 50 60 46 53 31 41 52 

PCWP, mmHg 6 12 18 12 10 7 10 

Cardiac output, L/min 5.5 3.3 4.0 4.3 6.0 3.1 3.3 

PVR, dynes/sec/cm
−5 640 1181 560 772 280 887 1018 

RA pressure, mmHg 2 3 2 6 8 7 3 

Heart rate, bpm 86 83 57 97 56 55 73 

PR duration, ms 160 165 155 185 206 182 165 

QRS duration, ms 92 82 89 86 98 87 83 

 

Abbreviations: f, female; m, male; NT-proBNP, N-Terminal prohormone Brain 

Natriuretic Peptide; NYHA, New York Heart Association; PAPm, mean pulmonary 

arterial pressure; PCWP, pulmonary capillary wedge pressure; PVR, pulmonary vascular 

resistance; RA, right atrium. 
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Figure 2: Measurements of pulsed-wave Doppler derived left ventricle outflow tract 

(LVOT) velocity-time integrals (VTIs) (A, C, E) and color tissue Doppler derived 

diastolic interventricular delays (DIVDs) (B, D, E) during A-pacing pre-CRT (A, B), A-V-

pacing CRT at optimal A-V delay (C, D), and A-pacing post-CRT (E, F). Tissue Doppler 

imaging recordings of velocity curves of RV free wall (yellow curves) and LV lateral wall 

(green curves). White arrows indicate DIVD measured as the time interval between 

onsets of LV and RV early diastolic relaxation velocities (between green and yellow 

dashed lines, respectively)8 (For color figure: see Appendix, page 252) 
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Table 2: Acute effects of temporary atrioventricular sequential pacing on 

echocardiographic variables. 

p-value  

A-pacing 

pre-CRT 

A-V pacing 

CRT 

A-pacing 

post-CRT 

CRT vs. 

pre-CRT 

CRT vs. 

post-CRT 

post-CRT 

vs. pre-

CRT 

Right ventricle 

ED area, cm2 20.0±1.5 16.4±1.4 20.0±1.6 0.022 0.023 1.0 

ES area, cm2 14.0±1.3 10.7±1.0 13.9±1.7 0.017 0.021 1.0 

FAC, % 31±3 35±3 32±3 0.014 0.13 0.76 

IVA, m/s2 1.3±0.3 2.8±0.4 1.5±0.3 0.016 0.016 0.31 

Left ventricle 

LVOT-VTI, cm2  15.6±0.6 17.5±0.7 15.6±0.4 0.003 0.003 0.78 

MV-VTI, cm2 12.6 [4.3] a 13.1 [4.2] a 13.2 [4.3] a 0.047 0.37 0.11 

ED area, cm2 18.3±2.5 19.9±2.9 18.5±2.8 0.009 0.02 1.0 

ES area, cm2 7.4±0.7 7.8±0.6 7.3±0.8 0.21 0.12 0.68 

FAC, %  57±3 58±3 58±3 0.43 0.89 0.21 

IVA, m/s2 1.2±0.3 2.3±0.4 1.4±0.2 0.016 0.016 0.125 

 

Data are mean±SEM or amedian [interquartile range]. Abbreviations: ED, end-diastolic; 

ES, end-systolic; FAC, fractional area change. Other abbreviations: see List of 

abbreviations 
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Discussion 

We found that temporary A-V sequential pacing at optimal A-V delay resulted in RV-to-

LV resynchronization of onset of early diastolic ventricular relaxation, and increase in 

stroke volume, in CTEPH patients with large DIVD. This was associated with DIVD 

reduction, increased RV contractility, and optimization of LV diastolic filling.    

 

RV-to-LV resynchronization of onsets of early diastolic relaxation 

A-V sequential pacing at the optimal A-V delay led to resynchronization of onsets of RV 

and LV early diastolic relaxation, as evidenced by reduction in DIVD19. Although we did 

not assess RV and LV activation patterns and action potential durations, the reduction in 

DIVD may be explained by the fact that the delays in activation and end-of-repolarization 

of RV, as we8 and others20 reported before in CTEPH patients, were corrected by RV 

preexcitation. Importantly, we previously showed that DIVD is not only present in 

CTEPH patients with right bundle branch block, but also in those without8. Accordingly, 

although none of the 7 patients reported here had right bundle branch block, DIVD was 

reduced, and stroke volume was increased, by RV preexcitation. These findings support 

the view that RV-CRT in RV failure secondary to pressure overload may not only benefit 

patients with right bundle branch block21,22, but also those with large DIVD, but no right 

bundle branch block. Of note, the maximal LV stroke volume was achieved at an average 

A-V delay of ~134ms, whereas average PR duration was ~174ms at baseline. This 

suggests that optimal A-V delay involves preexcitation of RV with respect to LV by 

≥40ms. This finding is in line with previously published optimal interventricular delay of 

40ms during biventricular pacing in experimental animals with acute PAH11, 12. However, 

shortening of A-V delay beyond the optimal A-V delay failed to further increase LVOT-

VTI in the present study (not shown). This may be due to the fact that, when a certain A-

V delay is reached (most probably, defined as the optimal A-V delay in the present 

study), shorter A-V delay results in complete transmyocardial LV activation19. Thus, 

further shortening of A-V delay cannot induce more preexcitation of RV with respect to 

LV. On the other hand, diastolic filling of both RV and LV may be altered at extremely  
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short A-V delays because of critical reduction in diastolic filling time15. Interestingly, the 

calculated RV-to-LV preexcitation of ~40 ms was associated with ~65 ms DIVD 

reduction. Since asynchrony of cardiac motion exceeds that of electrical activation23, we 

speculate that changes in DIVD may exceed the extent of electrical RV-to-LV 

resynchronization. 

 

Figure 3: Acute effects of A-V pacing CRT at optimal A-V delay on left ventricle outflow 

tract velocity-time integral (LVOT-VTI) (A), DIVD (B). * and # - significant difference 

versus A-pacing pre CRT and A-pacing post CRT, respectively (see “Results” for p-

values). QRS duration increased from 88±2ms during A-pacing pre-CRT to 136±8ms 

(p<0.001) during A-V-pacing CRT at the optimal A-V delay. 
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Proposed mechanisms of LV stoke volume increase during A-V-pacing CRT  

Although several studies have shown that permanent RV pacing can have adverse effects 

on LV performance in patients with sick sinus syndrome24 and myocardial infarction25, we 

found no indication that LV global function deteriorated during A-V sequential pacing for 

~20 minutes. To the contrary, RV-to-LV resynchronization of onset of early diastolic 

relaxation at optimal A-V delay resulted in augmented LV stroke volume. Similarly, 

significant increase in cardiac output was observed when RV was preexcited with respect 

to LV by biventricular pacing in animals with PAH11 and acute pulmonary stenosis12,13. 

Since delayed onset of RV relaxation in patients with CTEPH and other types of PAH is, 

in part, responsible for diminished effectiveness of RV contraction and altered LV early 

diastolic filling7, the improvement in LV stroke volume, observed in the present study, 

might be explained by the following mechanisms.  

Firstly, RV-to-LV resynchronization of onsets of early diastolic ventricular 

relaxation resulted in improved global and local longitudinal contractility of RV (RV 

fractional area change and RV-IVA, respectively). In line with the present study, improved 

global RV contractility during biventricular pacing with RV-to-LV preexcitation increased 

cardiac output in animals with PAH11 and patients with RV failure21. In turn, enhanced 

global RV contractility may result from local26 and global RV preload optimization27, 28. In 

patients with CTEPH, RV volume and size are markedly augmented in diastole29. In the 

present study, the significant reduction in RV end-diastolic dimension (RV end-diastolic 

area) during A-V-pacing CRT may have diminished RV end-diastolic myocardial fiber 

stretch and shifted the operating point of RV myocardial fibers from the descending limb 

of the Frank-Starling relation to the position at which they shorten more efficiently27, 28. 

In patients with left-sided heart failure, biventricular CRT with a short A-V delay 

optimizes LV diastolic filling15. Similarly, in the present study, RV-to-LV preexcitation by 

A-V delay shortening during A-V sequential pacing may have reduced RV but not LV 

preload by shortening the dominant (atrial) phase of RV diastolic filling, as reported in 

patients with PAH30. In addition, minimization of leftward shift of the interventricular 

septum may also have contributed to increased global RV contractility13.  



Chapter 5 
 

__________________________________________________________________ 

135 

 

Table 3: Acute effects of temporary atrioventricular sequential pacing on LV dynamics 

(derived from LV pressure-volume relationship obtained by conductance catheter).  

p-value  

A-pacing 

pre-CRT 

A-V pacing 

CRT 

A-pacing 

post-CRT CRT vs. 

pre-CRT 

CRT vs. 

post-

CRT 

post-CRT 

vs. pre-

CRT 

Diastolic function 

EDV, mL 87±15 94±15 91±17 0.16 0.52 0.22 

EDP, mmHg 8.1±1.3 12.9±2.2 9.7±1.5 0.077 0.22 0.10 

τ, ms 33±2 33±2 33±2 0.65 0.84 0.59 

Systolic function 

ESV, mL 44±11 44±10 43±12 0.87 0.89 0.93 

ESP, mmHg 123±11 123±11 128±14 0.88 0.79 0.84 

Ejection fraction, % 51±4 55±3 55±4 0.42 0.86 0.23 

dP/dtmax, mmHg/s 1801±106 1735±74 1894±124 0.18 0.13 0.25 

Global function 

Stroke volume, mL 44±4 50±6 48±6 0.018 0.63 0.099 

Stroke work, 

mmHg*L 
4.9±0.4 5.1±0.6 5.1±0.3 0.91 0.95 0.75 

Data are mean±SEM. Abbreviations: see List of abbreviations. 

 

Secondly, significant decrease in RV end-diastolic dimension (RV end-diastolic 

area decrease) during A-V pacing CRT led to LV preload improvement (most likely due 

to direct diastolic interventricular interaction31-33), as demonstrated by significantly 

increased MV-VTI, LV end-diastolic area, and the trends in increases in end-diastolic 

pressure and volume (Table 2). Yet, increased LV diastolic filling due to improved RV 

systolic performance cannot be excluded34. Besides that, RV pacing may result in 

reciprocal (LV) local effective preload optimization26. Increased LV diastolic filling may 

stretch the LV myocardial fibers to their optimal length which allows optimizing fiber 

shortening in accordance with the Frank-Starling effect. In support for this explanation,  
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indexes of global LV contractility (dP/dtmax, ejection fraction, and fractional area change) 

were not significantly changed (Table 2 and 3), while LV stroke volume improved. 

Similarly, cardiac output augmentation by RV-to-LV preexcitation in animals with 

experimental pulmonary stenosis was related to increased LV end-diastolic diameter and 

geometry optimization13. However, it is most likely that RV-to-LV resynchronization of 

onset of early diastolic filling allows the heart to work more efficiently13, 35-37 by all above 

mechanisms, leading to improved interventricular interaction during both systole and 

diastole. 

 

Figure 4: Acute effects of A-V pacing CRT at optimal A-V delay on LV pressure-volume 

relationship (A) and LV stroke volume (B). *- p=0.018 versus A-pacing pre-CRT. 
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Study limitations and future studies 

This proof-of-concept study has several limitations. Firstly, a small number of subjects 

was included. Still, the results were consistent between the subjects. Secondly, we did 

not adjust interventricular delay by biventricular sequential pacing, but elected to 

perform A-V sequential pacing in this acute study, because of its technical simplicity, 

feasibility and safety38. Biventricular pacing may allow for more accurate optimization of 

RV-to-LV preexcitation by controlling interventricular delay39. Still, the maximal increase 

in LVOT-VTI was achieved during A-V sequential pacing at an average A-V delay that 

was, on average, ~40ms shorter than the patient’s PR duration at baseline. This finding is 

in close agreement with previous experimental animal studies that demonstrated 

hemodynamic improvement when RV was excited 40ms before LV during biventricular 

pacing11, 12. Thirdly, we performed only RV apical pacing, although we cannot exclude that 

pacing from other RV regions (e.g., the RV outflow tract, the last region of RV to be 

excited) may have been more beneficial40, 41. Fourthly, we did not assess changes in 

transseptal pressure gradient. However, the observed trend in LV-EDP increase during 

A-V pacing CRT suggests improvement in transseptal pressure gradient42. Finally, our 

data demonstrated acute augmentation of LV stroke volume, but proving that RV 

preexcitation is clinically beneficial in more chronic settings requires further study. 

Future studies must also establish the minimum DIVD at which RV preexcitation remains 

beneficial. This is of particular relevance, as experimental studies have indicated that RV 

preexcitation in control animals without PAH (and, presumably, without DIVD) resulted 

in hemodynamic deterioration11-13. 
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Clinical implication 

Our findings indicate that echocardiographically assessed DIVD reduction by RV 

preexcitation (RV-CRT) improves acute hemodynamics in patients with CTEPH. Hence, 

RV-CRT may become a novel therapeutic option for CTEPH patients who are not 

eligible for pulmonary endarterectomy, or those who have persistent PAH and DIVD, 

and no clinical improvement, after pulmonary endarterectomy. It is also conceivable that 

these findings are also clinically relevant for other patients with RV hypertrophy/failure, 

e.g., those who suffer from other categories of PAH. Of note, clinical benefit may be 

obtained both for patients with and without right bundle branch block, provided they 

have sufficiently large DIVD. Accordingly, a recent consensus on interventional and 

surgical modalities of treatment in PAH states that RV-CRT has potential and is likely to 

be safe for a pilot study in PAH patients43. 

 

Conclusion 

RV-to-LV resynchronization of onset of early diastolic ventricular relaxation resulted in 

stroke volume increase in CTEPH patients with large DIVD. This was associated with 

DIVD reduction, increased RV contractility, and optimization of LV diastolic filling. 

Maximal hemodynamic improvement was achieved during A-V pacing CRT at A-V delay 

of ~40ms shorter than a patient’s PR duration. 
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Abstract 

 

Rationale: Although right ventricular (RV) failure (RVF) due to pressure overload is 

associated with structural and electrophysiologic RV remodeling, the incidence of 

ventricular tachyarrhythmias is unknown in patients with chronic thromboembolic 

pulmonary hypertension (CTEPH), while it is low in other types of pulmonary 

hypertension. 

Objective: We aimed to assess the incidence of ventricular tachyarrhythmias in patients 

with CTEPH. Moreover, we aimed to relate our findings with structural and functional 

properties of the remodeled RV and left ventricle (LV) by studying the monocrotaline 

(MCT) rat model in which RVF is mediated by pulmonary hypertension. 

Methods and Results: We studied 122 consecutive CTEPH patients with 12-lead ECG 

recording, pulmonary angiography, and RV catheterization. In 55 patients, 

cardiopulmonary exercise was conducted to assess the incidence of arrhythmias. Hearts 

of RVF and control rats were used to conduct epicardial mapping and cellular 

electrophysiologic studies; RV and LV tissues were characterized by Picro-Sirius Red 

staining, Western blotting, and immunohistochemistry. In CTEPH patients, no ventricular 

tachyarrhythmias were documented, neither at rest, nor during exercise testing. Only 

single supraventricular and ventricular extrasystoles occurred during exercise testing in 

11 (20 %) and 13 (24 %) patients, respectively. Hearts of RVF rats exhibited no increased 

susceptibility to ventricular tachyarrhythmias; this was associated with increased 

excitation wavelength in both ventricles. 

Conclusions: The incidence of ventricular tachyarrhythmias in patients with severe 

CTEPH is low. In parallel, susceptibility to ventricular tachyarrhythmias of MCT rats in 

RVF is low. This is associated with increased excitation wavelength in both ventricles, 

which protects the heart against the occurrence of re-entrant excitation. 

 

Key words:  

right ventricular failure - pulmonary hypertension – arrhythmia - electrophysiology 
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Introduction 

Life-threatening ventricular tachyarrhythmias (ventricular tachycardia/fibrillation, VT/VF) 

are frequently observed in patients with left ventricular (LV) heart failure1. The 

pathophysiologic basis of this increased VT/VF incidence has been largely elucidated by 

studies which have addressed electrophysiologic and structural remodeling of LV during 

LV failure. In contrast, little is known about VT/VF incidence and 

electrophysiologic/structural remodeling of right ventricle (RV) during RV failure (RVF). 

Yet, RVF also poses a major public health problem2, 3. Chronic thromboembolic 

pulmonary hypertension (CTEPH) leads to RV pressure overload and may culminate in 

RVF with associated high mortality rates4. However, it is unknown whether CTEPH 

patients have an increased incidence of VT/VF. In patients with primary pulmonary 

hypertension5 and in experimental animal models of RVF6, RV pressure overload was not 

accompanied by increased VT/VF incidence. 

 Sustained VT/VF is often based on reentrant excitation, which critically 

depends on reduction in the wavelength of the excitation wavefront (the mathematical 

product of conduction velocity and effective refractory period, ERP)7-9. Experimental and 

clinical studies10-11 have indicated that RVF is associated with electrophysiologic and 

structural remodeling, similar to changes in LV during the development of LV failure. 

Prolongation of action potential (AP) duration in RV myocytes is a consistent finding in 

these studies. Recently, we demonstrated that RV ERP is prolonged in CTEPH patients12. 

This might increase excitation wavelength, thereby rendering the heart less susceptible to 

reentrant excitation. To test the hypothesis that RVF secondary to pressure overload is 

not associated with increased VT/VF risk, we assessed the incidence of VT/VF in CTEPH 

patients. To probe VT/VF vulnerability and its determinants, we studied structural and 

functional properties of ventricular myocardium in a rat model of RV pressure overload 

and RVF induced by monocrotaline (MCT). 
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Materials and Methods 

Patients 

We retrospectively studied 122 consecutive CTEPH patients (mean age 55±2 years, 71 

women) who were referred to the Academic Medical Center. CTEPH was diagnosed as 

reported previously 1. Medical histories of all patients were explored. All patients 

underwent 12-lead ECG recording, pulmonary angiography, and RV catheterization as 

part of the routine preoperative work-up. In 55 patients ECG was also recorded during 

maximal cardiopulmonary exercise testing (bicycle stress test). Plasma brain natriuretic 

peptide levels 2 and 6-minute walking distance 3 were determined in 96 and 108 patients, 

respectively. Investigations were approved by the local institutional review board. 

 

Table 1: Characteristics of patients 

 Six-minute walking distance, m 426±6 (n=108) 

NYHA class, I/II/III/IV 0/25/86/11 

Plasma brain natriuretic peptide level, pmol/l 11.8(0.7-189.9)a  (n=96) 

Systolic arterial pressure, mmHg 129±21 (n=112) 

Diastolic arterial pressure, mmHg 77±14 (n=112) 

Electrocardiography at rest 

PQ duration, ms 164±2 

QRS duration, ms 97±2 

QTc duration, ms 428±1 

Supraventricular tachycardia, n (%) 9 (7) 

First-degree AV block, n (%) 8 (7) 

RBBB, n (%) 9 (7) 

First-degree AV block combined with RBBB, n (%) 2 (2) 

LBBB, n (%) 1 (1) 

Catheterization 

Mean pulmonary arterial pressure, mmHg 43±2 

Total pulmonary resistance, dynes/sec/cm
−5 811±16 (n=114) 

Right atrial pressure, mmHg 9.0±1.7  (n=110) 

Cardiac index, L/min/m2 2.5±0.5  (n=114) 

Characteristics were analyzed in 122 patients, unless otherwise indicated. Data are 

mean±SEM or  amedian (interquartile range). 
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Animal model 

The study was approved by the institutional animal use committee. Animals were cared 

for in accordance with institutional guidelines for the care and use of laboratory animals. 

Twenty seven week-old male Wistar rats (obtained from Harlan, The Netherlands) (225-

285g) received an intraperitoneal injection of MCT (60mg/kg) to induce pulmonary 

hypertension and, secondary, RV hypertrophy and RVF 4. Eighteen control animals were 

injected intraperitoneally with the same volume of saline (3ml/kg). Transthoracic 

echocardiography was performed serially under 3% isoflurane inhalation anesthesia. RVF 

was defined by clinical parameters 4. The physical state of the animals was monitored 

daily. Animals were sacrificed as soon as they developed RVF (RVF rats) 4. Control rats 

were sacrificed when they had reached the same age as RVF rats. The rats were 

euthanized by intraperitoneal injection of 100mg/kg pentobarbital, preceded by 0.5ml 

(2500U) heparin. The chest was opened and the presence of pleural effusion was 

assessed, the aorta was cannulated, and the heart was dissected and transferred to a 

Langendorff perfusion set-up. The lungs and liver were dissected, blotted dry and 

weighed. Epicardial mapping, cell dimensions, cellular electrophysiology, and histology 

were performed as described below. The whole heart was weighed, and the weights of 

RV and LV (including interventricular septum) were assessed separately after epicardial 

mapping experiments. 

 

Epicardial mapping and data analysis 

Hearts were perfused according to the Langendorff technique at constant pressure 

(70cm H2O) with Tyrode’s solution (37°C) containing (mM): NaCl 130, KCl 5.6, CaCl2 

2.2, MgCl2 0.55, NaHCO3 24.2,  and glucose 11.1 equilibrated with 95% O2 and 5% CO2 

(pH=7.4) 5. Extracellular electrograms were recorded with a 208-point multi-electrode 

array, mounted on a micromanipulator. Electrodes were silver wires of 0.1mm diameter 

and arranged in a 16x13 grid at 0.5mm inter-electrode distances. Recordings were made 

in unipolar mode with regard to a reference electrode connected to the support of the 

heart. Electrograms were acquired with a 256-channel data acquisition system. Signals  
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were filtered (DC-1kHz [6dB]) and digitized with 24-bit resolution and 2kHz sampling 

frequency. The input noise of the system was 4µV (peak-peak). Recordings were made 

during stimulation (rectangular pulses of 2ms duration and twice diastolic threshold) from 

the center of the grid at a basic cycle length of 200ms. The ERP, i.e., the coupling interval 

of the longest premature stimulus that failed to activate the entire heart, was determined 

by applying 8 stimuli at a basic cycle length of 200ms followed by 1 premature stimulus. 

Starting at 180ms, the coupling interval of the premature stimulus was first reduced in 

10ms steps until conduction block occurred; subsequently, starting from the coupling 

interval of the last conducted premature stimulus, the coupling interval was prolonged 

with 1ms steps until ERP was reached. The time of steepest negative dV/dt in the 

unipolar electrogram was used as activation time and determined for all signals. 

Activation maps were constructed from the activation times 6. Longitudinal and 

transversal conduction velocities and activation wavelengths were calculated as described 

previously 7. 

 The susceptibility to arrhythmias was tested as follows. Eight basic stimuli were 

applied followed by 1 premature stimulus at a coupling interval 5ms longer than the 

locally determined ERP. If this protocol failed to induce arrhythmias, we applied 8 basic 

stimuli followed by 4 premature stimuli at ERP+5ms. If no arrhythmias could be induced, 

10-second burst pacing at the shortest possible cycle length was applied. We first 

determined ERP and susceptibility to arrhythmias in RV and subsequently in LV. 

 

Myocyte isolation and measurement of cell dimensions 

Enzymatically isolated myocytes 8 were placed in a cell chamber on the stage of an 

inverted microscope and superfused with a solution (37°C) containing (mM): NaCl 148, 

NaHCO3 1.0, KHCO3 3.3, KH2PO4 1.4, MgCl2 1.9, CaCl2
 1.3, glucose 11.0, HEPES 16.8 

,pH=7.3 (NaOH). The length and width of 50 randomly selected viable rod-shaped 

myocytes of RV and LV each of 7 RVF rats and 4 controls were measured (3µm 

resolution). 
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Cellular electrophysiology 

Data acquisition. APs and whole-cell sodium current (INa) were recorded using an 

Axopatch 200B amplifier (Molecular Devices, Sunnyvale, CA, USA). Voltage control, data 

acquisition, and analysis were accomplished using custom-made software. INa signals were 

low-pass filtered (cut-off 5kHz) and digitized at 20kHz. APs were filtered and digitized at 

10 and 40kHz, respectively. Cell membrane capacitance (Cm) was estimated as described 

previously 9. Series resistance was compensated for by ≥80%. 

 Action potential. APs were recorded at 36±0.2ºC with the perforated patch-

clamp technique. The bath solution contained (mM): NaCl 140, KCl 5.4, CaCl2 1.8, MgCl2 

1, glucose 5.5, HEPES 5; pH 7.4 (NaOH). Pipettes (2–3 MΩ) were filled with solution 

containing (mM): K-gluconate 125, KCl 20, NaCl 5, amphotericin-B 0.22, HEPES 10; pH 

7.2 (NaOH). APs were elicited during stimulation at a frequency of 1.0, 2.5, 5.0, and 

7.5Hz by 3-ms 20-40% suprathreshold current pulses through the patch pipette. We 

analyzed resting membrane potential, maximal AP upstroke velocity, maximal AP 

amplitude, and AP duration at 20, 50, and 90% repolarization (APD20, APD50, and APD90). 

Data from 10 consecutive APs were averaged. Potentials were corrected off-line for 

their estimated liquid junction potential. 

 Sodium current. INa was recorded at 20ºC with the whole-cell ruptured patch-

clamp technique. The bath solution contained (mM): NaCl 7.0, CsCl 133, CaCl2 1.8, 

MgCl2 1.2, glucose 11.0, HEPES 5.0, and nifedipine 0.005; pH 7.4 (CsOH). Pipettes (1–2 

MΩ) were filled with solution containing (mM): NaCl 3.0, CsCl 133, MgCl2 2.0, Na2ATP 

2.0, TEACl 2.0, EGTA 10, HEPES 5.0; pH 7.3 (CsOH). Activation and inactivation were 

determined using the protocol indicated in Figure 4A, with a holding potential of -140 

mV and a 3sec cycle time. Current density was calculated by dividing whole-cell current 

amplitude by Cm. Voltage-dependence of (in)activation was determined by fitting a 

Boltzmann function (y=A/[1+exp{(V-V1/2)/k}]) to the individual curves, yielding half-

maximal voltage (V1/2) and slope factor (k). 
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Histology 

RV and LV tissues of 4 RVF rats and 4 controls were used for histologic investigation. 

Tissue was excised from the positions where the multielectrode recordings were made 

and fixed in formalin. Seven-µm thick sections were cut parallel to the epicardium, 

stained with Picro-Sirius Red, and examined by light microscopy (10x magnification) for 

collagen. The amount of collagen in the recording area was determined using the Image-

Pro Plus software package (version 5.02, Media Cybernetics) after digitizing 6 randomly 

selected fields per section with a slide scanner. 

 

Western blots and immunohistochemistry 

Total cellular protein was isolated from the RV and LV free walls of 5 RVF rats and 5 

controls. Tissue sections were rapidly frozen in liquid nitrogen, pulverized in a custom- 

made mortar cooled with liquid nitrogen, and transferred to lysis buffer (RIPA buffer 

with 150mM NaCl, 10mM Na2HPO4, 1% Triton X-100, 1% deoxycholic acid, 0.1% SDS, 1 

mM EDTA, 50mM NaF, 0.5% 1.5mM aprotinin, and 0.5% 200mM PMSF in isopropanol). 

Total protein content of the supernatant was analyzed with a BCA quantification assay. 

Equal amounts of the individual lysates were pooled for each group (n=5). SDS-PAGE and 

Western blotting were performed using antibodies directed against the Connexin-43 

protein (Cx-43) (Transduction). 

 To compare the expression levels of Cx-43 between RVF and control hearts, 

the pooled samples were separated on gel (25µg total cellular protein per sample) and 

blotted onto nitrocellulose. The optical densities of the obtained signals were quantified 

(ImageQuant software) and corrected for possible deviations in the amount of 

transferred total protein. For this, reversible Ponseau-S staining of the blots was 

performed after which signals were digitized by scanning at 400DPI. 

 Cryosections (10µm thickness) were sliced perpendicular to the epicardial 

surface from biopsies rapidly frozen in liquid nitrogen. Thus, each section encompassed  
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the entire ventricular wall. Immunohistochemistry was performed as described 

previously 7. In brief, sections were mounted on aminopropyltriethoxysilane-coated glass 

slides. For immunolabeling, sections were permeabilized in 0.2% Triton X-100 (1hr), 

blocked in 2% bovine serum albumin (30min) and incubated overnight with Cx43 

(Zymed, 1:250) and α-actinin (Sigma, 1:1000) in the presence of 10% normal goat serum. 

Secondary labelling (2hr in presence of 10% normal goat serum) was performed with 

donkey-anti-mouse Texas Red (Jackson Labs, 1:100) and goat-anti-rabbit fluorescein 

isothiocyanate (Jackson Labs, 1:250). All chemicals were dissolved in phosphate buffered 

saline that also was used to wash the sections in between the subsequent incubations. 

Finally, sections were mounted in Vectashield mounting medium (Vector Laboratories) 

and examined with a light microscope with epifluorescence equipment. 

 

Statistics 

Statistical analysis was performed using SPSS software version 16.0.0. All data are 

presented as mean±SEM. Between-group comparisons were performed using unpaired 

two-tailed Student’s t tests. p 0.05 was considered statistically significant.  
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Results 

Assessment of arrhythmias in CTEPH patients 

The clinical, electrocardiographic and hemodynamic characteristics of the patients are 

presented in Table 1. The average duration of CTEPH symptoms was 3.2 years (range 

0.6-12 years). At the time of referral to our hospital, most patients had severe CTEPH 

with marked reduction in exercise capacity, and RV contractile failure. All patients were 

in sinus rhythm, except for 1 patient (1%) who had permanent atrial fibrillation. Three 

patients (2%) had syncope; in 2 patients this was ascribed to paroxysmal atrial fibrillation. 

Ten patients (8%) complained about palpitations during daily physical activity, but ECG 

documentation of these episodes was not available. Among the 55 patients who 

underwent cardiopulmonary exercise testing, solitary supraventricular and ventricular 

extrasystoles were documented during exercise in 11 (20%) and 13 (24%), respectively. 

These ventricular extrasystoles had a left bundle branch block morphology/inferior axis 

(8 patients, 15%) or a right bundle branch block morphology/superior axis (5 patients, 

9%). No VT/VF episodes or cardiac arrest were documented, neither at rest, nor during 

exercise testing. 

 

Echocardiographic features and pathological findings in rat model 

On average, RVF occurred at 26±2 (22-30) days after MCT injection. Table 2 shows 

echocardiographic parameters (recorded during the last examination before 

electrophysiologic study) and morphometric parameters of control and RVF rats. 

Compared to controls, RVF rats had significantly thicker RV wall, dilated RV with 

reduced contractility (reduced tricuspid annulus plane systolic excursion), and RV 

diastolic dysfunction. Diastolic function of LV was also impaired (reduced mitral E/A 

ratio). Echocardiographic data were in line with pathological findings: compared to 

controls, RVF rats had significantly reduced body, LV, and liver weights, and increased 

lung and RV weights. Moreover, RVF rats had pleural effusion, while controls did not. 
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Table 2: Echocardiographic and morphometric parameters of control and RVF rats. 

 Control 

n=14 

RVF 

n=13 

p-value 

Echocardiographic parameters at sacrifice 

Right ventricle 

RV free-wall thickness, mm 0.63±0.01 1.12±0.04 <0.001 

RV end-diastolic diameter, mm 4.1±0.1 6.9±0.2 <0.001 

Tricuspid E/A ratio 0.7±0.1 0.2±0.1 <0.001 

Tricuspid annulus plane systolic excursion, mm 3.1±0.3 1.6±0.1 <0.001 

Left ventricle 

Posterior wall thickness, mm 1.54±0.07 1.71±0.09 0.14 

End-diastolic diameter, mm 7.5±0.08 4.6±0.14 <0.001 

Mitral E/A ratio 1.25±0.02 0.84±0.09 0.001 

Ejection fraction, % 69.4±1.8 69.7±2.9 0.94 

Morphometric parameters 

Body weight, g 352±17 282±13 <0.001 

RV weight, g 0.23±0.00 0.41±0.01 <0.001 

LV, g 1.13±0.27 0.95±0.29 <0.001 

RV weight/LV weight ratio 0.2±0.0 0.4±0.0 <0.001 

Lung weight, g 1.3±0.1 2.5±0.2 <0.001 

Liver weight, g 15±1 10±1 <0.001 

 

LV: left ventricle; RV: right ventricle; RVF: right ventricular failure. 

 

Electrophysiologic characteristics of RVF and control rats 

Ventricular arrhythmia inducibility 

VT/VF was non-inducible during electrophysiologic study, neither in RVF rats (n=13), nor 

in controls (n=14). 
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Figure 1: Examples of determination of effective refractory period (A) during 

programmed stimulation and subepicardial activation maps during constant pacing at basic 

cycle length of 200 ms (B). RV: right ventricle; LV: left ventricle; S1: stimulus applied at 

basic cycle length of 200 ms; S2: premature stimulus with a coupling interval at the 

refractory period; RVF: RV failure; CTRL: control.(For color figure: see Appendix, page 

253). 
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Effective refractory periods and conduction velocities 

RVF rats had significantly longer RV ERP than controls (Figures 1A, 2A). LV ERP in RVF 

rats was also significantly longer than in controls, but the prolongation was less 

prominent than in RV (Figures 1A, 2A). RV longitudinal and transversal conduction 

velocities in RVF rats were significantly higher than in controls (Figures 1B, 2B-C), while 

the anisotropy ratio (ratio between longitudinal and transversal conduction velocities) 

was reduced (1.61±0.05 in RVF [n=13] vs. 1.90±0.06 in controls [n=14], p=0.002). In the 

LV of RVF rats, only longitudinal conduction velocity was significantly reduced (Figures 

1B, 2C), and the anisotropy ratio was not significantly changed. Excitation wavelengths in 

both RV and LV were longer in RVF rats than in controls (Figure 2D). 

 

Action potential characteristics 

Figure 3A shows representative APs measured at a 2.5Hz pacing rate from a RV and LV 

myocyte of a control and RVF rat. Figure 3B shows average values of various AP 

characteristics. RV and LV myocytes of RVF rats had 300% and 50% longer APs at 90% 

repolarization, respectively. This AP prolongation was present at all pacing rates used 

(Figure 3C), but less pronounced at higher frequencies. In contrast, no significant 

differences in resting membrane potential, AP amplitude and maximal upstroke velocity 

were observed between RVF rats and controls (Figure 3B). 

 

Sodium current properties 

Figure 4A shows representative INa recordings from a RV and LV myocyte of a control 

and RVF rat. Mean INa densities were not significantly different between RVF rats and 

controls (Table 3). Voltage dependence of INa activation was not different between RVF 

rats and controls in LV myocytes (Table 3, Figure 4B). However, in RV myocytes, V½ of 

activation was ~9mV more negative in RVF than in controls (p<0.05, Table 3, Figure 4B). 

Voltage-dependent inactivation was not different between RVF rats and controls (Figure 

4B). 
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Table 3: Parameters of sodium current. 

 RV LV 

 Control 

n=10 

RVF 

n=8 

Control 

n=8 

RVF 

n=8 

Current density, pA/pF -86±11 -66±8 -76±11 -66±10 

Inactivation  

 V1/2, mV -88.1±3.2 -95.5±2.7 -92.8±3.0 -89.6±4.0 

 k, mV -6.7±0.5 -6.9±0.5 -6.6±0.6 -7.0±0.4 

Activation  

 V1/2, mV -52.0±2.5 -60.8±1.8 * -58.0±3.0 -58.5±2.2 

 k, mV 4.0±0.3 4.0±0.5 4.6±0.5 4.0±0.5 

LV: left ventricle; RV: right ventricle; RVF: right ventricular failure; V1/2: half-maximal 

voltage of (in)activation; k : slope factor of (in)activation.*p<0.05 vs. control 

 

Figure 2: Effective refractory period (A), longitudinal (B) and transversal (C) 

conduction velocities, and excitation wavelengths (D).  RV: right ventricle; LV: left 

ventricle; CV: conduction velocity; ERP: effective refractory period; RVF: RV failure; 

CTRL: control.  

 

0

20

40

60
p<0.001

p<0.001

LVRV

T
ra

n
sv

er
sa

l 
C

V
 (

cm
/s

)

0

40

80

120

p<0.001

 

p<0.001

p<0.001

E
R

P
 (

m
s)

0

25

50

75

100

P=0.005

P=0.001

P=0.007

P=0.003
L
o
n
gi

tu
d
in

al
 C

V
 (

cm
/s

)

A B 

C D 

0

1

2

3

4

5

p< 0.001

LVRV

p= 0.001

p< 0.001

E
x
ci

ta
ti
o
n
 w

av
el

en
gt

h
 (

cm
)

 CTRL (n=14)

 RVF (n=13)



Right ventricular failure secondary to pressure overload is not associated with ventricular 
arrhythmias because wavelength is prolonged 
__________________________________________________________________ 

160 

 

 

Figure 3: Typical action potentials (APs) at 2.5Hz (A), average AP characteristics 2.5Hz  

(B), and average AP duration at 90% repolarization (APD90) at 1-8 Hz (C). dV/dtmax : 

maximal AP upstroke velocity; RMP : resting membrane potential; , APA : AP amplitude 

APD20 and APD50 : AP duration at 20 and 50% repolarization; RV: right ventricle; LV : left 

ventricle; RVF: RV failure; CTRL: control.    

 



Chapter 6 
 

_________________________________________________________________ 

161 

 

 

Figure 4: Typical examples of sodium current recordings (A) and average. 

activation/inactivation curves (B).  Inset shows the voltage clamp protocol used. RV: right 

ventricle; LV : left ventricle; RVF: RV failure; CTRL: control.    
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Tissue characteristics of RVF and CTRL rats 

Cell dimensions 

RV myocytes were wider in RVF rats than in controls (27.7±0.5 vs. 23.1±0.3µm, 

p=0.015), while their lengths were not significantly different (108.4±0.9 vs. 110.9±0.5µm, 

p=0.9). RV myocyte membrane capacitance was larger in RVF rats (26 myocytes, 

166±9pF) compared to controls (46 myocytes, 132±6pF, p=0.002). In contrast, LV 

myocytes were shorter and narrower in RVF rats than in controls (111.6±0.7 

vs.122.0±0.4µm, p=0.02, and 21.9±0.2 vs. 25.3±0.3µm, p=0.002, respectively), but their 

membrane capacitances were similar (30 RVF myocytes, 144±6pF vs. 35 control 

myocytes, 143±7pF, p=0.9). 

 

Expression and distribution of Connexin-43 protein 

Figure 5A shows double labeling of Cx-43 and α-actinin. Cx-43 expression was 

homogeneous and aligned along the intercalated disc, and, to a lesser extent, along the 

lateral myocyte borders. Cx-43 expression in RVF rats was denser in RV and less dense 

in LV compared to controls, but remained homogeneous. Quantification of Cx-43 

protein expression by Western blotting indicated a 30% increase in RV and a 24% 

decrease in LV of RVF rats (signals were corrected for differences in the total amount of 

transferred protein, Figure 5B). 

 

Collagen content 

The amount of interstitial collagen deposition was increased in RV, but not LV, of RVF 

rats compared to controls (Figure 5C).  
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Discussion 

 

We found that the incidence of VT/VF in patients with CTEPH was low. In accordance 

with this finding, VT/VF was not inducible in our experimental RVF model. Detailed 

electrophysiologic analysis in this experimental model revealed that this protection from 

VT/VF was consistent with an increase in excitation wavelength of RV and LV. In RV, this 

increase was caused by faster conduction velocity and longer ERP. In LV, it mainly 

resulted from ERP prolongation. 

 

Incidence of ventricular tachyarrhythmias in pressure overload-induced RV failure 

Although atrial tachyarrhythmias are the most common arrhythmias encountered in 

patients with RVF, VT/VF may also occur in patients with RVF2. For example, patients 

with congenital heart defects who underwent corrective cardiac surgery are at increased 

risk for VT/VF2, 6. However, these tachyarrhythmias are often linked to the surgical 

scars21, rather than to the presence of RV overload/failure. Accordingly, previous clinical5 

and experimental6 studies have shown that RV pressure overload did not result in 

increased incidence or susceptibility to VT/VF. Similarly, in the present study, no 

episodes of clinically relevant ventricular tachyarrhythmias were documented in any 

CTEPH patient. Yet, CTEPH manifested in 3 patients as syncope, a common sign of 

pulmonary embolism22. While syncope was ascribed to atrial fibrillation in 2 patients, 

ventricular tachyarrhythmias cannot be excluded as a possible cause. Solitary ventricular 

extrasystoles with left bundle branch block and right bundle branch block morphologies 

were observed in 13 (24%) patients at ~2.5 and ~6.0min after starting cardiopulmonary 

exercise testing. On the other hand, the reported arrhythmias, as present in 14% of 

syncope in pulmonary embolism, were associated with atrioventricular conduction 

disorders22. 
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Determinants of RV excitation wavelength 

Previous clinical11 and experimental10, 23, 24 studies have indicated that RV disease is 

associated with prolongation of RV AP duration. We also found AP prolongation and ~2-

fold ERP increase in RV of RVF rats. These changes in repolarization are most likely due 

to cardiac ion channel remodeling, e.g., downregulation of inwardly rectifying potassium 

current (IK1), transient outward potassium current (Ito), and/or the slow component of 

the delayed rectifier potassium current (IKs)
11. Conduction velocity, another determinant 

of excitation wavelength18, was faster in RV of RVF rats than in controls. RV myocyte 

hypertrophy (~22% larger cell width and ~26% larger cell capacitance in RVF rats) may 

explain this increase in conduction velocity16, 24-26. Although we also found a ~2-fold 

increase in interstitial collagen deposition that could theoretically impair transverse 

conduction, such a mild increase has been shown to hardly impair impulse propagation18, 

27. Moreover, the observed ~30% increase in Cx-43 protein expression, another 

important determinant of impulse propagation27, would facilitate conduction. Finally, the 

parallel shifts in voltage dependent activation and inactivation are expected to 

counterbalance each other with regards to their effects on conduction velocity. In 

agreement with this expectation, maximal AP upstroke velocity was unchanged. In 

disagreement with our findings, Uzzaman et al. demonstrated that rats with MCT-

induced RV hypertrophy had reduced longitudinal conduction velocity and unchanged 

transversal conduction velocity and Cx-43 protein expression28. These discrepancies may 

be due to the following. Firstly, Uzzaman et al. studied extracellular electrograms from an 

arterially perfused isolated RV free wall preparation, while we studied Langendorff-

perfused hearts. Secondly, Uzzaman et al. studied rats at fixed time points (2 and 4 

weeks) after MCT injection, although the rate of development of RVF in this model is 

highly variable15. Thus, these rats may have been at different stages of cardiac remodeling. 

Previous studies have shown both an up-regulation and down-regulation of Cx-43 

protein expression during development of heart failure in man29. This may be due to 

differences in disease stages studied, and the fact that these changes in Cx-43 protein 

expression can be faithfully monitored thanks to the rapid turnover (half-life ~1.3hours)    
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of Cx-43 protein30. Consistent with this notion, Tritthart et al. observed slower 

conduction velocity when RV myocytes were only slightly hypertrophied, but faster 

conduction when hypertrophy was more pronounced24. The primary goal of our 

investigation was to study electrophysiologic remodeling only at the end stage of RV 

disease, i.e., RVF.  

 

 

 

Determinants of LV excitation wavelength 

We found electrophysiologic remodeling in LV of RVF rats, i.e., AP/ERP prolongation, 

and longitudinal conduction slowing. Despite a reduced conduction velocity, the 

excitation wavelength in LV increased, similar to RV. In patients with CTEPH 31 and 

MCT-injected rats with RV hypertrophy and failure32, 33, LV diastolic function is impaired 

due to underfilling31. Indeed, the only echocardiographic LV variables that we found to be 

abnormal in RVF rats reflected diastolic dysfunction (LV end-diastolic diameter and E/A 

ratio), suggesting altered filling, while systolic parameters were unchanged. Mechanical 

underloading reduces cell dimensions34, 35, regardless of enhanced neurohumoral 

stimulation34. Accordingly, length and width of myocytes from the LV lateral wall of RVF 

rats were ~10% smaller than in controls, and LV weight was reduced, similar to previous 

studies36, 37. Reduced cell dimensions may explain the ~10% reduction in longitudinal 

conduction velocity16, 24-26. Further evidence of LV changes in RVF is provided by a 

pattern of fetal gene expression in LV similar to that of RV in two different rat models of 

RV disease: MCT-treated33 and pulmonary artery banded rats38. Since it is known that the 

unloaded heart replicates fetal gene expression profiles of hypertrophy39 and exhibits a 

hypertrophic phenotype of repolarization40, we speculate that LV electrophysiologic 

remodeling in RVF due to pressure overload may be secondary to chronic underfilling. 

The cellular mechanisms responsible for such remodeling in mechanically underloaded LV 

in RVF are unexplored. 



Right ventricular failure secondary to pressure overload is not associated with ventricular 
arrhythmias because wavelength is prolonged 
__________________________________________________________________ 

166 

 

 

Figure 6: Expression and distribution of Connexin-43 and interstitial collagen 

deposition. A: Immunolabeling of Connexin-43 (green) (upper panel) and double labeling 

of Connexin-43 (green) and α-actinin (red) (lower panel); B: Western blot (upper panel) 

and Connexin-43 expression (lower panel); C: Picro-sirius Red staining of collagen 

(upper panel) and interstitial collagen content (lower panel). Scale bars in panels A and C: 

100µm and 50µm, respectively. RV: right ventricle; LV : left ventricle; RVF: RV failure; 

CTRL: control. Cx-43: Connexin-43. (For color figure: see Appendix, page 254).    

 

Arrhythmia mechanisms in RV failure 

Besides re-entry, early afterdepolarizations and delayed afterdepolarizations may underlie 

ventricular tachyarrhythmias in heart failure8, 41. AP prolongation, found in the present 

study, and abnormal cellular calcium handling, reported previously in this model42, 

generally favor early afterdepolarizations and delayed afterdepolarizations, respectively.  
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Early afterdepolarizations are not likely to occur because they require slow heart rates43, 

whereas heart rates were fast in our RVF rats15. The finding that burst pacing failed to 

induce ventricular tachyarrhythmias indicates low susceptibility to delayed 

afterdepolarizations. While we found low susceptibility to ventricular tachyarrhythmias in 

RVF, clinical studies have indicated that supraventricular tachyarrhythmias, particularly 

atrial fibrillation, are common44. Indeed, in the present study, 8% of our patients had 

supraventricular tachyarrhythmias at rest, while 20% had solitary supraventricular 

extrasystoles during exercise testing. Given that atrial fibrillation is highly dependent on 

sufficient shortening of the excitation wavelength9, these findings suggest that excitation 

wavelength in atrium is shorter during RVF. We did, however, not conduct atrial 

electrophysiologic studies to test this possibility.  

 Although RV and LV failure from pressure overload share features of 

electrophysiologic remodeling (AP prolongation and increased conduction velocities 

caused by increased myocyte dimensions16, 24), ventricular arrhythmias, while rare in RVF, 

occur frequently in LV failure1, 8. A possible explanation for this RV-LV discrepancy is the 

fact that, in LV failure, Cx-43 protein is down-regulated and/or heterogeneously 

distributed45-47. In contrast, we found that, in subepicardial layer of RV, Cx-43 protein 

expression was increased and had homogeneous tissue distribution. 

 

Study limitations 

The retrospective design of our clinical study may have led to underestimation of the 

incidence of ventricular tachyarrhythmias in CTEPH. Possible occurrence of 

tachyarrhythmias was assessed periodically by clinical examination and standard ECGs. 

Because of the lack of closer rhythm monitoring in CTEPH (e.g., periodical Holter 

monitoring) and ECG monitoring in animals, it is possible that self-limiting VT episodes 

may have been missed. However, no episodes of clinically relevant tachyarrhythmias in 

patients were probably missed. Similarly, Sanyal et al. did not find VT episodes in MCT 

rats with RVF using telemetric ECG monitoring48. Moreover, exercise testing did not 

evoke ventricular tachyarrhythmias in our CTEPH patients, although this stressor often  
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causes significant arrhythmias in patients with structural heart disease. Another possible 

limitation is that detailed electrophysiologic analysis, as presented here, required the use 

of experimental animals. Although findings from the MCT rat model may not necessarily 

be applicable to CTEPH patients, this model is a widely accepted model to obtain 

pathophysiologic insights into pressure overload-induced RVF49. This is relevant, as 97 

patients (80%) in the present study were in NYHA functional class III/IV. 

 

Conclusion 

The incidence of ventricular tachyarrhythmias in patients with severe CTEPH is low. In 

parallel, susceptibility to ventricular tachyarrhythmias in the MCT rat model of 

pulmonary hypertension-induced RV disease is low. This is associated with increased 

excitation wavelength in both ventricles, which protects the heart against the occurrence 

of re-entrant excitation. 
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Abstract 

 

Objectives: To study whether patients with right ventricular (RV) failure (RVF) 

secondary to chronic thromboembolic pulmonary hypertension (CTEPH) have reduced 

left ventricular (LV) mass, and whether LV mass reduction is caused by atrophy. 

Background: LV in patients with CTEPH is underfilled (unloaded). LV unloading may 

cause atrophic remodeling which is associated with diastolic and systolic dysfunction. 

Methods: We studied LV mass using cardiac magnetic resonance imaging (MRI) in 36 

consecutive CTEPH patients (before/after pulmonary endarterectomy, PEA) and 11 

age/sex-matched healthy volunteers. We studied whether LV atrophy is present in 

monocrotaline (MCT)-injected rats with RVF or controls by measuring myocyte 

dimensions and performing in-situ hybridization.  

Results: At baseline, CTEPH patients with RVF had significantly lower LV free wall mass 

index than patients without RVF (38±1 vs. 47±2g/m2, p=0.004) or volunteers (45±2g/m2, 

p=0.017). After PEA, LV free wall mass index increased (from 41±1 to 48±2g/m2, 

p<0.001), as RV ejection fraction improved (from 31±2 to 56±3%, p<0.001). Compared 

to controls, rats with RVF had reduced LV free wall mass and smaller LV free wall 

myocytes. Expression of atrial natriuretic peptide was higher, while that of α-myosin 

heavy chain and sarcoplasmic reticulum calcium ATPase-2 were lower in RVF than in 

controls, both in RV and LV. 

Conclusions: RV failure in patients with CTEPH patients is associated with reversible 

reduction in LV free wall mass. In a rat model of RVF, myocyte shrinkage due to atrophic 

remodeling contributed to reduction in LV free wall mass.  
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Introduction 

 

Right ventricular (RV) failure (RVF) secondary to chronic pressure overload determines 

survival in patients with chronic thromboembolic pulmonary hypertension (CTEPH) and 

other forms of pulmonary arterial hypertension (PAH)1. The mechanisms underlying the 

development of heart failure in these patients are not fully understood. Both RV and left 

ventricular (LV) dysfunction occur in patients with CTEPH2-4 and other forms of chronic 

PAH5-8. This may be based on the fact that RV and LV function are closely 

interdependent9. In particular, because diastolic LV peak filling rate relates directly to RV 

ejection fraction7, LV diastolic filling is diminished in patients with CTEPH3,10 and other 

forms of chronic PAH6-8. This may cause LV unloading and atrophy. As diastolic and 

systolic function of fully(11) or partially12,13 unloaded LV is impaired due to atrophic 

remodeling14-16, we hypothesized that LV atrophy occurs in pressure overload-associated 

RVF, and that it contributes to heart failure pathophysiology. The aim of the present 

study was to provide evidence for reduction in LV mass in CTEPH patients with RVF 

with the use of cardiac magnetic resonance imaging (MRI). Moreover, we sought to 

establish whether reduction in LV mass is caused by atrophic remodeling by studying rats 

in which RVF secondary to pulmonary hypertension was induced by monocrotaline 

(MCT) injection17. This model is suitable to study LV remodeling, because we recently 

found that underfilled LV of these rats exhibits electrophysiologic changes18 which 

resemble those reported in atrophic LV19.  
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Methods 

Clinical study 

We retrospectively studied 36 consecutive CTEPH patients who were referred for 

pulmonary endarterectomy (PEA), and underwent cardiac MRI at preoperative 

assessment. CTEPH was diagnosed as reported previously20. PEA was performed using 

standardized surgical techniques21. Preoperatively, all patients underwent pulmonary 

angiography and RV catheterization. Coronary angiography was routinely performed in 

patients aged >35 years. Plasma brain natriuretic peptide levels were measured in all 

patients and 6-minute walking distance22 was determined in 26 patients. All patients who 

survived PEA were reassessed by cardiac MRI at 3-18 months post-PEA (median 8 

months). Eleven age/sex-matched healthy volunteers (mean age 52±3 years, 5 males) 

without cardiovascular disease served as controls. All subjects gave written informed 

consent. Investigations were approved by the local institutional review board. 

 

Determination of cardiac volumes and mass by MRI 

MRI was performed with a 4-element body phased-array coil and a 1.5-T whole body 

system (Sonata, Siemens Medical Solutions, Erlangen, Germany). MRI breath-hold cine 

imaging by means of steady state free precession pulse sequences was performed in the 

cardiac short-axis view in a stack of parallel imaging planes covering the LV and RV from 

base to apex. Pixel size was 1.3×1.3mm, slice thickness 6-8mm, and slice distance 2-

4mm.Temporal resolution was approximately 20-30 ms. Analysis was performed with the 

MR Analytical Software System (Medis, Leiden, The Netherlands). From the short-axis 

cine images, the RV and LV volumes and RV lateral wall mass were calculated for each 

temporal frame in the cardiac cycle, as described previously10. RV failure was defined as 

MRI-derived RV ejection fraction <45%23. Masses of LV free wall and IVS were assessed 

from the stack of parallel short-axis images by manual detection of endocardial and 

epicardial borders on each slice; the papillary muscles were included in analysis of masses 

of LV and free wall24 (Figure 1). Cardiac volume and mass were normalized to body  
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surface area. Additionally, the following parameters were calculated: RV and LV end- 

diastolic volume indexes (assessment of RV and LV diastolic function); RV and LV stroke 

volume indexes and ejection fractions (assessment of systolic function); LV peak filling 

rate (assessment of LV preload and diastolic function). 

 

 

Figure 1: Short-axis MRI images at the level of papillary muscles.  

Panels A and B: images of a healthy volunteer at end-diastole (A) and end-systole (B); 

panels C and D: image of a chronic thromboembolic pulmonary hypertension (CTEPH) 

patient with RV failure (RVF) at end-diastole (C) and end-systole (D) before pulmonary 

endarterectomy (PEA); panels E and F: images of a CTEPH patient with pre-operative 

RVF at end-diastole (E) and end-systole (F) after PEA. Left ventricular free wall is 

measured as the area encountered between manually bordered endocardial (red curve) 

and epicardial (green) curves. (For color figure: see Appendix, page 255) 

Healthy  

volunteer 

CTEPH patient with  
pre-operative RVF  

(before PEA) 

CTEPH patient with 
 pre-operative RVF  

(after PEA) 
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Experimental study 

Animal model 

The study protocol was approved by the institutional animal use committee and was in 

line with European Union directives on the care and use of experimental animals. Eight-

weeks-old male Wistar rats were injected intraperitoneally with a single dose of 60mg/kg 

monocrotaline (MCT, n=14) to induce heart failure secondary to PAH17. The control 

group (n=14) was injected with a comparable amount (3ml/kg) of the MCT vehicle. The 

animals were serially monitored clinically and by transthoracic echocardiography17,25. 

MCT-injected rats were sacrificed by intraperitoneal injection of 100mg/kg pentobarbital 

when they had developed clinical signs of heart failure17. Control animals were sacrificed 

at corresponding times. The thorax was opened and checked for the presence of fluid. 

The heart, lungs and liver were immediately dissected, blotted dry and weighed. RV was 

separated from atria, IVS and LV free wall in 10 MCT-treated animals and 10 controls, 

and weighed separately. Body weight and tibia length were measured26 and used for 

normalization of RV, IVS, and LV free wall masses (Table 3). Hearts from the remaining 

MCT-injected (n=9) and control (n=8) animals were either enzymatically dissociated to 

measure cell dimensions or fixed in paraffin for in-situ hybridization. 

 

Myocyte isolation and measurement of cell dimensions 

Enzymatically isolated myocytes27 were placed in a cell chamber on the stage of an 

inverted microscope during superfusion with a HEPES solution containing (mM): NaCl 

148, NaHCO3 1.0, KHCO3 3.3, KH2PO4 1.4, MgCl2 1.9, CaCl2
 1.3, glucose 11.0, HEPES 

16.8 (37°C, pH=7.3 [NaOH]). The length and width of 50 randomly selected viable rod-

shaped myocytes from the RV and LV free walls each of 5 RVF rats and 4 controls were 

measured (3µm resolution). 

 

In-situ hybridization 
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For in situ hybridization, 4 hearts from both control and RVF groups were fixed in 

freshly-prepared formaldehyde solution (4% paraformaldehyde [w/v] in sterile phosphate-

buffered saline, pH 7.4), dehydrated in graded alcohols, and embedded in paraplast28. We  

studied mRNA levels of genes whose expression levels are typically altered in atrophy 

and heart failure: atrial natriuretic peptide (ANP), α-myosin heavy chain (α-MHC), and 

sarcoplasmic reticulum calcium ATPase-2 (SERCA2).  

 

Statistics 

The statistical analysis was performed using SPSS version 16.0. Data are mean±SEM or 

median with interquartile range. Paired and unpaired Student’s t-test and non-parametric 

Wilcoxon signed rank tests were used to compare means of normally and not-normally 

distributed values, respectively. The groups were compared using one-way analysis of 

variance with Bonferroni post-hoc correction. Chi-square test was performed to 

compare proportions. P<0.05 was considered statistically significant. 
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Results 

Clinical study 

Baseline patient characteristics 

On average, CTEPH patients with RVF had significantly higher mean pulmonary 

artery pressure and total pulmonary resistance, and significantly lower cardiac index and 

6-minute walking distance than patients with preserved RV systolic function or controls 

(Table 1). Patients with RVF also had significantly lower LV peak filling rate and LV 

ejection fraction than patients without RVF or controls (Table 2). No patient had 

coronary artery disease at coronary angiography. 

 

LV free wall mass index in CTEPH patients with RVF 

At baseline, CTEPH patients with RVF had lower LV free wall mass index than patients 

without RVF or volunteers. Conversely, their IVS mass index was higher than in 

volunteers. LV mass index was not different between the groups (Table 2). There was no 

significant difference between patients without RVF and volunteers with regards to RV 

ejection fraction, or mass indexes of LV free wall or IVS (Table 2). PEA resulted in 

significant improvement in RV ejection fraction (from 31±2 to 56±3%, p<0.001) in 

patients with RVF at baseline. In parallel, LV free wall mass index increased (from 41±1 

to 48±2g/m2, p<0.001), while IVS mass index declined (from 28±2 to 22±1g/m2, p<0.001) 

compared to baseline. In contrast, patients without RVF at baseline exhibited no 

significant changes in RV ejection fraction (from 54±4 to 65±5%, p=0.3) or LV free wall 

mass index (from 49±5 to 53±6g/m2, p=0.2). 
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Table 1: Baseline characteristics of patients with chronic thromboembolic pulmonary 

hypertension. 

 All patients 

n=36 

No RVF 

n=9 

RVF 

n=27 

P value 

Age, years 56±2 55±5 57±3 1.0 

Male, n 13 4 9 0.69 

Systolic arterial pressure, mmHg 128±3 138±6 125±4 0.09 

Diastolic arterial pressure, mmHg 76±2 80±5 75±2 0.25 

Mean arterial pressure, mmHg 98±2 102±6 98±2 0.39 

6-minute walking distance, m 
375±22 

(n=26) 

484±48 

(n=5) 

350±21 

(n=21) 
0.017 

Plasma BNP level, pmol/ml 27.2 (84.9) a 2.9 (9.1) a 47.8 (105) a <0.001 

NYHA class I/II/III/IV, n 0/6/27/3 0/5/4/0 0/1/23/3 0.002 

Duration of symptoms, months 28 (61) a 28 (75) a 26 (52) a 0.58 

Catheterization 

mPAP, mmHg 48±2 35±3 52±2 <0.001 

TPR, dyne*sec*cm-5 935±69 627±73 1037±80 0.003 

RAP, mmHg 10.8±0.8 8.2±1.1 11.7±1.1 0.08 

PCWP, mmHg 10.9±0.7 9.9±1.1 11.3±0.9 0.42 

Cardiac index, L/min/m2 2.2±0.1 2.5±0.1 2.2±0.1 0.027 

 

Data are mean±SEM or amedian (interquartile range). RVF was defined as MRI-derived 

RV ejection fraction <45%23. Abbreviations: BNP, brain natriuretic peptide; mPAP, mean 

pulmonary arterial pressure; NYHA, New York Heart Association; PCWP, pulmonary 

capillary wedge pressure; RAP, right atrial pressure; RVF; right ventricular failure; TPR, 

total pulmonary resistance. 
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Table 2: Cardiac MRI parameters of chronic thromboembolic pulmonary hypertension 

patients and healthy volunteers. 

One-way ANOVA 

Bonferroni post-hoc P-value 

 

volunteer 

n=11 

no RVF 

n=9 

RVF 

n=27 

A B C 

Heart rate, beats per minute 67±2 73±4 77±2 0.5 0.018 1.0 

Right ventricle 

RVEDVI, mL/m2 67±4 64±6 105±5 1.0 <0.001 <0.001 

RVSVI, mL/m2 39±3 34±3 29±1 0.4 0.001 0.3 

RV free wall mass index, g/m2 23±1 29±3 47±3 0.8 <0.001 0.001 

RVEF, % 59±2 55±2 30±2 0.7 <0.001 <0.001 

Left ventricle 

LVEDVI, mL/m2 62±5 53±3 51±2 0.2 0.025 1.0 

LVSVI, mL/m2 41±3 35±3 30±1 0.2 <0.001 0.2 

LVPFR, mL/s 512±25 466±23 248±11 0.4 <0.001 <0.001 

LVPFR/LVEDV, s-1 4.7±0.4 4.5±0.2 2.5±0.1 1.0 <0.001 <0.001 

LV mass index, g/m2 66±3 71±4 65±2 1.0 1.0 0.6 

IVS mass index, g/m2 20±1 24±2 27±1 0.6 0.017 0.8 

LV free wall mass index, g/m2 45±2 47±2 38±1 1.0 0.017 0.004 

LVEF, % 66±2 65±3 57±2 1.0 0.01 0.04 

 

Data are mean±SEM. Abbreviations: IVS, interventricular septum; LV, left ventricle;  

LVEDVI, left ventricular end-diastolic volume index; LVEF, left ventricular ejection 

fraction; LVESVI, left ventricular stroke volume index; LVPFR, left ventricular peak filling 

rate; RV, right ventricle; RVEDVI, right ventricular end-diastolic volume index; RVEF, 

right ventricular ejection fraction; RVF; right ventricular failure; RVSVI, right ventricular 

stroke volume index; A, no RVF vs. volunteer; B, RVF vs. volunteer; C, RVF vs. no RVF. 
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Table 3: Echocardiographic parameters of rats at sacriface. 

 control 

n=14 

RVF 

n=14 

P value 

Right ventricle 

Free-wall thickness, mm 
0.65 ± 0.04 0.90 ± 0.10 <0.001 

End-diastolic diameter, mm 4.1 ± 0.1 6.4 ± 0.4 <0.001 

Tricuspid annulus plane systolic excursion, mm 
2.2 ± 0.1 1.3 ± 0.2 <0.001 

Systolic RV-RA pressure gradient, mmHg not measurable 

(no tricuspid 

regurgitation) 

69 ± 4  

Left ventricle 

IVS thickness, mm 1.17 ± 0.08 1.24 ± 0.14 0.14 

Posterior wall thickness, mm 1.16 ± 0.13 1.25 ± 0.08 0.08 

Diastolic function    

End-diastolic diameter, mm 7.5 ± 0.1 5.6 ± 0.1 <0.001 

End-diastolic area, cm2 0.67 ± 0.04 0.53 ± 0.06 <0.001 

Early diastolic filling velocity (E), m/s 0.79 ± 0.08 0.59 ± 0.16 <0.001 

Early diastolic relaxation velocity (E’), m/s 0.07 ± 0.03 0.04 ± 0.04 <0.001 

E/E’ ratio 11.9 ± 0.4 13.5 ± 0.4 0.027 

Systolic function    

End-systolic area, cm2 0.24 ± 0.03 0.23 ± 0.04 0.1 

Fractional area change, % 63.7 ± 0.4 56.5 ± 0.6 <0.001 

Ejection fraction, % 68.0 ± 0.6 64.0 ± 0.9 0.15 

 

Data are mean±SEM. Abbreviations: IVS, interventricular septum, RVF, right ventricular 

failure; RV-RA, right ventricle-right atrium. 
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Experimental study 

Morphometric and echocardiographic parameters 

Rats with RVF had significantly reduced RV contractility (low tricuspid annular plane 

systolic excursion), and impaired LV early diastolic relaxation and diastolic filling (low LV 

early diastolic relaxation velocity E’, LV early diastolic filling velocity E, LV end-diastolic 

area, and LV end-diastolic diameter, Table 3). These rats also had reduced LV free wall 

mass (lower LV free wall weight and LV free wall/tibia length index, Table 4). Moreover, 

they had smaller LV free wall myocytes, as evidenced by diminished cell length (Table 4). 

 

 

Figure 2: Distribution of atrial natriuretic peptide (ANP), α-myosin heavy chain (α-

MHC), and sarcoplasmic reticulum calcium ATPase-2 (SERCA2) in a four-chamber 

section of control (upper panels) and right ventricular failure (RVF) rats (lower 

panels). In RVF rats, expression of ANP mRNA is higher and expression of α-MHC and 

SERCA2 mRNA is lower than in controls. This occurs not only in right ventricle (RV), 

but also in left ventricle (LV). (For color figure: see Appendix, page 256) 
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Regional gene expression pattern 

In-situ hybridization revealed an altered gene expression profile: increased 

expression of ANP, and reduced expression of α-MHC and SERCA2 (Figure 2). These 

changes were present both in RV and LV, although they were more pronounced in RV. 
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Discussion 

We found that CTEPH patients with RVF had significantly lower LV free wall mass than 

patients with preserved RV contractility or volunteers. In these patients, PEA restored 

LV free wall mass to values comparable with volunteers. Using a rat model of RVF 

secondary to PAH, we found that reduction in LV free wall mass can be, at least in part, 

explained by myocyte shrinkage due to atrophic remodeling.  

 

LV mass in RVF due to chronic pressure overload  

In line with previous studies10, we found that the sum of LV free wall mass index and IVS 

mass index was not significantly different between patients (either with or without RVF) 

and controls10. However, separate analysis of IVS and LV free wall masses revealed that 

LV free wall mass was significantly reduced, while IVS was hypertrophic, in patients with 

RVF. We reasoned that LV free wall mass is a better reflection of LV remodeling than 

IVS, because IVS is composed of both LV and RV, and IVS hypertrophy may be largely 

explained by RV hypertrophy10. Thus, our findings support the hypothesis that LV 

atrophic remodeling occurs in RVF. Accordingly, reduction in LV mass was also reported 

in end-stage pulmonary emphysema, another disorder which is associated with chronic 

RV pressure overload, dysfunction, and altered LV diastolic filling29,30. In the present 

study, reduction in LV free wall volume (mass) of patients with RVF may have been 

underestimated because LV interstitial edema was also present31. Interestingly, in patients 

with mitral stenosis32 and end-stage pulmonary emphysema33, disorders which are both 

associated with reduced LV preload, normalization of RV function and LV diastolic filling 

after mitral valvuloplasty and orthotopic single lung transplantation, respectively, led to 

significant increase in LV mass. 
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Table 4: Morphometric parameters of rats at sacrifice. 

 Control RVF P value 

Body weight, g 347 ± 1.3 279 ± 2.1 <0.001 

Tibia length, cm 4.0 ± 0.0 3.9 ± 0.0 0.2 

Lung weight, g 1.3 ± 0.0 2.3 ± 0.2 <0.001 

Liver weight, g 14.7± 0.2 10.7 ± 0.1 <0.001 

Right ventricle  

RV weight, g a 0.20 ± 0.00 0.42 ± 0.01 <0.001 

RV/body weight, g/kg a 0.59 ± 0.03 1.51 ± 0.05 <0.001 

RV/tibia length, g/cm a 0.05 ± 0.00 0.11 ± 0.00 <0.001 

Myocyte length, µm b 107 ± 1 110 ± 1 0.7 

Myocyte width, µm b 23 ± 0 27 ± 0 0.005 

Left ventricle  

IVS weight, g a 0.37 ± 0.00 0.36 ± 0.00 0.4 

IVS/Body weight, g/kg  a 1.06 ± 0.07 1.29 ± 0.13 <0.001 

IVS/Tibia length, g/cm a 0.09 ± 0.04 0.09 ± 0.02 1.0 

Free wall weight, g a 0.68 ± 0.03 0.56 ± 0.00 <0.001 

Free wall/Body weight, g/kg a 1.95 ± 0.13 2.05 ± 0.24 0.4 

Free wall/Tibia length, g/cm a 0.17 ± 0.05 0.15 ± 0.03 0.006 

Myocyte length, µm b 117 ± 1 106 ± 0 0.036 

Myocyte width, µm b 25 ± 0 24 ± 0 0.6 

 

Data are mean±SEM. n=14 (both control and RVF) except for a n=6 (control) and n=5 

(RVF) and b n=4 (control) and n=5 (RVF) animals. Abbreviations: IVS, interventricular 

septum; RV, right ventricle; RVF, right ventricular failure. 

 



Chapter 7 
 
__________________________________________________________________ 

191 

 

In the rat model, we found that absolute LV free wall mass in rats with RVF was 

significantly lower than in controls. Several previous studies, using a similar model of 

heart failure, described unchanged34 or augmented35 LV mass. In these studies, LV mass 

was normalized to body weight. When we normalized LV free wall weight to body 

weight, we, too, found no significant difference between RVF animals and controls. 

However, it must be noted that the body weight of MCT rats declines significantly as 

early as 3-7 days prior to overt heart failure17. Accordingly, normalization of LV mass to 

tibia length may be a more accurate method to reveal changes in LV mass in rats26. This 

analysis showed that LV free wall mass in RVF rats was reduced. In line with our findings, 

reduction in absolute LV mass in MCT-treated rats with heart failure and rats with 

pulmonary artery banding was reported by other investigators36. 

 

Possible mechanisms of reduction in LV free wall mass during RVF secondary to chronic PAH 

Mechanical load plays a critical role in determining the mass of cardiac myocytes37. 

Accordingly, unloaded LV undergoes atrophy. While doing so, it replicates the fetal gene 

expression profile also seen in hypertrophy15. In the present study, we did not find LV 

hypertrophy. In contrast, LV mass was reduced in rats with RVF. This was associated 

with LV myocyte shrinkage, increased ANP mRNA expression, and diminished α-MHC 

and SERCA2 mRNA expression. Such a fetal gene expression profile was previously 

observed in LV of MCT rats35,38, and rats that developed RVF after chronic pulmonary 

artery banding28. Taken together, these findings indicate that LV remodeling that occurs 

in RVF due to chronic pulmonary hypertension may be explained by cardiac myocyte 

atrophy14-16,39,40. Similarly, LV myocyte atrophy was demonstrated in patients with end-

stage pulmonary emphysema29,30. Of note, myocyte atrophy is independent of 

catecholamines from LV tissue and/or systemic circulation, or neural activity39,41. 

Although apoptosis and/or other mechanisms may also be responsible for the loss of 

myocardial mass in unloaded LV, atrophy may be the main mechanism42. In line with this 

notion, we found neither enhanced cell death nor changes in total collagen deposition in 

LV free wall of MCT-treated rats with RVF43. 
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Study limitations 

Possible limitations of the present study are as follows. Firstly, the number of patients 

studied both at baseline and at postoperative follow-up was limited. Secondly, cardiac 

MRI was performed at different time points of follow-up after PEA (ranging from 3 to 18 

months with a median at 8 months). This may be important because full restoration of 

RV and LV systolic function after PEA requires >12 months44. However, significant 

improvements in RV ejection fraction, LV end-diastolic volume, and cardiac index were 

documented as early as at discharge from hospital, with further improvements being 

reported at 3 and 12 months of follow-up44. Similarly, orthotopic single lung 

transplantation in patients with end-stage emphysema resulted in significant improvement 

in RV ejection fraction and increases in LV end-diastolic volumes, stroke volumes, and LV 

mass as early as 3 months after surgery33. Thirdly, LV myocardial biopsies were not taken 

to assess the morphology and confirm atrophic remodeling. On the other hand, we 

demonstrated LV remodeling in a rat model of RVF due to chronic RV pressure 

overload. Although the data should be cautiously extrapolated to human disease, this 

experimental model is a generally accepted model to study RVF due to chronic pressure 

overload17,34,45. 

 

Conclusion 

RV failure in patients with CTEPH patients is associated with reduction in LV free wall 

mass. This reduction is reversible and can be restored after PEA. Using a rat model of 

RVF secondary to PAH, we found that reduction in LV free wall mass can be, at least in 

part, explained by myocyte shrinkage due to atrophic remodeling.  
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List of abbreviations 

 

AUC - area under the curve (of ROC curve) 

BNP - brain natriuretic peptide  

CI - cardiac index  

CTEPH - chronic thromboembolic pulmonary hypertension  

IPAH - idiopathic pulmonary arterial hypertension 

mPAP - pulmonary artery mean pressure  

NR- notch ratio 

NYHA - New York Heart Association 

PCWP - pulmonary capillary wedge pressure  

PEA - pulmonary endarterectomy 

RAP - right atrium pressure 

ROC - receiver operator characteristic 

RVEDD - right ventricular end-diastolic diameter  

6-MWT - 6-minute walk test 

sPAP - pulmonary artery systolic pressure 

TAPSE - tricuspid annular plane systolic excursion  

TPR - total pulmonary resistance  
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Abstract 

 

Aims:  To study whether preoperative assessment, using echocardiography, of the 

timing of a particular feature in the pulmonary flow (pulmonary flow systolic notch) may 

predict in-hospital mortality and mid-term hemodynamic improvement after pulmonary 

endarterectomy (PEA) for chronic thromboembolic pulmonary hypertension (CTEPH). 

Methods and Results: Fifty-eight of 61 consecutive CTEPH patients (aged 53 ± 14 

years; 36 women) who underwent PEA between June 2002 and June 2005 were studied. 

Clinical, hemodynamic and echocardiographic variables were assessed preoperatively and 

at 3 months post-PEA. Timing of the notch was expressed as notch ratio (NR). 

Preoperatively, 7 patients had no notch, 33 had NR<1.0, and 18 had NR>1.0. NR was 

associated with in-hospital mortality (p<0.01). Moreover, multivariable analysis revealed 

that, among preoperative variables, NR was an independent predictor of residual 

increased pulmonary artery systolic pressure (sPAP>40mmHg) at 3 months post-PEA 

(p=0.01). Receiver operator characteristic (ROC) analysis established NR=1.0 as optimal 

cutoff to distinguish patients at risk of such unfavorable outcomes, with NR>1.0 

conferring higher risk. 

Conclusions: NR is related with in-hospital mortality and residual pulmonary 

hypertension after PEA. NR>1.0 is associated with a higher risk of such unfavorable 

outcomes. NR may be considered a determinant of eligibility for PEA. 
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Introduction 

Chronic thromboembolic pulmonary hypertension (CTEPH) results from incomplete 

resolution of the vascular obstruction caused by pulmonary thromboemboli.1 Recent 

studies suggest that up to 4% of acute pulmonary embolism cases may progress to 

symptomatic CTEPH.2 If left untreated, the prognosis of CTEPH is poor and proportional 

to the degree of pulmonary hypertension.3 Pulmonary endarterectomy (PEA) is the 

therapy of choice for patients with surgically accessible CTEPH.1,4-6 However, in about 

10% of patients, removal of proximally located thromboembolic material does not 

resolve pulmonary hypertension.7 These patients suffer from high morbidity and in-

hospital mortality rates. Residual pulmonary hypertension may result from the 

development of secondary arteriopathy in the small pre-capillary pulmonary vessels, 

similar to idiopathic pulmonary arterial hypertension (IPAH),1,8,9 as shown in lung biopsy 

specimens of CTEPH patients.8 

  At present, only few parameters at preoperative analysis may be of use to 

identify patients with unfavorable PEA outcome. Patients with high pulmonary vascular 

resistance (in the range of >1000 to 1100 dynes*s*cm-5)10,11 and/or pulmonary artery 

mean pressure (mPAP) >50 mmHg11 have a higher likelihood of operative mortality.7,10,11 

Partitioning of pulmonary vascular resistance by a pulmonary artery occlusion technique 

may also predict postoperative mortality, but this method is invasive and requires specific 

technical skills and therefore has limited applicability.12 Importantly, predictors of 

hemodynamic outcome (mid-term or long-term) are lacking.13 Clearly, more clinically 

available predictors of perioperative mortality and hemodynamic outcome of PEA are 

much needed. 

A particular feature in the pulmonary systolic flow velocity profile, the so-called 

pulmonary flow systolic notch (midsystolic deceleration in pulmonary flow, as assessed 

using Doppler echocardiography), may distinguish proximally located obstructions in the 

pulmonary arterial vasculature from distal obstructions.14 This notch occurs significantly 

later in systole in patients with IPAH than in those with proximal pulmonary embolism. 

Similarly, experimentally induced microembolisation of distal pulmonary arteries in dogs  
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resulted in a later notch than constriction of proximal pulmonary arteries.15 Since 

residual pulmonary hypertension is considered to result either from surgically 

inaccessible distal thrombi or from secondary small vessel arteriopathy, or both,7,11,16 we 

undertook the present study to test the hypothesis that a late notch, assessed 

preoperatively by Doppler echocardiography, in patients with CTEPH is associated with 

in-hospital mortality and unfavorable mid-term hemodynamic PEA outcome.  
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Materials and methods 

Patient inclusion 

In this single-center study, 61 consecutive CTEPH patients underwent PEA from June 

2002 to July 2005. Assessments were undertaken preoperatively to evaluate their 

eligibility for PEA using generally recommended criteria,7,17,20 and 3 months after PEA to 

assess their functional status. All patients who were deemed eligible for PEA after 

preoperative assessment were recruited for this study. After they gave written informed 

consent, they were included in this study. Three patients were excluded from further 

analysis because their preoperative echocardiographic variables were not stored. Thus, 

58 patients treated consecutively were included in this retrospective study. All 

investigations were approved by the local institutional review board. 

 

Preoperative assessments 

Preoperatively, all patients underwent transthoracic echocardiography, pulmonary 

angiography, determination of plasma levels of brain natriuretic peptide (BNP),21,22 and 

right heart catheterization. Using a Swan-Ganz catheter, we measured mPAP, pulmonary 

capillary wedge pressure (PCWP), cardiac output, and right atrial pressure (RAP), and 

calculated total pulmonary resistance (TPR), and cardiac index (CI).23 Forty-five patients 

performed 6-minute walk test (6-MWT) according to the guidelines of the American 

Thoracic Society.24 At the time of preoperative assessments, 5 patients were receiving 

bosentan (four had a notch ratio (NR) <1.0, one had NR >1.0), two patients intravenous 

epoprostenol (one had NR <1.0, the other NR >1.0), and one patient sildenafil (NR <1.0) 

(For a definition of “NR”: see the next paragraphs). 

 

Echocardiographic examination 

Echocardiographic images (M-mode, 2-dimensional, and Doppler) were obtained with a 

1.6-3.2 MHz transducer (System Seven, General Electric, USA), digitized, and analyzed 

off-line. From the apical four-chamber view, we recorded right ventricular end-diastolic 

diameter (RVEDD),25 tricuspid annular plane systolic excursion (TAPSE),26 and tricuspid  
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regurgitation jet, and used the velocity of this jet to obtain pulmonary artery systolic 

pressure (sPAP) from the calculated right ventricle to right atrium systolic pressure 

gradient (Bernoulli equation);27,28 to obtain sPAP, RAP values were added to the 

calculated gradient, with RAP estimated using the collapsibility index of the inferior caval 

vein in each patient.29 The severity of tricuspid regurgitation was quantified according to 

recommendations of American Society of Echocardiography’s Nomenclature and 

Standards Committee and The Task Force on Valvular Regurgitation.30 In Tables 1 and 3, 

we quantified the severity of tricuspid regurgitation as follows: 0- no, 1- mild, 2-

moderate, 3-severe. From the parasternal short-axis view, we recorded pulmonary 

artery systolic flow by placing the pulsed Doppler sample volume in the middle of the 

right ventricular outflow tract just proximal to the pulmonic valve orifice. Care was taken 

to align the ultrasound beam to the flow and obtain a good spectral envelope.31-33 Its 

waveform was analyzed and the pulmonary flow systolic NR (see below) was averaged 

from two to four consecutive heart beats. For the preoperative analysis, the last 

echocardiograms, obtained within a few weeks before PEA, were used. 

 

Calculation of the pulmonary flow systolic notch ratio  

The pulmonary flow systolic NR was calculated as demonstrated in Figure 1. The time 

interval from the onset of pulmonary artery systolic flow to the maximal systolic flow 

deceleration (t1) was divided by the time interval from the maximal systolic flow 

deceleration to the end of pulmonary artery systolic flow (t2) (Figure 1A). Figure 1C 

shows a pulmonary flow envelope of a patient with NR <1.0. Figure 1D shows NR >1.0. 

The pulmonary flow envelope of a patient with no notch is shown in Figure 1B. To 

quantify interobserver variability, two observers measured the NRs of 15 patients 

independently from each other. To assess intraobserver variability, the NRs of the 

patients were measured twice by the same observer with a 2 months interval between 

measurements.  
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Figure 1: A: Schematic illustration of the method to calculate pulmonary flow systolic 

notch ratio (NR). The time interval from the onset of pulmonary artery systolic flow to 

the maximal systolic flow deceleration (t1) was divided by the time interval from the 

maximal systolic flow deceleration to the end of pulmonary artery systolic flow (t2). B: 

Top: pulmonary flow without notch of a patient with exercise-induced pulmonary 

hypertension (parasternal short-axis view). Bottom: maximal tricuspid regurgitation flow 

(4-chamber view), used to calculate systolic pulmonary artery pressure. C: Top: 

pulmonary flow systolic notch, NR <1.0. Bottom: maximal tricuspid regurgitation flow. 

D: Top: pulmonary flow systolic notch, NR >1.0 Bottom: maximal tricuspid regurgitation 

flow. Note that timing of notch differs between panels C and D, despite similar 

amplitudes of tricuspid regurgitation flow. All demonstrated recordings of pulmonary 

flow (B-D) were performed at rest. 
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Surgical methods 

All patients were operated on by one surgeon (JJK) using a standardized technique with 

extracorporeal circulation and periods of circulatory arrest in deep hypothermia.34 

Fourteen patients also underwent persistent foramen ovale closure. 

 

Postoperative assessments 

Three months after PEA, all patients underwent transthoracic echocardiography, using 

the preoperative echocardiography protocols (sPAP could be determined only in the 48 

patients in whom tricuspid regurgitation was present at that time).  

 

Statistical analysis 

Categorical variables are presented as number and percentages and were compared 

between groups using a Fisher Exact test. Continuous variables were checked for normal 

distribution using the Wilk-Shapiro test and presented as mean ± SD in case of a normal 

distribution and median and interquartile range (IQR) otherwise. Baseline values of 

survivors and non-survivors were compared using a two-tailed unpaired Student’s t-test 

or Mann-Whitney test were appropriate. Univariate logistic regression analysis was used 

to identify preoperative variables associated with perioperative mortality and the 

combined endpoint mortality or a postoperative sPAP > 40 mmHg. The linearity 

assumption for the continuous variables was tested using Harrell’s (1991) SAS Macro 

%Psplinet (http://biostat.mc.vanderbilt.edu/twiki/pub/Main/SasMacros/survrisk.txt). The 

optimal cut-off was defined as the value with the maximal sum of sensitivity and 

specificity. The reported 95% confidence intervals (CI) for cut-off points, AUCs, 

sensitivities and specificities were obtained through bootstrapping. 

Associations between preoperative variables and postoperative sPAP were analyzed using 

univariate ANOVA's. Subsequently, variables with a p-value <0.05) were included into a 

multivariable model with a backward selection procedure. Parameters between patients 

with no notch, NR <1.0 and NR >1.0 preoperatively and postoperatively were compared 

using ANOVA. Interobserver and intraobserver variabilities were described in two ways:  
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1. by correlation coefficients (r) assessed by linear regression analysis; 2. by the mean and 

the range of absolute differences of the measured pairs. All analyses were performed 

using SAS (Version 9, SAS Institute, Cary, NC, USA) and p-values<0.05 were considered 

statistically significant. 
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Table 1: Baseline patient characteristics.  

 

All values were obtained at rest. Abbreviations: see List of abbreviations. All patients, 

n=58, except for 6-MWT (n=45) and PCWP (n=55). Survivors, n=52, except for 6-MWT 

(n=40) and PCWP (n=49). In-hospital mortality, n=6, except for 6-MWT (n=5). a mean ± 

SD, b median (interquartile range); * p<0.05 versus survivors. 

 

 

All patients 

N=58 

Survivors 

N=52 

In-hospital 

mortality 

N=6 

p-value 

Age, years a 53 ± 14 52 ± 14 57 ± 13 0.45 

Male, n (%) 19 (33 %) 16 (31%) 3 (50%) 0.38 

CTEPH duration, years b 2.0 (3.5) 2.0 (3.3) 3.5 (4.0) 0.38 

NYHA class, n (%)    0.052 

II 20 (34%) 20 (38%) 0 (0%)  

III 36 (62%) 31 (60%) 5 (83%)  

IV 2 (3%) 1 (2%) 1 (17%)  

Heart rate, beats per minute a 80 ± 12 80 ± 12 88 ± 16 0.33 

Systolic blood pressure, mmHg a 126 ± 18 128 ± 17 114 ± 20 0.26 

Diastolic blood pressure, mmHg a 80 ± 12 77 ± 11 72 ± 10 0.35 

6-MWT, m a 398 ± 112 411 ± 110 299 ± 89 0.034 

Plasma BNP, pmol/l b 12 (59.6) 10.3 (56.4) 62.9 (64.3) 0.014 

Catheterization 

mPAP, mmHg a 44.9 ± 14.7 43.5 ± 14.4 57.2 ± 12.3 0.030 

TPR, dynes*s *cm-5 a 847 ± 489 787 ± 469 1327 ± 389 0.009 

PCWP, mmHg a 11.9 ± 6.0 11.9 ± 5.6 11.8 ± 7.5 0.99 

RAP, mmHg a 10.1 ± 5.5 9.8 ± 5.4 13.4 ± 6.3 0.16 

CI, L/min/m2 b 2.5 (0.8) 2.5 (0.8) 2.0 (0.6) 0.11 

Echocardiography 

Tricuspid regurgitation severity 1.8 ± 0.8 1.8 ± 0.9 1.8 ± 0.8 0.96 

sPAP, mmHg a 74.9 ± 24.7 73.5 ± 25.4 85.8 ± 15.5 0.25 

Notch absent/notch present 7/51 7/45 0/6  

NR a 0.85 ± 0.37 0.8 ± 0.3 1.5 ± 0.4 <0.001 

TAPSE, mm a 19.0 ± 5.0 19.6 ± 4.9 13.2 ± 2.3 0.009 

RVEDD, cm a 4.4 ± 0.9 4.3 ± 0.9 5.2 ± 1.1 0.08 
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Results 

Reproducibility of calculation of notch ratio  

Interobserver and intraobserver correlations were good with r=0.96 and r=0.98, 

respectively. The mean intraobserver difference was 0.06 (range 0.01 to 0.13). The mean 

interobserver difference was 0.07 (range 0.01 to 0.18). 

 

In-hospital mortality 

Overall, 6 of 61 operated patients died during surgery (persistent pulmonary 

hypertension [n=1], intractable bleeding [n=2]) or within days after surgery (persistent 

pulmonary hypertension resulting in right ventricular failure [n=3]). Thus, in-hospital 

mortality was 9.8 %. The baseline characteristics of surviving and non-surviving patients 

included for further analysis are presented in Table 1. Echocardiographic and 

hemodynamic variables of all patients who were operated are also provided in 

Supplemental Table 5.  

 

Determinants of in-hospital mortality 

Increased in-hospital mortality risk was associated with preoperative high NYHA class, 

low 6-MWT, high plasma BNP, high mPAP, high TPR, high NR and low TAPSE (Table 2). 

Extracorporeal circulation time was significantly longer in non-survivors (472±146 min) 

than in survivors (321±42 min, p<0.001; all patients 334±71 min), and this parameter was 

most strongly associated with in-hospital mortality (not shown). We did not use this 

variable for further analysis, because the aim of this study was to reveal variables that are 

useful at preoperative workup to identify patients who have a relatively high mortality 

risk and those with a low risk, rather than variables that can only be found 

intraoperatively. 
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Table 2: Preoperative determinants of in-hospital mortality.  

 p-value Area under 

ROC curve 

Cut-off Sensitivity Specificity 

6-MWT, m 0.048 0.80 [0.59 –  0.94] 400 100 [100 – 100] 44 [31 – 59] 

Plasma BNP, 

pmol/l 
0.035 0.81 [0.67 – 0.93] 30 100 [100 – 100] 69 [56 – 82] 

mPAP, 

mmHg 
0.042 0.77 [0.57 – 0.94] 56 67 [33 – 100] 81 [67 – 91] 

TPR, 

dynes*s *cm-5 
0.022 0.83 [0.68 – 0.94] 914 100 [100 – 100] 71 [58 – 83] 

CI, L/min/m2 0.080 0.70 [0.49 – 0.93] 2 83 [5 – 100] 58 [44 – 71] 

NR 0.012 0.92 [0.80 – 0.99] 1 100 [100 – 100] 77 [65 – 88] 

TAPSE, mm 0.020 0.83 [0.68 – 0.94] 17.5 100 [100 – 100] 63 [51 – 76] 

RVEDD, cm 0.099 0.75 [0.50 – 0.96] 5 50 [25 – 100] 75 [22 – 87] 

 

Area under the ROC curve, optimal cut-off point, sensitivity (%) and specificity (%) at the 

optimal cut-off point with 95% CI. Abbreviations: see List of abbreviations 

 

Determinants of mid-term hemodynamic improvement 

No patient died after discharge from the hospital. As a measure of mid-term 

hemodynamic improvement, we analyzed sPAP at 3 months after PEA. We found that, in 

univariate analysis, low mid-term sPAP was associated with preoperative low NYHA class 

(2 vs. 3), mPAP, PCWP, sPAP, and NR (Table 3). In subsequent multivariable analysis, 

only NR (β±SEM: 32.5±10.53, p=0.004) and sPAP (β±SEM: 0.33±0.13, p=0.019) remained 

as independent determinants of sPAP at mid-term follow-up, explaining 32.2% of the 

observed variance.  
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Table 3: Preoperative determinants of sPAP at 3 months after PEA.  

 Mean SEM p-value R2 (%) 

NYHA class   0.049 12.6 

2 31.5 4.3   

3 45.5 3.7   

4 30.0 19.1   

 Beta SEM p-value R2 (%) 

mPAP 0.55 0.18 0.005 16.1 

TPR 0.01 0.01 0.075 7.2 

PCWP 1.12 0.50 0.030 10.3 

sPAP 0.31 0.11 0.009 15.3 

NR 35.0 10.8 0.002 21.3 

TAPSE -1.05 0.57 0.069 7.0 

 

Mean (± SEM) per NYHA class or change per unit increase (β±SEM) in sPAP at 3 months 

and the percentage variation explained (R2) based on univariate ANOVA. Abbreviations: 

see List of abbreviations 

 

Determination of notch ratio with the strongest predictive power  

After determining that NR was an important preoperative determinant of both in-

hospital death and hemodynamic improvement at 3 months post-PEA, with high NR 

being associated with a higher risk of death and residual pulmonary hypertension 

postoperatively, results from the ROC analysis were used to establish the optimal NR 

cutoff value to distinguish patients at risk of such unfavourable outcomes (Figure 2). In-

hospital mortality was best predicted when NR=1.0 was used as cutoff value (Table 2). 

Accordingly, all patients who died in-hospital had NR>1.0. Residual pulmonary 

hypertension was defined by echocardiographically determined sPAP>40mmHg, in 

agreement with current guidelines35. The AUC, sensitivity and specificity for  
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sPAP>40mmHg at 3 months post-PEA at both the optimal NR cut-off (NR>1.1) and 

NR>1 are shown in Table 3. When a combined endpoint of in-hospital mortality and 

sPAP>40mmHg at 3 months post-PEA was studied, NR=1.0 was a near-optimal cutoff 

value to predict this combined endpoint Although NR=1.1 had a slightly higher AUC of 

the ROC curve for the combined endpoint of in-hospital mortality and sPAP>40 mmHg 

at 3 months postoperatively (Table 4), we suggest to use NR=1.0 for this combined 

endpoint for the sake of practicality. 

 

Table 4: Area under the ROC curve (AUC), sensitivity and specificity with 95% CI at 

the optimal and suggested NR cut-off point.  
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1.1] 

0.74 

[0.60 

– 

0.88] 

50% 

[26 

– 

78] 

96% 

[81 

–

100] sPAP > 

40 

mmHg 

14 

(24%) 

Suggested 1  0.71 

[0.57 

– 

0.85] 

50% 

[26 

– 

78] 

91% 

[89 

–

100] 

Optimal 1.1 

[0.7

–

1.1] 

0.77 

[0.66 

– 

0.89] 

63% 

[39 

– 

83] 

95% 

[86 

–

100] 

In 

hospital 

mortality 

or sPAP 

> 40 

mmHg 

20 

(34%) 

Suggested 1  0.76 

[0.64 

– 

0.99] 

65% 

[43 

– 

85] 

87% 

[75 

– 

97] 

 

*: Number and percentage of patients with the event; Other abbreviations: see List of 

abbreviations 
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Preoperative notch ratio and mid-term hemodynamic improvement 

To further illustrate the utility of NR=1.0 as cutoff value to predict hemodynamic 

improvement, we compared sPAP at 3 months post-PEA between patients with NR<1.0 

and those with NR>1.0. Although all preoperative variables, except NR, were similar 

between both groups (Table 5), sPAP at 3 months post-PEA was significantly lower in 

patients with NR<1.0 than in those with NR>1.0 (Figure 3). Of note, the proportion of 

patients who still had a notch postoperatively was significantly lower among patients with 

preoperative NR<1.0 (4 of 33) than among those with preoperative NR>1.0 (5 of 12, 

p=0.043). When a notch remained present postoperatively, there was no significant 

difference in NR between both groups (0.96±0.18 vs. 1.12±0.18, respectively). 
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Table 5: Preoperative variables of patients with no, early and late pulmonary flow 

systolic notch. All values were obtained at rest. Abbreviations: see List of abbreviations. 

No notch, n=7, except for 6-MWT (n=5). NR <1.0, n=33, except for 6-MWT (n=26) and 

PCWP (n=31). NR >1.0, n=18, except for 6-MWT (n=14) and PCWP (n=17). a mean ± 

SD, * versus no notch; † versus NR <1.0. Abbreviations: see List of abbreviations. 

 

 
No notch 

N=7 

NR < 1.0 

N=33 

NR >1.0 

N=18 

P-value 

Age, years a 48 ± 12 52 ± 15 55 ± 13 0.45 

Male, n (%) 1 (14) 13 (39) 5 (28) 0.46 

CTEPH duration, years a 2.2 ± 2.2 3.9 ± 3.6 3.1 ± 2.8 0.27 

NYHA class, n (%)    0.027 

 6 (86) 10 (30) 4 (22)  

 1 (14) 22 (67) 12 (67)  

 0 (0) 1(3) 2 (11)  

Heart rate, beats per minute a 74 ± 11 79 ± 12 86 ± 12 0.09 

Systolic blood pressure, mmHg a 127 ± 12 131 ± 19 119 ± 16 0.11 

Diastolic blood pressure, mmHg a 77 ± 13 77 ± 11 75 ± 10 0.85 

6-MWT, m a 477 ± 54 410 ± 115 332 ± 89 0.06 

Plasma BNP, pmol/l a 5.3 ± 3.5 40.5 ± 50.0 58.0 ± 55.7 * 0.04 

Catheterization 

mPAP, mmHg a 22.6 ± 6.7 47.0 ± 11.7 * 50.9 ± 14.3 * <0.001 

TPR, dynes*s*cm-5 a 288 ± 76 894 ± 461 * 1045 ± 474  * <0.001 

PCWP, mmHg a 
8.0 ± 3.8 12.6 ± 6.0 11.9 ± 6.4 0.17 

RAP, mmHg a 6.1 ± 3.1 10.0 ± 5.6 12.1 ± 5.6 0.06 

CI, L/min/m2 a 2.9 ± 0.2 2.5 ± 1.1 2.2 ± 0.7 * 0.04 

Echocardiography 

Tricuspid regurgitation severity 1.3 ± 1.0 1.8 ± 0.9 2.0 ± 0.6 0.20 

sPAP, mmHg a 
39.6 ± 10.5 79.5 ± 20.9 * 82.1 ± 22.1 * <0.001 

NR - 0.6 ± 0.2 1.3 ± 0.3  † <0.001 

TAPSE, mm a 21.3 ± 3.5 19.2 ± 5.3 17.0 ± 4.9 0.20 

RVEDD, cm a 
3.4 ± 0.2 4.5 ± 1.0 * 4.5 ± 0.8 * 0.001 
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Discussion 

We identified a novel echocardiographic variable, the pulmonary flow systolic NR, to be 

associated with perioperative mortality and hemodynamic improvement at mid-term 

follow-up in CTEPH patients who underwent PEA. The timing of such a notch within the 

cardiac cycle is an excellent predictor of perioperative mortality and functional 

improvement after PEA, with lower mortality risk and better hemodynamic outcome in 

patients with NR<1.0. Of note, this variable has a stronger and more consistent 

predictive power than more traditional variables, such as mPAP, sPAP, TPR, or indices of 

right ventricular function, e.g., TAPSE. Clearly, using this variable may be of great aid 

when preoperative assessments must establish which CTEPH patients are eligible for 

PEA. For instance, patients with severe elevations of PAP are probably good candidates 

for PEA if their NR is low (<1.0), even if they are severely symptomatic, because their in-

hospital mortality risk is low and their hemodynamic improvement is good. Conversely, 

given that patients with a NR>1.0 have a relatively high in-hospital mortality risk and 

more limited hemodynamic improvement, alternative treatments may be considered for 

these patients (e.g., bosentan and/or epoprostenol). In this context, the fact that notch 

(and NR) analysis is easy and safe to perform, while also being noninvasive, is a great 

asset. 

 

Proposed pathophysiologic basis of pulmonary flow systolic notch and its timing  

An echocardiographic hallmark of patients with pulmonary hypertension is systolic partial 

closure of the pulmonary valve, which is evident as a pulmonary flow systolic notch.14,36 

The presence of such a notch has been demonstrated in patients with congenital heart 

disease, IPAH, chronic obstructive pulmonary disease, and acute and chronic 

thromboembolic pulmonary hypertension.14,36 Increased wave reflection is believed to be 

the main explanation of this notch,14,15,36 as wave reflection may contribute to transient 

systolic pulmonary flow deceleration in patients with pulmonary hypertension.37,38 

Importantly, the timing of the notch may vary within the cardiac cycle.14,36 Clinical14 and 

experimental15 studies have provided evidence that an early notch signifies a proximal  
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Figure 2: ROC curves used notch ratio to predict perioperative mortality (A), systolic 

pulmonary artery pressure more than 40 mmHg at 3 months follow-up after pulmonary 

endarterectomy (B), and combination of both end-points (C). AUC: area under curve; 

sPAP: pulmonary artery systolic pressure. 

 

obstruction to pulmonary flow, while a late notch maps the obstruction site to a more 

distal position. Accordingly, a more proximal location of the functional reflection site was 

associated with a shorter time-to-peak of the reflected pressure wave.38 Still, various 

other factors may influence deceleration of pulmonary artery systolic flow. These include 

pulmonary artery pressure,15,36 stroke volume, and the diameter and viscoelastic 

properties of the pulmonary artery.15 The requirement that pulmonary artery pressure 

must be sufficiently elevated for a notch to occur may explain why we observed that 

patients with no notch (at rest) had only slightly elevated mPAP and sPAP at rest. 



A novel echocardiographic predictor of in-hospital mortality and mid-term hemodynamic 
improvement after PEA for chronic thromboembolic pulmonary hypertension 
__________________________________________________________________ 

218 

30

40

50

60

70

80

90

100

110

†

*

† ‡

*

NR > 1.0NR < 1.0No notch

sP
A

P 
(m

m
H

g)

 preoperative

 3 months postoperative

 

Figure 3: Preoperative and postoperative (3 months after PEA) sPAP of surviving 

patients with no pulmonary flow systolic notch, NR <1.0 and NR >1.0; * p<0.05 versus 

no notch (preoperative); † p<0.05 postoperative versus preoperative within group; ‡ 

p<0.05 versus no notch or NR<1.0 (postoperative). 

 

Notch timing and PEA outcome 

This proposed pathophysiologic basis of the notch is in accordance with the observation 

that patients with NR>1.0 had an increased in-hospital mortality risk and a limited 

hemodynamic improvement after PEA. These unfavorable outcomes may be explained by 

distal obstruction to pulmonary flow caused by secondary arteriopathy. Clearly, this 

derangement cannot be alleviated by surgical intervention. In support of this proposal, 4 

of 6 deaths were due to persistent pulmonary hypertension resulting in right ventricular 

failure, despite successful surgical removal of thromboembolic material, while in the 2 

remaining patients (who died intraoperatively from intractable bleeding),  
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postmortem analysis revealed secondary arteriopathy in the small pre-capillary 

pulmonary vessels. Of note, while the timing of the notch is a preoperative determinant 

of in-hospital mortality and mid-term hemodynamic improvement, it does not reflect the 

gross level of obstruction of pulmonary artery vasculature (PAP, TPR), nor contractility 

of the left ventricle (PCWP) or right ventricle (TAPSE, RVEDD, RAP), as these measures 

were similar between patients with NR<1.0 and those with NR>1.0. These findings 

further support the notion that notch timing has a distinct pathophysiological basis. 

 

Study limitations 

While this study clearly identifies NR as a powerful independent determinant of PEA 

success, it was limited in number at 58 patients. In particular, the number of deaths, while 

being in accordance with the ~10% in-hospital mortality rates as reported by most other 

centers7,13,39-41 (with the exception of the San Diego group, who reported a 4% in-hospital 

mortality rate10), was small. Finally, 7 patients with no notch underwent PEA because of 

disabling exercise limitation with thromboembolic occlusion (evidenced angiographically) 

and exercise-induced pulmonary hypertension (proven by right heart catheterization 

during exercise). However, we did not conduct echocardiographic examination during 

exercise in these patients. 

We sought to identify preoperative variables which are widely accepted in 

clinical practice. Therefore, we chose to use echocardiographically determined sPAP, 

rather than the tricuspid valve pressure gradient alone, because both variables yielded 

similar predictive power in our univariate models (not shown), while sPAP is a more 

widely reported variable. Although echocardiographic determination of sPAP has the 

potential weakness that it requires estimation of RAP using the collapsibility index of the 

inferior caval vein, this method has been validated.29 

 

 

 

 



A novel echocardiographic predictor of in-hospital mortality and mid-term hemodynamic 
improvement after PEA for chronic thromboembolic pulmonary hypertension 
__________________________________________________________________ 

220 

 

Conclusion 

We identified a novel and easily applicable echocardiographic predictor of the risk and 

efficacy of PEA for CTEPH. A preoperative late pulmonary flow systolic notch (NR>1.0) 

is an independent predictor of in-hospital mortality and limited hemodynamic 

improvement at 3 months after PEA. Future studies must resolve how this novel 

predictor may be used to optimize patient selection for PEA and clinical management of 

CTEPH patients. Also, delineation of the pathophysiologic basis of this notch may 

contribute to refining therapy strategies in other disorders associated with pulmonary 

hypertension. 
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Supplemental Table 5. 

Patient outcome NR PAAT 

(ms) 

RVET 

(ms) 

meanPAP 

(mmHg) 

1 alive 0.48 70 324 45 

2 alive 0.33 52 371 34 

3 alive 0.51 60 296 53 

4 alive no notch 78 324 19 

5 deceased 1.05 48 242 60 

6 alive 0.63 69 362 41 

7 alive 0.87 68 254 33 

8 alive 0.64 75 274 25 

9 alive 0.62 52 267 46 

10 alive 0.35 51.8 351 38 

11 deceased 1.65 67 265 73 

12 deceased 1.83 43 209 48 

13 alive 1.08 59 247 47 

14 alive 1.38 77 312 72 

15 alive 1.09 37 255 54 

16 alive 0.88 74 359 64 

17 alive 0.44 65 327 53 

18 alive 0.90 44 270 54 

19 alive 0.39 48 232 43 

20 alive 1.12 43 254 46 

21 alive 1.07 52 281 60 

22 deceased 1.92 100 266 39 

23 alive no notch 125 341 11 

24 alive 1.10 92 370 29 

25 deceased 1.26 56 222 66 

26 alive no notch 105 297 20 
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27 alive no notch 80 351 30 

28 alive no notch 97 311 25 

29 alive 1.10 67 340 22 

30 alive 0.75 74 313 33 

31 alive no notch 86 332 30 

32 alive 1.10 79 281 34 

33 alive 1.17 60 200 42 

34 alive 0.48 75 333 29 

35 alive 0.64 52 243 58 

36 alive 0.94 67 297 41 

37 alive 0.66 74 309 47 

38 alive 0.65 50 218 48 

39 alive 0.68 57 316 52 

40 alive 1.08 92 233 48 

41 alive 1.26 67 300 33 

42 alive 0.67 67 274 55 

43 alive 0.69 56 257 40 

44 alive 0.49 49 298 40 

45 alive 0.66 55 211 49 

46 alive 1.30 49 198 64 

47 alive 0.63 70 383 36 

48 alive 0.87 53 279 66 

49 alive 0.65 59 269 59 

50 alive 0.79 50 204 60 

51 alive 0.41 44.5 296 52 

52 alive 0.71 53 241 46 

53 alive no notch 90 314 23 

54 deceased 1.1 68 334 57 

55 alive 0.60 44 245 75 
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56 alive 0.67 40 237 59 

57 alive 0.50 56 309 48 

58 alive 0.50 89 327 29 

59 
alive 

not 

stored 
  31 

60 
alive 

not 

stored 
  49 

61 
alive 

not 

stored 
  45 

 

NR, notch ratio; PAAT, pulmonary artery acceleration time; RVET, right ventricular 

ejection time. 
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Despite growing knowledge about its pathophysiology, RV heart failure remains the 

immediate cause of death in most patients with chronic PAH. A better understanding of 

the mechanisms underlying the transition from compensated RV hypertrophy to 

maladaptive remodeling could lead to optimization of RV-specific therapies to improve 

survival in patients with RV heart failure secondary to chronic PAH.  

Chapter 1 of the present thesis is focused on the structure and function of normal and 

chronically pressure overloaded RV. The literature data on the cellular and molecular 

mechanism underlying the progression to RV heart failure were reviewed in this chapter. 

In this review, we paid special attention to the role of electrical and mechanical 

interventricular (a)synchronicity in the optimal functioning of a normal heart and a 

remodeled heart exposed to chronic PAH.  

The importance of choosing a relevant animal model for studying effects of treatments 

on chronic PAH was emphasized in Chapter 2. It was pointed out that confirmation in 

humans of results found in experimental animal studies is essential for making the final 

conclusion about effectiveness of the treatment tested. 

Chapter 3 describes the sequence of echocardiographic changes during development of 

RV heart failure in a monocrotaline-injected rat model of chronic PAH. We found that 

PAH and RV free-wall thickening precede RV dilation and RV contractile dysfunction. 

Echocardiographic analysis permitted accurate determination of the stage of disease 

development in this model of RV heart failure. 

In Chapter 4, we report the results of a prospective study of patients with CTEPH who 

underwent transthoracic echocardiography preoperatively and epicardial mapping during 

pulmonary endarterectomy, and sex/age-matched controls. We found that onset of 

diastolic relaxation of RV free wall with respect to LV lateral wall (named diastolic 

interventricular delay) was delayed in CTEPH patients, because in CTEPH patients RV 

completed electrical activation later than LV and epicardial action potential duration, as 

assessed by activation-recovery interval measurement, was longer in RV free wall than in 

LV lateral wall. The diastolic interventricular delay was present in patients with CTEPH,  
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regardless of whether right bundle branch block was present or not although this 

increase was more prominent in patients without right bundle branch block. The 

observed delayed RV activation was, in part, explained by slower conduction velocities in 

RV. However, no control individual underwent epicardial mapping for comparisons. 

Furthermore, we did not investigate whether a causal relation exists between 

electrophysiological remodeling in RV and delayed RV diastolic relaxation.  

In Chapter 5, we report a proof-of-principle study focused on interventricular 

resynchronization therapy in RV failure due to chronic PAH. Seven patients with CTEPH 

underwent underwent temporary atrioventricular (A-V) sequential pacing with 

decremental A-V delay shortening in order to preexcite RV with respect to LV. 

Interventricular resynchronization resulted in significantly improved LV stroke volume. 

This was based on increased RV contraction and LV diastolic filling. Our data 

demonstrated acute augmentation of LV stroke volume, but did not prove that A-V 

sequential pacing would be still clinically beneficial in a more chronic setting. Still, A-V 

sequential pacing with short A-V delay may be a novel therapeutic option for CTEPH 

patients who are not eligible for PEA, or those who have persistent PAH and lack of 

clinical improvement after PEA. 

We assessed the incidence of life-threatening ventricular tachyarrhythmias in patients 

with CTEPH and vulnerability to ventricular tachyarrhythmias in rats with 

monocrotaline-induced RV failure in Chapter 6. In this study, patient’s medical histories 

and 12-lead ECGs recorded at rest and during cardiopulmonary exercise testing were 

analyzed. In a rat monocrotaline model of RV failure, we performed epicardial mapping 

and investigated the susceptibility to ventricular tachyarrhythmias. Isolated myocytes and 

ventricular tissue from these rat hearts were used for characterization of cardiac cellular 

electrophysiology and tissue morphology. In addition, we performed patch-clamp studies 

to characterize action potentials and sodium ion current. In contrast to LV failure, the 

incidence of ventricular tachyarrhythmias in patients with severe CTEPH was low. In 

parallel, susceptibility to ventricular tachyarrhythmias in the rat model was not increased. 

Interestingly, electrophysiological remodeling occurred in both RV and LV of rats with  
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RV heart failure secondary to chronic PAH. Thus, low susceptibility to ventricular 

tachyarrhythmias in these rats was associated with increased excitation wavelength in 

both ventricles. In turn, increased excitation wavelength in RV was caused by faster 

conduction velocity and longer effective refractory period. In LV, it mainly resulted from 

effective refractory period prolongation.  

In Chapter 7, we report that RV heart failure in patients with CTEPH was associated 

with reversible LV free wall mass reduction. Similarly, LV free wall mass was significantly 

lower in rats with RV failure due to MCT-induced chronic PAH. This was related to 

cardiomyocytes shrinkage and reactivation of a fetal gene program in LV. The latter 

suggested the occurrence of LV atrophic remodeling. On the other hand, LV atrophic 

remodeling in patients with RV failure secondary to CTEPH was not confirmed in the 

present study because LV free wall biopsies were not performed. 

In Chapter 8, we describe a novel echocardiographic variable, the pulmonary flow 

systolic notch ratio (NR), to be associated with perioperative mortality and 

hemodynamic improvement at mid-term follow-up in CTEPH patients who underwent 

PEA. In particular, the timing of such a notch within the cardiac cycle is an excellent 

predictor of perioperative mortality and functional improvement after PEA, with lower 

mortality risk and better hemodynamic outcome in patients with NR<1.0. Clearly, using 

this variable may be of great aid when preoperative assessments must establish which 

CTEPH patients are eligible for PEA. For instance, patients with severe elevations of 

pulmonary arterial pressure are probably good candidates for PEA if their NR is low 

(<1.0), even if they are severely symptomatic, because their in-hospital mortality risk is 

low and their hemodynamic improvement is good. Conversely, given that patients with a 

NR>1.0 have a relatively high in-hospital mortality risk and more limited hemodynamic 

improvement, alternative treatments may be considered for these patients (e.g., bosentan 

and/or epoprostenol). The pressure wave reflection is believed to be a 

pathophysiological mechanism for the described finding. However, we did not validate 

echocardiographic NR with perioperative data on the location of thromboembolic 

masses. 
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Ondanks groeiende kennis over de onderliggende pathofysiologie blijft RV hartfalen de 

belangrijkste doodsoorzaak bij patiënten met chronische PAH. Een beter begrip van de 

mechanismen die de overgang van gecompenseerde RV hypertrofie naar 

gedecompenseerde remodeling bepalen, kan tot verbetering in RV-specifieke therapieën 

leiden en de overlevingskans vergroten van patiënten met RV hartfalen wegens 

chronische PAH.  

Hoofdstuk 1 van dit proefschrift bespreekt de structuur en functie van een normale en 

chronisch drukoverbelaste RV. Cellulaire and moleculaire mechanismen die de 

ontwikkeling van RV hartfalen veroorzaken worden in dit hoofdstuk besproken. In dit 

overzicht hebben we speciale aandacht besteed aan de rol van elektrische en 

mechanische interventriculaire (a)synchroniciteit voor de optimale werking van een 

normaal hart en een hart dat blootgesteld is aan chronische PAH.  

Het belang van het kiezen een relevant diermodel om effecten van behandelingen op 

chronische PAH te bestuderen wordt in Hoofdstuk 2 besproken. Hierin wordt 

benadrukt dat bevestiging van positieve effecten van een behandeling die bij proefdieren 

getoetst was, in mensen essentieel is voor het trekken van de uiteindelijke conclusie over 

de doeltreffendheid van deze behandeling. 

Hoofdstuk 3 beschrijft de volgorde van echocardiografische veranderingen tijdens 

ontwikkeling van RV hartfalen in een rattenmodel, waarin chronisch PAH is geïnduceerd 

door monocrotaline injectie. Wij hebben gevonden dat PAH en verdikking van de RV 

vrije wand voorafgaan aan dilatatie en contractiele dysfunctie van RV. Echocardiografische 

analyse maakte een nauwkeurige bepaling van het stadium van de ziekte ontwikkeling in 

dit model van RV hartfalen mogelijk. 

Hoofdstuk 4 beschrijft de resultaten van een prospectieve studie naar patiënten met 

CTEPH bij wie preoperatieve transthoracale echocardiografie en epicardiale mapping 

tijdens pulmonale endarterectomie werd verricht. De bevindingen werden vergeleken 

met controles. Wij vonden dat de aanvang van diastolische relaxatie van RV vrije wand 

ten opzichte van LV laterale wand (diastolisch interventriculair delay genoemd) was  
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vertraagd bij CTEPH patiënten vanwege het feit dat de elektrische activatie van RV later 

voltooid is dan die van LV. Bovendien was de epicardiale actie potentiaal duur, gemeten 

met activation-recovery interval metingen, langer in de RV vrije wand dan in de LV 

laterale wand. De aanwezigheid van diastolische interventriculaire delay bij patiënten met 

CTEPH was onafhankelijk van het bestaan van rechter bundeltakblok, hoewel toename 

van diastolische interventriculaire delay groter was in patiënten zonder rechter 

bundeltakblok. De waargenomen vertraagde RV activatie kon gedeeltelijk worden 

uitgelegd door tragere geleidingssnelheden in RV. Echter, wij hebben geen epicardiale 

mapping bij de controle populatie gedaan. Daarnaast hebben we niet bestudeerd of een 

causale relatie bestaat tussen elektrofysiologische remodeling in RV and vertraagde RV 

diastolische relaxatie.  

In Hoofdstuk 5 beschrijven wij de resultaten van een proof-of-principle studie gericht 

op interventriculaire resynchronisatie bij RV hartfalen als gevolg van chronische PAH. 

Zeven patiënten met CTEPH ondergingen tijdelijke atrioventriculaire (A-V) sequentiële 

pacing met verkorting van A-V delay om RV ten opzichte van LV te preëxciteren. Dit 

leidde tot een significante toename van LV slagvolume. Dit was gekoppeld aan 

verbetering van RV en LV diastolische vulling. Deze studie toonde alleen dat acute stijging 

in LV slagvolume optrad, maar leverde geen bewijs dat chronische A-V  sequentiële 

pacing klinisch voordelig kan zijn. Desalniettemin kan A-V sequentiële pacing met kort A-

V delay een nieuwe therapeutische optie zijn voor CTEPH patiënten die niet geschikt zijn 

voor PEA, of voor hen die persistente PAH en een gebrek aan klinische verbetering na 

PEA hebben. 

De incidentie van levensbedreigende ventriculaire tachyaritmieën bij patiënten met 

CTEPH en gevoeligheid voor ventriculaire tachyaritmieën in ratten waarbij RV hartfalen 

als gevolg van chronische PAH werd geïnduceerd door monocrotaline injectie wordt 

beschreven in Hoofdstuk 6. In tegenstelling tot LV falen was de incidentie van 

ventriculaire tachyaritmieën bij patiënten met ernstige CTEPH laag. Dienovereenkomstig 

was de gevoeligheid voor ventriculaire tachyaritmieën in het rattenmodel niet 

toegenomen. Elektrofysiologische remodeling in het rattenmodel werd zowel in RV als  
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LV gevonden. De geringe gevoeligheid voor ventriculaire tachyaritmieën in deze ratten 

was geassocieerd met toegenomen excitatie golflengte in beide ventrikels. In RV werd de 

toegenomen excitatie golflengte veroorzaakt door snellere geleidingssnelheden en 

langere effectieve refractaire periode. In LV kwam het voornamelijk door verlenging van 

effectieve refractaire periode. 

In Hoofdstuk 7 tonen wij aan dat RV hartfalen bij patiënten met CTEPH gepaard gaat 

met omkeerbare afname van LV vrije wand massa. Evenzo was LV vrije wand massa bij 

ratten met RV hartfalen wegens MCT-geïnduceerde chronische PAH significant kleiner 

dan bij controle ratten. Massaverkleining was met verkleining van cardiomyocyten en 

reactivatie van het foetale genprogramma in LV geassocieerd. Dit laatstgenoemde 

suggereert het voorkomen van LV atrofische remodeling in LV van ratten met RV 

hartfalen. LV atrofische remodeling kon niet worden onderzocht patiënten met RV 

hartfalen wegens CTEPH niet bevestigd, omdat LV vrije wand biopsieën niet werden 

uitgevoerd. 

In Hoofdstuk 8 beschrijven we een nieuwe echocardiografisch variabele, de 

zogenaamde pulmonale stroom systolische notch ratio (NR), die geassocieerd is met 

perioperatieve sterfte en hemodynamische verbetering op de middellange termijn bij 

CTEPH patiënten die PEA hebben ondergaan. Het moment waarop de notch binnen de 

cardiale cyclus optrad was een uitstekende voorspeller van perioperatieve mortaliteit en 

functionele verbetering na PEA, waarbij patiënten met NR<1.0 een lager sterfte risico en 

een betere hemodynamische uitkomst hebben. Het gebruik van deze variabele kan een 

hulpmiddel zijn om te bepalen welke CTEPH patiënten voor PEA geschikt zijn. 

Bijvoorbeeld kunnen patiënten met ernstige stijging in pulmonale arteriële druk 

waarschijnlijk goede kandidaten voor PEA zijn als hun NR laag (<1.0) is, zelfs indien ze 

ernstig symptomatisch zijn, omdat hun sterfterisico in het ziekenhuis klein is, maar hun 

hemodynamische verbetering vrij goed is. Omgekeerd hebben patiënten met een NR>1.0 

een relatief hoog sterfterisico in het ziekenhuis en een vrij beperkte hemodynamische 

verbetering. Bij deze patiënten kunnen alternatieve behandelingen worden overwogen, 

bijvoorbeeld bosentan en/of epoprostenol.  
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Het is een vrij lang traject geweest totdat dit proefschrift tot stand is gekomen. Dit feit is 

op zich een belangrijke gebeurtenis in mijn leven. Het is bovendien een mooie 

gelegenheid om toe te geven hoe vol dankbaarheid mijn hart zit. Dankbaarheid aan 

iedereen die me langs dit traject steun hebben gegeven en zullen blijven geven.  

Allereerst bedank ik mijn promotor Prof. Dr. Jacques de Bakker en co-promotor Dr. 

Hanno Tan. Beste Jacques, van harte bedankt dat je mij de mogelijkheid hebt gegeven om 

mij stap voor stap tot een wetenschapper te ontwikkelen en nuttige vaardigheden aan te 

leren tijdens mijn promotieonderzoek op de afdeling Experimentele Cardiologie. Beste 

Hanno, grotendeels dankzij jouw enthousiasme, eindeloze optimisme en enorm 

werkvermogen is dit proefschrift verschenen. Met je ruime klinische en 

onderzoekservaring en je talloze talenten kon je altijd een heldere en fraaie 

wetenschappelijke oplossing vinden, de juiste klemtonen leggen en waardevolle adviezen 

geven. Ik ben je er ontzettend dankbaar voor dat je meer dan 6 jaar geleden (toen ik 

voor het eerst in Amsterdam aankwam) in mij een potentieel promovendus herkende. 

Met dit vertrouwen zag ik niets als onmogelijk aan.  

Verder wil ik de commissieleden, Prof. Dr. A.A. Wilde, Prof. Dr. B.A.J.M de Mol, Prof. 

Dr. J.H. Ravesloot, Prof. Dr. B.J.M. Mulder, Dr. R.B.A. van den Brink en Dr. T.B. van 

Veen, bedanken voor hun onmisbare deelname aan de beoordeling van dit proefschrift. 

Beste Mio, beste projectgenoot, zo veel hebben wij samen meegemaakt en gedeeld: 

experimenten (succesvol of niet), artikelen (al gepubliceerd of nog niet) en congressen (in 

Amerika of ergens anders). Het belangrijkste vind ik dat we niet alleen zoveel samen 

gedeeld hebben, maar ze ook altijd als een team hebben afgehandeld. Bovendien ben ik 

heel dankbaar voor het openhartig delen van je mooie woning met mijn gezin, toen we 

opeens als daklozen op straat stonden. Dit zal ik nooit vergeten. 

Ik bedank Rianne van harte voor het delen van mijn passie voor het onderzoek naar 

rechter ventrikelfalen en pulmonale hypertensie. Je scherpe en praktische opmerkingen 

en wetenschappelijke ideeën hebben grote invloed op mij gehad en onmisbaar bijdrage 

aan dit proefschrift geleverd. Hopelijk kan ik nog, zoals vroeger, vaak telefonisch je 

intrigerende woorden horen: “Max, ik heb mooie echoplaatjes gemaakt!  
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Kom even kijken.” Daarnaast ben ik je collega’s die in de echokamer samen met je 

werken (Jim, Hetty, en Denise) ontzettend dankbaar. 

Beste Berto, ik wil je bedanken voor je zeer waardevol medeauteurschap, mooie 

discussies over rechter ventrikelfalen en je deskundige mening over de werkelijke en 

praktische waarde van de manuscripten. Verder gaat mijn dankbaarheid uit naar de 

cardiologen Marije Vis, Martijn Meeuwissen, Wouter Kok, Jaan Baan Jr., Joris de Groot, 

Chantal Conrath, Robbert J. de Winter en Maarten Groenink voor hun samenwerking, 

begrip en grensloos geduld. Ik bedank verder Maurice Remmelink, Ze Yie Yong, Michiel 

Winter en Marielle Duffels, onderzoekers op de afdeling Cardiologie, voor hun bijdrage 

aan dit preofschrift. 

Dit proefschrift zou nauwelijks tot stand zijn gekomen zonder Paul Bresser, Herre J. 

Reesink, Sulaiman Surie, Marc van der Plas, Jaap J. Kloek, Edouard M.F.H. de Beaumont 

van de afdelingen Longziekten, Cardio-Thoracale Chirurgie en Anesthesiologie. Ik 

waardeer hun samenwerking, hard werk en passie voor wetenschap.  

Ik bedank Cora M. de Bruin en Hein J. Verberne van de afdeling Nucleaire Geneeskunde 

voor hun deelname aan ons apoptose-onderzoek in het C-lab. Michael W.T. Tanck en 

Allard C. van der Wal, bedankt voor jullie bijdrage aan dit proefschrift. 

Daarnaast wil ik mijn waardering uitspreken voor Martin Michel wie vooral aan het begin 

van dit project de drijvende kracht was. 

Lieve Simona Casini en Paola Meregalli, jullie vrolijke stemmen zal ik voor altijd blijven 

onthouden! Ik dank jullie voor het gezelschap en vriendelijke steun. Verder wil ik mijn 

dankwoord uitspreken aan de M-gebouw kamergenoten Rob Wiegerinck en Jeroen Smits 

en de lieve secretaresse Marijke Kraayenhof. 

Bovendien wil ik apart mijn K2-113 kamergenoten bedanken. Francien, dankzij jouw 

tijdige en vriendelijke hulp heb ik mijn huidige woonplaats gevonden. Je levenservaring, 

optimisme en eeuwige jeugd hebben mij veel inspiratie gegeven. Hester, bedankt voor de 

gezellige sfeer! Amin, je bent mijn paranimf. Dat spreekt vanzelf. Verder wil ik mijn 

tweede paranimf, Antonius Baartscheer, bedanken voor zijn voorbeidheid te helpen. 
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en Anatomie en Embryologie bedanken: Giel Janse, Ruben, Tobias, Marieke Veldkamp, 

Yigal Pinto, Cees, Jan Fiolet, Carol Ann, Charly, Wim, Andre, Antoni, Arie, Connie, 

Marcel, Ronald, Jan Zegers, Jan Bourier, Geza, Berend, Tamara, Karel, Shirly, Diana, 

Zafara, Mark Hoogendijk, Marc Potse, Brendon, Abdennasser, Marieke Blom, Bas, Olga, 

Denise, Alaleh, Geert, Irina, Alexander, Sergei, Alex Soufan, Alex Postma, Jan Ruijter, 

Roos en Martijn.  

Beste vrienden, beste Alexander en Olga: onder jullie dak heb ik mijn eerste nachten in 

Amstredam doorgebracht. Zonder jullie geloof en steun zou ik wellicht nooit naar 

Nederland zijn gekomen. Elena, Ludmilla en Vitaly, ik waardeer jullie belangstelling, 

gezelschap en begrip. Ik bedank Masha en Piet-Jan van harte voor hun steun en geduld 

tijdens onze lokale “economische crisis”.  

Victor A. Snezhitsky, my first scientific supervisor (and, if I may hope, a friend) and Vitaliy 

L. Denisovich, my first echocardiographic coach - thank you so much. I acknowledge 

Olga V. Aleinikova, the director of Belarusian Republican Scientific Practical Center for 

Pediatric Oncology and Hematology, for showing me good examples of “right decision 

making” strategy and having respect for consequences of the decision(s) made. 
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Chapter 4 
Figure 1 (page 99) 

 
 
Measurement of RV time to E’, LV time to E’, and DIVD. Tissue Doppler imaging 
recordings of velocity curves of RV free wall (yellow curves) and LV (green curves) 
lateral wall. Patient 1 has mean pulmonary artery pressure (mPAP) of 25 mmHg (A), 
patient 2 has mPAP of 57 mmHg (B), and patient 3 has mPAP of 33 mmHg (C). White 
lines in panels A, B, and C indicate onset of QRS complex. RV and LV time to E’ were 
intervals between onset of QRS and onset of early diastolic relaxation E’ of each 
ventricular wall (dotted yellow and green arrows, respectively). DIVD was the 
difference between time to E’ of RV and LV. Values of RV-to-LV delay in activation and 
difference in ARI were obtained during electrophysiologic study (see “Methods”). Note 
that patient 2 has large DIVD (60 ms) despite normal QRS duration (88 ms). 
Abbreviations: see List of abbreviations.  

Patient 1: 
DIVD= -10 ms 
QRS=78 ms 
RV-to-LV 

 activation delay=1 ms 

 difference in ARI=-3 ms 

Patient 2: 
DIVD=60 ms 
QRS=88 ms 
RV-to-LV 

 activation delay=22 ms 

 difference in ARI=28 ms 

Patient 3: 
DIVD= 90 ms 
QRS=140ms 
RV-to-LV 

 activation delay=53 ms 

 difference in ARI=30 ms 
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Chapter 4 
Figure 2 (page101) 
 
 

 
 

 
 
 
 
Method of determination of local activation time. Examples of RV (A, D) and LV (B, E) 
epicardial activation during sinus rhythm of patients 1 (A-C) and 2 (D-F) (same patients 
as in Figure 1). Activation time is interval between Reference time and maximum negative 
slope (solid black dots) of unipolar QRS complex (C and F). Time scale in panels A, B, 
D, and E indicates times from Reference time. Abbreviations: see List of abbreviations. 
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Chapter 4 
Figure 3 (page 102) 
 

 
 

Method of determination of ARI. Example of RV (A, D) and LV (B, E) epicardial 
activation during constant pacing of patients 1 (A-C) and 2 (D-F). Local activation time 
was interval between onset of stimulus artifact (S) and maximum negative slope of local 
electrogram (solid black dots). Local repolarization time was maximum positive slope 
of local electrogram T wave (open dots). ARI was the difference between repolarization 
time and local AT. The activation maps were constructed, and longitudinal (black 
arrow, A) and transversal (white arrow, A) conduction velocities were calculated from 
the ellipsoid activation pattern. Abbreviations: see list of abbreviations. 
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Chapter 5 
Figure 2 (page 130) 
 

 
Measurements of pulsed-wave Doppler derived left ventricle outflow tract (LVOT) 
velocity-time integrals (VTIs) (A, C, E) and color tissue Doppler derived diastolic 
interventricular delays (DIVDs) (B, D, E) during A-pacing pre-CRT (A, B), A-V-pacing 
CRT at optimal A-V delay (C, D), and A-pacing post-CRT (E, F). Tissue Doppler imaging 
recordings of velocity curves of RV free wall (yellow curves) and LV lateral wall 
(green curves). White arrows indicate DIVD measured as the time interval between 
onsets of LV and RV early diastolic relaxation velocities (between green and yellow 
dashed lines, respectively) 
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Chapter 6 
Figure 1 (page 157)  

 
 
 

Examples of determination of effective refractory period (A) during programmed 
stimulation and subepicardial activation maps during constant pacing at basic cycle length 
of 200 ms (B). RV: right ventricle; LV: left ventricle; S1: stimulus applied at basic cycle 
length of 200 ms; S2: premature stimulus with a coupling interval at the refractory period; 
RVF: RV failure; CTRL: control. 
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Chapter 6 
Figure 6 (page 166) 
 
 
 

 
 
 
 
Expression and distribution of Connexin-43 and interstitial collagen deposition. A: 
Immunolabeling of Connexin-43 (green) (upper panel) and double labeling of Connexin-
43 (green) and α-actinin (red) (lower panel); B: Western blot (upper panel) and 
Connexin-43 expression (lower panel); C: Picro-sirius Red staining of collagen (upper 
panel) and interstitial collagen content (lower panel). Scale bars in panels A and C: 
100µm and 50µm, respectively. RV: right ventricle; LV : left ventricle; RVF: RV failure; 
CTRL: control. Cx-43: Connexin-43. 
 
 
 
 
 



Appendix 
 

__________________________________________________________________ 

255 

 
Chapter 7 
Figure 1 (page 180) 
 
 
 

 
 
 
 
 
Short-axis MRI images at the level of papillary muscles.  

Panels A and B: images of a healthy volunteer at end-diastole (A) and end-systole (B); 
panels C and D: image of a chronic thromboembolic pulmonary hypertension (CTEPH) 
patient with RV failure (RVF) at end-diastole (C) and end-systole (D) before pulmonary 
endarterectomy (PEA); panels E and F: images of a CTEPH patient with pre-operative 
RVF at end-diastole (E) and end-systole (F) after PEA. Left ventricular free wall is 
measured as the area encountered between manually bordered endocardial (red curve) 
and epicardial (green) curves. 
 
 
 

CTEPH patient with 
 pre-operative RVF  

(after PEA) 

CTEPH patient with  
pre-operative RVF  

(before PEA) 

Healthy  

volunteer 
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Chapter 7 
Figure 2 (page 187) 
 
 
 
 
 

 
 
 
 
 
Distribution of atrial natriuretic peptide (ANP), α-myosin heavy chain (α-MHC), and 
sarcoplasmic reticulum calcium ATPase-2 (SERCA2) in a four-chamber section of control 
(upper panels) and right ventricular failure (RVF) rats (lower panels). In RVF rats, 
expression of ANP mRNA is higher and expression of α-MHC and SERCA2 mRNA is 
lower than in controls. This occurs not only in right ventricle (RV), but also in left 
ventricle (LV). 
 

SERCA2 α-MHC ANP 

control 

RVF 

LV 

RV 

LV LV 

LV LV LV 
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