
 
 
 
 
 
 
 
 

Right ventricular diastolic dysfunction in 
pulmonary arterial hypertension 

 
 
 
 

Silvia Rain 
 
 
 
 
 
 
 
 
 
 
 
 

 
 



Financial support for printing this thesis was kindly provided by the Vrije Universiteit 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The work presented in this thesis was performed at the departments of Pulmonology 
and Physiology, Institute for Cardiovascular Research of the VU Medical Center, 
Amsterdam, The Netherlands. 
 
Cover design Silvia Rai &, Sebas Apeldoorn 
Print                Offpage, Amsterdam www.offpage.nl 
ISBN                --------------- 
 
Copyright © Silvia Rain 2015 
No part of this work may be reproduced or transmitted in any form or by any means 
without written permission of the author.  

 
 

http://www.offpage.nl/


 
 
 
 

VRIJE UNIVERSITEIT 
 

 
 

 
Right ventricular diastolic dysfunction in pulmonary arterial 

hypertension 
 
 
 
 
 
 
 

ACADEMISCH PROEFSCHRIFT 
 

ter verkrijging van de graad Doctor aan 
de Vrije Universiteit Amsterdam, 

op gezag van de rector magnificus 
prof.dr. F.A. van der Duyn Schouten, 

in het openbaar te verdedigen 
ten overstaan van de promotiecommissie 

van de Faculteit der Geneeskunde 
op maandag 14 september 2015 om 11.45 uur 

in de aula van de universiteit, 
De Boelelaan 1105 

 
 
 
 
 
 
 
 
 

door 
 

Silvia Rain 
 

geboren te Ploiesti, Roemenië 

 



 
promotoren: prof.dr. A. Vonk Noordegraaf 

prof.dr. J. van der Velden 
copromotor: dr. F.S. de Man 
 
 
 

 



Content 
 

  
 
 
 
Page 

Chapter 1 Introduction and thesis outline 
Right ventricular diastolic dysfunction – From bed to bench side  

 1 

 
Part 1 

 
Basic science perspective 
 

 

Chapter 2 Right ventricular diastolic impairment in patients with 
pulmonary arterial hypertension 
 

11 

Chapter 3 Protein changes contributing to right ventricular cardiomyocyte 
diastolic dysfunction 
 

37 

Chapter 4 Fibrosis- and cardiomyocyte-mediated stiffness in pulmonary 
arterial hypertension 

55 

 
Part 2 

 
Clinical perspective 
 

 

Chapter 5 Pressure-overload-induced right heart failure 
 
 

71 

Chapter 6 Right ventricular-arterial coupling in patients with pulmonary 
arterial hypertension 
 

85 

Chapter 7 Clinical relevance of right ventricular diastolic stiffness in 
pulmonary hypertension 
 

107 

Chapter 8 Conclusions and further perspectives 
 

125 

 Summary 
 

133 

 Acknowledgements 135 
   
 List of publications 139 
   
 Curriculum Vitae 141 
 

 
 

http://www.ncbi.nlm.nih.gov/pubmed/24056688
http://www.ncbi.nlm.nih.gov/pubmed/24056688
http://www.ncbi.nlm.nih.gov/pubmed/24895160
http://www.ncbi.nlm.nih.gov/pubmed/24895160


Chapter 1 
 
 
 

Introduction and thesis 
outline 

 
 
 
 
 
 
 
 
 
 
 
 
 



Chapter 1___________________________________________________________________________________________________ 
 
Definition of pulmonary arterial hypertension 
Pulmonary arterial hypertension (PAH) is defined by a mean pulmonary arterial 
pressure of more than 25mmHg and a pulmonary wedge pressure lower than 
15mmHg.1,2 The estimated prevalence is of 15-50 cases per million, with substantially 
higher prevalence in risk groups (HIV 0.5%, systemic sclerosis 7-12%). Although 
primary a lung disease, the progression and survival in PAH is  related to the incapacity 
of the right ventricle to adapt to the increased afterload.3-10 
 

Table 1 – Clinical classification Pulmonary Hypertension  
Group 1 
 
 

Pulmonary arterial hypertension(PAH) 
Idiopathic / Familial (iPAH) 
Toxin- and drug-induced 
Connective tissue disease (PAH-CTD) 
Congenital heart defects (PAH-CHD) 
Other causes (HIV, Sickle Cell Disease) 

Group 2 Pulmonary hypertension due to left heart failure (PH-LHF) 
Group 3 Pulmonary hypertension due to lung disease (PH-Lung) 
Group 4 Chronic thromboembolic pulmonary hypertension (CTEPH) 
Group 5 Other multifactorial causes of pulmonary hypertension 

 
Right ventricular diastolic dysfunction – From bed to bench side  
 
Right ventricular (RV) remodeling in response to the increased afterload is considered 
to follow a two-step sequence. In an initial stage, the hypertrophic response is 
prominent and helps the thin-walled RV to cope with the increase in pulmonary 
pressure. However, in most patients this step is rapidly followed by extensive RV 
dilation and progression to irreversible (end-stage) heart failure.11,12 At this end-stage 
systolic function is clearly compromised (as shown by a low RV stroke volume and 
ejection fraction) and patients present with signs and symptoms of heart failure: 
minimal exercise capacity (shown in 6-minutes-walk-test), sensation of dyspnea and 
peripheral edema.13 Whether RV diastolic function is also compromised in patient with 
PAH and further contributes to disease worsening is not known. Therefore the aim of 
this thesis is to characterize RV diastolic function in PAH.14,15 
 
Part 1 – Basic science perspective 
 
Load-independent RV diastolic function determination 
Determining RV diastolic function is challenging in PAH since non-invasive ultrasound 
parameters (E/A, E/E, tau) commonly used to determine left ventricular diastolic 
function are less applicable on the right heart due to their load-dependency. A 
prospective study on PAH showed that RV echocardiography is only in 50% of the 
cases accurate in determining the hemodynamic estimates of the right ventricle.16,17 

Furthermore, echocardiography could not differentiate between early versus late 
diastolic abnormalities, which makes this non-invasive technique less valuable to 
diagnose RV diastolic function.18 
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Right atrial pressure (RAP), a clinical parameter used in common clinical practice to 
characterize RV diastolic function,  is only an indirect marker of diastolic dysfunction 
and does not fully reflect intrinsic RV diastolic function.19-2021 Since tricuspid 
regurgitation is common in PAH (>80% patients with a pulmonary artery systolic 
pressure >35mmHg) and leads to an abnormally high RAP due to atrial volume-
overload and flow underestimation, determining RAP may not truly reflect RV diastolic 
dysfunction.22  
 
Figure 1 – RV systolic and diastolic function assessed by pressure-volume analysis  

 
 
Pmax: maximal isovolumic pressure; EDP: end-diastolic pressure; BDP: minimal diastolic pressure; ESV: 
end-systolic volume; SV: stroke volume; EDP: end-diastolic volume; Ees: systolic elastance; Ea: arterial 
elastance; Eed: end-diastolic elastance. 
 
Intrinsic RV diastolic function can be measured invasively in animal models by load-
independent methods which compute end diastolic elastance (Eed) from pressure-
volume analysis. (Fig. 1)23,24 To determine Eed one needs to perform preload reducing 
maneuvers, such as vena cava occlusion. During this procedure the preload to the right 
ventricle is progressively decreased, leading to a gradual lowering in RV filling 
pressures and a leftward-downward displacement of the pressure-volume loops. Eed is 
then calculated by fitting an exponential line through the end-diastolic pressure-
volume points, where the exponential factor β (P=α (eVβ -1) reflects the diastolic 
stiffness of the ventricle. This method is feasible in animal studies. However in PAH 
patients it carries risks related to the pre-existing poor cardiac function and the 
preload reduction intervention therefore cannot be used safely. In Chapter 2 we aimed 
to develop a new method to determine RV diastolic function which is suitable for 
common clinical practice by circumventing the preload reduction maneuvers and has 
the advantage of reflecting the intrinsic muscle properties on the right ventricle.14-2526  
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Figure 2 – Impaired cardiomyocyte function 

 
 
PKA: protein kinase A; PKC: protein kinase C; CaMK: Ca2+-calmodulin dependent kinase; NE: 
norepinephrine; AgTII: angiotensin II; β-AR: beta adrenergic receptor; ATIIR1: angiotensin II receptor type 
1; Ca: calcium; Na: sodium; TnI/C/T: troponin I/C/T; MyBPC: myosin binding protein C; NCX1: sodium-
calcium exchanger; SERCA2a:  sarcoplasmic reticulum Ca2+-ATPase; PLN: phospholamban. 
 
Cellular mechanisms contributing diastolic dysfunction 
Heart failure with preserved ejection (HFPEF) fraction is the hallmark disease of left 
ventricular diastolic dysfunction.27 Several cellular morphological and functional 
mechanisms were shown to be implicated in HFPEF.27 First, a prominent increase in 
cardiac muscle cell size was observed in samples from HFPEF patients. Furthermore, 
ventricular hypertrophy was associated with altered cardiomyocyte relaxation 
properties. Cardiomyocyte dysfunction (Figure 2) was related to increased stiffness of 
the contractile apparatus, higher residual diastolic actin-myosin cross-linking, altered 
myofilament Ca2+-sensitivity and decreased diastolic Ca2+-clearance.28-3435 
 
1) Cardiomyocyte stiffness 
Titin was previously shown to be the major contributor to left ventricular 
cardiomyocyte stiffness. This giant sarcomeric protein anchors at the z-disk level and 
acts as a molecular spring, determining the sarcomeric elasticity upon stretch.36 Titin 
stiffness is modulated by a fast acting mechanism involving the phosphorylation of 
specific titin domains and a relatively slow acting mechanism where one of the two 
titin isoforms is preferentially expressed.37 Phosphorylation of titin N2B domain by 
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specific kinases (PKA/PKG/CaMKIIδ) induces a decrease in sarcomeric stiffness, while 
PEVK domain phosphorylation (PKC) increases its stiffness.38-3940 

 
2) Myofilament Ca2+-sensitivity 
An increase in myofilament Ca2+-sensitivity can also contribute to cardiomyocyte 
diastolic impairment by enhancing residual actin-myosin interactions at low [Ca2+] 
concentration (as found during the diastolic phase). Previous studies in samples from 
patients with end-stage left heart failure show that decreased protein kinase A (PKA) 
phosphorylation of sarcomeric proteins troponin I (TnI) and myosin binding protein C 
(MyBPC) have a net effect of increasing myofilament Ca2+-sensitivity, which may 
underlie diastolic function.41  
 
3) Impaired diastolic Ca2+-clearance 
Similar mechanisms of increased residual actin-myosin interactions involve alterations 
in the diastolic [Ca2+] concentration during diastole by insufficient Ca2+-reuptake into 
the sarcoplasmic reticulum (SR). An abnormally high diastolic [Ca2+] may impair the 
capacity of the cardiomyocyte to fully relax.  Several important ATPase pumps, Ca2+-
channels and regulatory proteins are implicated in the diastolic Ca2+-clearance. Most of 
the cytoplasmatic Ca2+ is removed at the end of systole by the sarcoplasmatic reticulum 
calcium ATPase 2a (SERCA2a), which uses ATP breakdown to pump back Ca2+ into the 
sarcoplasmic reticulum. SERCA2a function is dependent on the inhibitory effect of 
phospholamban (PLN) which blocks SERCA2a activity if not phosphorylated. 
Therefore, a decrease in SERCA2a expression and activity or increased PLN inhibition 
via insufficient PLN phosphorylation or increased PLN expression can lead to an 
abnormally high diastolic Ca2+-concentration in the cytoplasm and prolonged 
sarcomeric contraction in the diastolic phase.42 Furthermore, the Na+/Ca2+-exchanger 
(NCX) is responsible for extruding Ca2+ from the cardiomyocyte into the extracellular 
space in exchange for Na+. Altered NCX function can have the same diastolic 
consequences as abnormal SERCA2a-PLN function, with the distinction that an increase 
in NCX function can lead to excessive Ca2+ loss in the extracellular space and the 
inability of the cell to use this Ca2+ during sarcomeric contraction.43,44  
 
The cellular changes mentioned above were observed in left ventricular failure. 
However, these mechanisms could be chamber specific and they can not be 
extrapolated to the right ventricle due to important differences in disease etiologies 
and ventricle-specific embryology, morphology and hemodynamics. Therefore in 
Chapter 2 and 3 we aimed to determine whether the diastolic properties of the RV 
cardiomyocytes are impaired in PAH and which molecular mechanisms are responsible 
for these changes. 
 
Neurohormonal activation in PAH 
As the cardiac output progressively decreases with worsening of cardiac function, 
specific neurohormonal activation, such as the sympathetic nervous system and the 
renin-angiotensin-aldosterone system (RAAS), ensure that the perfusion of vital organs 
is maintained and the cardiac output is restored by enhanced contractility, heart rate 
and volume expansion.45,46 By an increase in preload the heart can respond with an 
elevation in end–diastolic volume, which  via the Frank-Starling mechanism results in a 
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rise in stroke volume. 
However, long-standing neurohormonal activation and high circulating catecolamines 
or angiotensin II/aldosterone hormones are accompanied by negative disease 
outcome.47 Catecolamines are initially able to enhance contractility and increased heart 
rate, but at the same time induce myocardial  ischemia, promote apoptotic 
cardiomyocyte death or induce  the expression of maladaptive fetal isoforms of 
proteins involved in contraction.48,49 

In the attempt to counteract the negative effects of neurohormonal activation, 
cardiomyocytes are believed to downregulate the density of hormone membrane 
receptors and thus block further pro-apoptotic intracellular pathways. Studies from 
Bristow et al. showed that the density of the β1-adrenergic receptor-1 (β1-AR) is not 
only down-regulated in left heart failure, but also in the right ventricle of PAH patients. 
The consequences of this downregulation have never been studied, though they may be 
linked to an abnormal diastolic function of RV cardiomyocytes. A decrease in β1-AR 
signaling could be coupled to insufficient adenylate cyclase/ protein kinase A (PKA)-
mediated phosphorylation of important proteins involved in proper relaxation of RV 
cardiomyocytes.50,51 

In left heart failure PKA was shown to phosphorylate titin and reduce sarcomeric 
stiffness, phosphorylate troponin I and decrease myofilament Ca2+-sensitivity and 
phosphorylate PLN and enhance SERCA2a diastolic Ca2+-reuptake function. 
Downregulated β1-AR may contribute to RV diastolic dysfunction in PAH via these 
mechanisms. Of note, Bristow et al also showed that β2-AR is up-regulated in PAH. 
Therefore, the net effect on the adrenergic system – PKA-mediated protein 
phosphorylation status – was investigated in cardiac samples of PAH patients in 
Chapter 3. 
 
RV diastolic dysfunction and fibrosis 
The neurohormonal systems are also implicated in the regulation of fibrosis, which 
together with cardiomyocyte-related relaxation impairments determine overall 
ventricular diastolic dysfunction. The amount of myocardial fibrosis is modulated by 
RAAS by a series of pathways which regulate collagen synthesis, preferential collagen 
isoform expression, degradation and cross-linking. In a previous study by de Man et al. 
increased levels of renin, angiotensin (Ang) I, and AngII were associated with PAH 
progression.52 The exacerbated RAAS signaling could be responsible for the increase in 
myocardial fibrosis.  Increased levels of AngII further can activate TGF-β in the 
ventricular fibroblasts with a net effect of increasing collagen fiber secretion, 
decreasing matrix-metalloproteinases (MMPs) and increasing tissue inhibitors of 
metalloproteinases (TIMPS) and ultimately enhancing myocardial collagen production 
and deposition. Aldosterone signaling was also shown to be responsible for increasing 
myocardial fibrosis via the activation of mitogen-activated protein kinases (MAPKs), 
including extracellular signal-regulated kinases (ERK1/2) with increased mRNA levels 
of collagen types I, III, and IV. 
If both cellular and extracellular components show diastolic alterations, it is important 
to determine their relative contribution to stiffness in order to understand which 
component deserves priority in PAH treatment. Furthermore, since the pathways 
implicated in cardiomyocyte stiffness and fibrosis are distinct, they require targeted 
treatment tailored to the specific mechanistic impairment (pathomechanism).  
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Therefore, in Chapter 4 we aimed to determine the relevance of RV fibrosis in relation 
with cardiomyocyte stiffness and reveal the most important molecular mechanisms 
implicated in these changes. 
 
Part 2 – Clinical perspective 
 

Clinical relevance of RV diastolic dysfunction 
The presence of diastolic dysfunction could be related or contribute to disease severity 
in PAH-induced RV disease. Therefore in Chapter 2 we investigated whether functional 
markers of disease severity (mean right atrial pressure, stroke volume, NT-proBNP 
levels and 6-Minute-Walk-Distance) are correlated with RV diastolic function.  
Diastolic dysfunction could contribute to the worsening of the disease or could merely 
represent an epiphenomenon in disease progression. It is believed that the diastolic 
function is the first to be impaired in the course of the disease and at the expense of 
compensating systolic function. Therefore, diastolic dysfunction may  contribute to the 
transition of the right ventricle from a compensated stage to heart failure, as the initial 
compensatory mechanisms become insufficient to maintain systolic function.53 It 
remains unclear whether RV diastolic impairment is present at an early disease stage 
and whether it is associated with clinical progression of the disease. Since the RV is 
hypertrophied in an early disease stage, this could initially lead to an increase in RV 
diastolic stiffness. However, end-stage PAH is characterized by extensive dilation and a 
further increase in diastolic stiffness may be related to intrinsic cardiomyocyte 
diastolic stiffening. Therefore in Chapter 6 and 7 we investigated whether diastolic 
stiffness is associated with clinical progression and disease survival. IPAH patients at 
baseline (treatment-naive) and after a variable period of treatment were studied and 
the role of diastolic function was assessed in relation with disease worsening. We 
further investigated whether diastolic stiffness was associated with survival in iPAH 
patients. For that we studied treatment-naive patients and determined whether a 
better survival was associated with maintaining a better diastolic function or lower 
diastolic stiffness at clinical presentation.  
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ABSTRACT  
 
Background – The role of right ventricular (RV) diastolic stiffness in pulmonary 
arterial hypertension (PAH) is not well-established. Therefore, we investigated the 
presence and possible underlying mechanisms of RV diastolic stiffness in PAH-patients. 
 
Methods and Results – Single-beat RV pressure-volume analyses were performed in 
21 PAH-patients and 7 controls to study RV diastolic stiffness. Data presented as mean 
± SEM. RV diastolic stiffness (β) was significantly increased in PAH-patients (PAH: 
0.050±0.005 vs. control: 0.029±0.003; p<0.05) and closely associated to disease 
severity. Subsequently, we searched for possible underlying mechanisms, using RV 
tissue of PAH-patients undergoing heart-lung transplantation and non-failing donors. 
Histological analyses revealed increased cardiomyocyte cross-sectional areas (PAH: 
453±31 vs. control: 218±21 μm2; p<0.001), indicating RV hypertrophy. In addition, the 
amount of RV fibrosis was enhanced in PAH tissue (PAH: 9.6±0.7 vs. control: 7.2±0.6%; 
p<0.01). To investigate the contribution of stiffening of the sarcomere (the contractile 
apparatus of RV cardiomyocytes) to RV diastolic stiffness, we isolated and membrane-
permeabilized single RV cardiomyocytes. Passive tension at different sarcomere 
lengths was significantly higher in PAH compared to controls (+200%; 
pinteraction<0.001), indicating stiffening of RV sarcomeres. An important regulator of 
sarcomeric stiffening is the sarcomeric protein titin. Therefore, we investigated titin 
isoform composition and phosphorylation. No alterations were observed in titin 
isoform composition (N2BA/N2B ratio PAH: 0.78±0.07 vs. control 0.91±0.08), but titin 
phosphorylation in RV-tissue of PAH-patients was significantly reduced (PAH: 
0.16±0.01 vs. control 0.20±0.01 a.u.; p<0.05). 
 
Conclusions – RV diastolic stiffness is significantly increased in PAH-patients, with 
important contributions from increased collagen and intrinsic stiffening of the RV 
cardiomyocyte sarcomeres. 
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INTRODUCTION 
 
Idiopathic pulmonary arterial hypertension (PAH) is a rare but fatal disease with a 
survival rate of 58% in 3 years.1 Present therapy is unable to normalize pulmonary 
arterial pressures and PAH-patients ultimately develop right heart failure.2 Previous 
studies have demonstrated that PAH-patients have reduced systolic function as 
measured by RV ejection fraction. However, the knowledge on the role of RV diastolic 
stiffness in PAH is limited. Measuring RV diastolic stiffness has been hindered until 
now, because non-invasive techniques (echocardiography, magnetic resonance 
imaging) provide only information on relaxation velocities and not on diastolic 
stiffness per se.3 In addition, these measures are highly sensitive to the confounding 
effects of increased pre- and afterload, and are therefore not reliable in the setting of 
PAH.4 On the other hand, the gold standard of measuring load-independent diastolic 
stiffness by pressure-volume (PV) analysis is not without risk in PAH-patients, since it 
requires temporal preload reduction.3 In left heart failure this was circumvented by the 
development of single-beat analyses of diastolic PV relationship.5,6 However, it is 
unclear whether this analysis could also be used for the right ventricle in PAH. There 
are several possible contributing factors explaining RV diastolic stiffness in PAH. 
Hypertrophy and fibrosis are known to increase ventricular stiffness.7 But RV diastolic 
stiffness could also be caused by changes in the contractile apparatus of RV 
cardiomyocytes: the sarcomeres. Sarcomeric stiffness is tightly regulated by the giant 
sarcomeric protein titin.8 Titin consists of two isoforms: the stiff N2B isoform and the 
compliant N2BA isoform. Besides changes in isoform composition, titin compliance is 
regulated by phosphorylation. Whether these factors are altered in human PAH 
pathophysiology is unknown. Therefore, the aim of this study is to determine the 
presence of RV diastolic stiffness in PAH-patients and explore the contribution of 
collagen formation, sarcomeric stiffening and post- translational modifications of titin 
in RV tissue of PAH-patients. 
 
METHODS 
 
Part 1 – Experimental PAH Model – Single-beat method development 
 
The experimental support for the single-beat method was performed in a rat model of 
PAH. All animal experiments were approved by the Institutional Animal Care and Use 
Committee of the VU University Amsterdam, The Netherlands. The study was 
performed in 15 Male Wistar rats. Pulmonary Arterial Hypertension (PAH) was 
induced by a single dose monocrotaline (60mg/Kg) subcutaneously injected (n= 9). 
Rats used as controls received a saline injection (n=6). The study was ended 31 days 
after monocrotaline or saline injection or after development of manifest right heart 
failure.9 
Echocardiography Transthoracic Doppler Ultrasound (ProSound SSD-4000 system 
equipped with 13MHz linear transducer (UST-5542), Aloka, Tokyo, Japan) was 
performed in all spontaneously breathing rats under general anesthesia at the end of  
the study (isoflurane 2.0% in 1:1 02/air mix, Pharmachemie, Haarlem, The 
Netherlands). Right ventricular function was measured by the following parameters: 
Doppler derived stroke volume, cardiac output and tricuspid annular plane systolic 
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excursion (TAPSE). Right ventricular morphology was described by the following 
parameters: RV end diastolic diameter and RV wall thickness.10 
 
Invasive RV pressure-volume analysis 
After transthoracic echocardiography, cardiac function was assessed invasively by 
performing right heart catheterization with dual pressure – volume catheters. Rats 
underwent general anesthesia by Isoflurane inhalation (induction: 4.0% in 1:1 O2/iar 
mix; maintenance: 2.0% in 1:1 O2/air mix), were intubated (16G Teflon tube) and 
mechanically ventilated with a frequency of 75/min, at a pressure of 9/0 cmH20 and 
1:1 inspiratory/expiratory ratio (Micro-Ventilator, UNO, Zevenaar, The Netherlands). 
During the procedure body temperature was maintained at normal values by placing 
the rats on warming pads. The thorax was then open and the inferior vena cava was 
encircled by performing a lose ligature around its trunk. The apex of the heart was then 
pierced with a needle (23G), a cotton swap was used to stop the hemorrhage and the 
combined pressure-volume catheter (SPR-869, Millar Instruments, Houston, TX) was 
inserted into the right ventricle.11 

 

Figure 1 – Vena Cava Occlusion 

 
 
During VCO the preload to the RV is gradually reduced, which results in a decrease in systolic and diastolic 
pressures and a shift of the pressure-volume loops downwards and leftwards. 
 
Pressure-volume loops were recorded at rest and after preload reduction secondary to 
vena cava gradual occlusion (VCO). Analysis was made off line using custom-made 
algorithms (programmed in MATLAB 2007b, The MathWorks, Natick MA) (Fig. 1). 
Doppler ultrasound derived stroke volume was used to convert catheter volume units 
in milliliters. One catheterization unit was calculated to its corresponding volume (ml) 
by dividing the ultrasound obtained stroke volume (ml) by the catheterization stroke 
volume (units). Catheterization stroke volume was previously obtained from 
subtracting the end systolic volume (units) from the end diastolic volume (units). Due 
to procedure limitations to record absolute RV volumes (End Systolic Volume and End 
Diastolic Volume) but only RV changes, all end diastolic volumes were normalized at 
1.5ml and end systolic volumes were calculated by subtracting the stroke volume (ml) 
from the reference point (1.5ml). 
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To quantify RV diastolic stiffness, multiple pressure-volume loops were recorded with 
a dual pressure-volume catheter placed in the right ventricle, both at steady state and 
during vena cava occlusion. The diastolic pressure-volume relation was then 
constructed using an exponential fit: Equation 1: P=α (eVβ-1) through the decreasing 
pressure-volume points (after vena cava occlusion) and the diastolic stiffness factor 
βmultiple was calculated. 
 
The same equation was used to calculate RV diastolic stiffness βsingle from a single beat 
pressure-volume loop (recorded before vena cava occlusion was started, at steady-
state). For this exponential fit only 3 points were used:  
1) 0pressure,0volume point 
2) begin diastolic point 
3) end diastolic point 
 
The classical pressure-volume relation implies the construction of an exponential 
pressure-volume curve through decreasing pressure-volume points (Fig. 2). 
Furthermore, the pressure-volume relation is considered to intersect the volume axes 
at pressure=0mmHg and a certain intercept volume (Vd). To calculate βsingle, Vd was set 
to 0. However physiologically inaccurate, we considered the 0pressure-0volume point 
as a good substitute for the intercept since:  
1. 0volume is always lower or equal to Vd. 
2. prolonging the diastolic exponential pressure-volume curve to volumes lower than 
the Vd (undetermined value) does not modify the exponential term β (further used to 
quantify RV diastolic stiffness). 
 
Figure 2 – Multiple loops method and single beat method 

 
Begin and end diastolic pressures were recorded from RV catheterization, while stroke volume was 
derived from Doppler ultrasound. 

 15 

http://www.ncbi.nlm.nih.gov/pubmed/24056688


Chapter 2___________________________________________________________________________________________________ 

Part 2 – Patient study  
 
Assessment of RV diastolic stiffness  
Hemodynamic data was obtained from digitally stored routine clinical measurements. 
Patients eligible for this study were referred to the VU University Medical Center for 
evaluation of pulmonary hypertension between September 2001 and November 2011 
(Table 1). Standard clinical care included right heart catheterization (balloon-tipped 
flow-direct 7F Swan-Ganz catheter - 131HF7, Baxter Healthcare Corporation, Irvine, 
CA) and cardiac MRI (1.5-T whole-body system, Siemens Sonata, Siemens Medical 
Solutions, Erlangen, Germany). During right heart catheterization, radial or femoral 
blood samples were collected and standard laboratory tests including N-terminal pro-
brain natriuretic peptide level (NT-proBNP) were performed.12 New York Heart 
Association (NYHA) class and six-minute-walk-distance (6MWD) were registered 
during the same clinical evaluation. All patients were evaluated in stable hemodynamic 
condition, lying supinely and breathing at normal frequencies.2 Patients were selected 
based on the following criteria: good-quality recordings of right heart catheterization 
pressure curves with cardiac MRI performed within the same hospital admission and 
under the same hemodynamic condition  (n=28). PAH was diagnosed according to the 
PAH diagnostic guidelines (n=21).13 Controls were selected from referred patients 
suspected with PAH but in whom the condition was ruled out after recording normal 
pulmonary pressures during right heart catheterization (n=7). 
 
Right heart catheterization 
The following invasive variables were recorded: right atrial pressure (RAP), RV 
pressure, mean pulmonary artery pressure (mPAP) and pulmonary capillary wedge 
pressure (PCWP). Cardiac output (CO) was determined by Fick method and pulmonary 
vascular resistance (PVR) was calculated using PVR=(mPAP-PCWP)/CO.14 Diastolic 
filling pressures were measured at minimum pressure point (recorded after tricuspid 
valve opening) and noted as begin-diastolic pressure (BDP). End diastolic pressure 
(EDP) was recorded at maximal diastolic filling pressure point before the onset of 
isovolumic contraction (Fig. 3).  
 
Cardiac MRI 
RV volumes were calculated using Mass software (MEDIS, Medical Imaging Systems, 
Leiden, the Netherlands) from multiple short axial-slice MRI analysis.2 ESV were 
considered to correspond to BDP and is further referred as BDV, while EDV 
corresponded to EDP (Fig. 3). Stroke volume was calculated from MRI-derived 
pulmonary artery flow and used to accurately determine RV BDV. RV volumetric filling 
curves were obtained from the stack of short-axis cine images for the quantification of 
RV early (E) and atrium (A) induced peak filling rate (E/A ratio) as previously 
described.14 
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Table 1 – Demographic characteristics 
RV sample Diagnosis NYHA class Gender Age 

1 Idiopathic PAH IV Female 38 

2 Idiopathic PAH IV Female 44 

3 Idiopathic PAH IV Female 51 

4 PAH-Eisenmenger IV Female 46 

5 PAH-Eisenmenger IV Female 14 

6 PAH-Eisenmenger IV Female 20 

7 PAH-Eisenmenger IV Female 31 

8 PAH-Eisenmenger IV Female 21 

9 PAH-Eisenmenger IV Male 46 

10 PAH-Eisenmenger IV Female 50 

11 PAH-Eisenmenger IV Female 41 

12 Donor  Female 41 

13 Donor  Female 23 

14 Donor  Female 19 

15 Donor  Female 53 

16 Donor  Male 65 

17 Donor  Female 49 

18 Donor  Male 45 

19 Donor  Female 38 

20 Donor  Male 37 

 
Single-beat pressure-volume analysis 
PV relations were constructed by fitting a non linear exponential curve through the 
diastolic PV points using the following formula: P=α (eVβ -1)5,6 where α: curve-fitting 
constant; β: diastolic stiffness constant. The slope of the curve was characterized by the 
exponential term β and the curve constant α, which were further used to quantify RV 
diastolic stiffness. The first two points used to construct the PV relation were the BDP-
BDV point and the EDP-EDV point. The third PV point used to construct the diastolic PV 
relation was set at 0pressure,0volume, since prolonging the PV curves to volumes lower 
than the intercept volume does not modify the exponential term β and the curve 
constant α (Fig. 4). Due to large variation in EDV in control patients compared to PAH-
patients, the EDV was normalized to the maximal EDV recorded among the patients. 
Consecutively, the BDV was calculated by subtracting the corresponding stroke volume 
from the normalized EDV. To avoid measurement errors due to the positioning of the 
RV catheter, BDP was normalized at 1mmHg, while the EDP was calculated with the 
following formula: EDPnormalized=1+(EDPinitial - BDPinitial) 
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Figure 3 – Single-beat diastolic pressure-volume analysis 

 
End diastolic pressures (EDP) and begin diastolic pressures (BDP) were determined from right heart 
catheterization, while end diastolic volume (EDV) and end systolic volume (ESV) were determined from 
right heart MRI. 
 
To account for covariance in α and β, derived α and β of each individual subject were 
used to calculate the V at a common P of 20mmHg (V20ml).15 Experimental support for 
the use of single-beat instead of multiple-beat RV diastolic PV relation was obtained in 
rats with PAH-induced right heart failure undergoing right heart catheterization with a 
conductance catheter and echocardiography. 
 
Assessment of RV end-systolic elastance 
The slope of the end-systolic pressure volume relation (end-systolic elastance, Ees) 
was calculated as previously described: Ees=(Piso-mPAP)/SV 16  
 
The isovolumic pressure (Piso) was obtained by fitting an inverted cosine wave over the 
RV pressure curve using the isovolumic contraction period (from end-diastole to the 
point of maximal rate of pressure rise (dP/dtmax) and the isovolumic relaxation period 
(from minimal dP/dt to start diastole) by a semi-automatic Matlab R2008a program 
(The MathWorks, Natick, MA).17 

 
RV histological analyses 
Explanted RV tissue samples were collected from PAH-patients undergoing heart/lung 
transplantation (n=10). Control RV tissue was obtained from non-failing donors (n=9). 
Written informed consent was obtained and the study protocol was approved by the 
local ethics committees. All samples were immediately frozen and stored in liquid 
nitrogen. The degree of RV hypertrophy was analyzed on 5μm-thick tissue sections 
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stained with antibodies against the extracellular protein Laminin (1:200; L9393, 
Sigma-Aldrich). Minimally 40 cells per sample were used in order to calculate cross-
sectional area. Cardiomyocytes with non-transversal cross-sections were not included 
in the analysis.9,10,18,19 RV fibrosis was determined on 5μm-thick tissue sections stained 
with Picrosirius red and analyzed under double-polarized light.9,10 Images were 
collected by the use of a Leica DMRB microscope (Wetzlar, Germany), a Sony XC-77CE 
camera (Towada, Japan) and a LG-3 frame grabber (Scion, Frederick MD). For each PAH 
and control sample, a minimum of 10 pictures obtained from different areas was 
analyzed. ImageJ for Windows 1.42 software (National Institutes of Health, Bethesda 
MD) was used for image analysis, taking the pixel to-aspect ratio into account. Collagen 
content was quantified as area percentage of the recorded images under a microscopy 
magnification of 20X. 
 
RV cardiomyocyte force measurements 
Tissue pieces were defrosted in relaxing solution and single cardiac cells were isolated 
mechanically as described before (7 control and 7 PAH samples).20 A minimum of 3 
cells per sample were measured and the average total, active and passive tension were 
calculated. Cardiomyocytes were incubated for 5 minutes in relaxing solution 
containing 1% Triton X- 100 to premeabilize membranes.21 To remove Triton, the 
cardiomyocyte solution was washed six times with relaxing solution, after which a 
single cell was attached with silicone adhesive between a force transducer and a 
piezoelectric motor. Force measurements were performed at 1.8 and 2.2 μm sarcomere 
length in activating solutions with maximal and submaximal calcium concentrations 
ranging from 1 to 30 μmol/L. After maximal force development in activating solutions, 
the cell was shortened to 70% of its original length in order to determine total force 
development (Ftotal). A similar shortening was performed in the relaxing solution to 
record passive tension (Fpassive). Active force (Factive) was calculated by subtracting 
Fpassive from Ftotal. Force values at submaximal [Ca2+] were normalized to the maximal 
force value obtained at 30μmol/L [Ca2+] to determine Ca2+-sensitivity of the 
myofilaments expressed as EC50, i.e. the [Ca2+] at which 50% of maximal force was 
obtained. Steady-state Fpassive measurements were performed at increasing sarcomere 
lengths (1.8 – 2.6μm).  
To determine tension, we corrected for differences in RV cross-sectional area between 
control and PAH. Individual force values were normalized for the cardiomyocyte width 
and depth recorded at 2.2μm sarcomere length. Contribution of actomyosin interaction 
to passive tension was determined by incubating skinned cardiomyocytes with 
actomyosin inhibitor 2,3-butanedione-monoxime (BDM; 25mM) at 15°C, for 10 
minutes.22 After 10 minutes active tension was measured in maximal activation 
solution to determine the efficiency of the compound. Subsequently, passive tension 
was recorded at increasing sarcomere lengths (1.8 – 2.4μm) and compared to passive 
tension recorded before BDM incubation. 
 
Titin isoform composition and phosphorylation 
Frozen RV tissue samples were weighed and pulverized in liquid nitrogen using a 
mortar and pestle. Tissue powder was solubilized in 8M urea buffer with DTT and 50% 
glycerol solution with protease inhibitors (4X Leupeptin, E-64 and PMSF). Equal 
dilutions were calculated based on Myosin Heavy Chain (MHC) content; protein 
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homogenate samples were loaded on custom-made 1% agarose gels. Solubilized 
human soleus muscle was used as reference. Gels were washed overnight in presoak 
solution, stained with Coomassie Blue and destained. Protein composition was 
determined using 1D-Scan software program. Titin N2B, N2BA, degradation products 
and MHC were quantified and Titin N2B/N2BA ratio was determined. 
To quantify titin phosphorylation, gels were stained for 2 hours with ProQ diamond 
(Molecular Probes). Thereafter, the gels were washed and subsequently stained with 
SYPRO Ruby (Molecular Probes).23 

 
Statistical analyses 
Statistical analyses were performed using Prism 5 for Windows (GraphPad Software 
Inc, San Diego, CA). Normal distribution was tested and logarithm transformation was 
performed if necessary. P-values lower than 0.05 were considered significant. Changes 
in patient characteristics and diastolic stiffness were tested for significance with 
unpaired student t-tests or non-parametric Mann-WithneyU test (RAP, NT-proBNP). 
The relation between diastolic stiffness and several variables for disease severity (SV, 
6MWD, RAP and NT-proBNP levels) was tested with Pearson’s correlation. To adjust 
for possible confounding by body surface area, age, treatment duration and pulmonary 
vascular resistance, multivariable regression analyses was performed. Histological data 
were analyzed using multilevel analysis to correct for non-independence of successive 
measurements per patient (MLwiN 2.02.03, Center for Multilevel Modeling, Bristol, 
UK).24 Changes in cardiomyocyte maximal tension, Ca2+-sensitivity and passive stiffness 
were tested for significance by repeated measures ANOVA followed by Bonferroni 
post-hoc test.  
 
RESULTS 
 
Part 1 – Experimental PAH Model - Single-beat method development 
 
RV Diastolic stiffness obtained with the classical method using multiple pressure-
volume loops (βmultiple) was compared to diastolic stiffness obtained from a single beat 
steady-state loop (βsingle) (Fig. 5 A,B).25,26 Since no significant difference was found 
between the methods (Fig. 5 C), we further used the single beat approach for the 
clinical setting, where vena cava occlusion and multiple pressure-volume loops 
recording are contraindicated. 
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Figure 4 – Diastolic exponential fitting through the Opressure-0volume point 
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A&C. Diastolic stiffness β is obtained by fitting an exponential curve through multiple decreasing pressure-
volume points. B&D. Diastolic stiffness β is obtained by fitting an exponential curve through multiple 
pressure-volume points and the pressure=0mmHg and volume=0ml point.  
 
Figure 5 – Single beat vs multiple beat method correlation 
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A&B. Example of control and PAH diastolic pressure-volume relations C. Method correlation between 
diastolic stiffness βmultiple and βsingle in control rats and PAH rats. 
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Part 2 – Patient study  
 
Table 2 – Patient characteristics 

                                                           PAH (n=21) Controls (n=7) p-value 
Age (years) 45 ± 12 54 ± 13 0.13 
Gender (F/M) 20/1 7/0 1.00 
BMI (kg/m2) 24.6 ± 3.4 24.8 ± 5.3 0.90 
NYHA (II/III/IV) 17/3/1   
6MWD (meters) 480 ± 96 480 ± 100 0.99 
mPAP (mmHg)    47 ± 11 16 ± 4 <0.001 
CO (L/min)    5.6 ± 1.2   6.3 ± 1.3 0.19 
PVR (dynes.s/cm5) 628 ± 249 117 ± 89 <0.001 
RVEF (%)  36 ± 4 57 ± 5 <0.01 
PCWP (mmHg)    8 ± 3   7 ± 3 0.83 
RAP (mmHg) 7 ± 6   3 ± 2 <0.05 
HR (beats/min)    86 ± 15 71 ± 7 <0.05 
NT-proBNP (pg/L)    1603 ± 2332   125 ± 155 <0.05 
Years on treatment   4.2 ± 2.7   
Monotherapy 5/21   
Multiple drug therapy 16/21   
Treatment strategies 
Sildenafil 16/21   
Bosentan 14/21   
Epoprostenol 5/21   
Terguride 3/21   
Treprostenil 4/21   
Sitaxentan 1/21   

Data presented as mean ± SD. PAH: pulmonary arterial hypertension. BMI: body mass index. NYHA: New 
York Heart Association. 6MWD: six-minute-walk-distance. mPAP: mean pulmonary arterial pressure; CO: 
cardiac output; PVR: pulmonary vascular resistance; RVEF: right ventricular ejection fraction; PCWP: 
pulmonary capillary wedge pressure; RAP: right atrial pressure; HR: heart rate; NT-proBNP; N-terminal 
pro-hormone brain natriuretic peptide. 
 
Assessment of RV diastolic stiffness RV diastolic stiffness was calculated in PAH-
patients (n=21) and controls (n=7). The clinical characteristics of the patients enrolled 
in this part of the study are described in Table 2. 
PAH-patients were in majority women (20 of 21) with an average age of 45 years. 
Control patients matched in terms of age, sex and body mass index. 
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Compared to controls, PAH patients had significantly increased mPAP and PVR and 
normal PCWP. RAP and NT-proBNP levels were significantly higher in PAH-patients 
compared to controls. Furthermore, RV ejection fraction was lower in PAH-patients, as 
well as CO. PAH-patients were in a relatively good functional state (NYHA class II 17 of 
21; comparable 6MWD to control), presumably related to intensive treatment 
(multiple therapy: 16 of 21). 
 
We further used the single-beat method to calculate RV diastolic stiffness in PAH 
patients and controls (Fig. 6A). Compared to the control curve, the steeper PAH-curve 
indicates increased stiffness of the myocardium. On average, PAH-patients had an 
almost two-fold increase in RV diastolic stiffness parameter β (Fig. 6B), and a reduced 
curve constant α (Table 3). After controlling for the covariance of α and β, RV diastolic 
stiffness remained significant in PAH-patients in comparison to control (V20ml; Table 3). 
 
Table 3 – Exponential curve parameters 

Parameters PAH (n=21) Controls (n=7) p-value 

Alpha (α) 0.003 ± 0.001 0.007 ± 0.002 0.048 

Beta (β) 0.050 ± 0.005 0.029 ± 0.003 0.034 

V20 (ml) 281 ± 7 308 ± 3 0.028 
Data presented as mean ± SEM. Alpha, curve-fitting constant; beta, diastolic stiffness constant; V20, 
calculated volume at a common pressure of 20 mmHg based on individual derived α and β. 
  
Non-invasive assessment of diastolic dysfunction by measures of MRI-obtained E/A 
ratio confirmed the observed increase in RV diastolic stiffness in PAH-patients (Fig. 
6C). In addition, RV diastolic stiffness measurements β and V20ml were both modestly 
correlated to E/A ratio (r E/A vs. β = -0.41; r E/A vs. V20 = 0.48; both p<0.05). 
Increased RV diastolic stiffness coincided with increased RV Ees in the same PAH 
patients (Fig. 6D). 
 
To investigate whether RV diastolic stiffness is also present in other forms of 
pulmonary hypertension, we included an additional group of patients with chronic 
thrombo-embolic pulmonary hypertension (CTEPH; n=24). Similar to PAH, RV diastolic 
stiffness was significantly increased in CTEPH-patients in comparison to control (β 
CTEPH: 0.054±0.005, PAH: 0.050±0.005 vs. control: 0.029±0.003; p<0.05). 
 
 
 

 23 

http://www.ncbi.nlm.nih.gov/pubmed/24056688


Chapter 2___________________________________________________________________________________________________ 

Figure 6 – Diastolic and systolic function 

 
B. Average diastolic PV relations in control and PAH patients C. Diastolic stiffness coefficient (β) measured 
by the single-beat method D. Noninvasive assessment of RV early (E) and atrial (A) induced peak filling 
rate (E/A ratio) E. RV end-systolic elastance (Ees). Data presented as mean±SEM; n=21 PAH patients, n=7 
control subjects. ***P<0.001.  
 
RV diastolic stiffness, characterized by the curve constant β, significantly correlated 
with PAH disease severity. Stroke volume and 6MWD were significantly and inversely 
correlated with RV diastolic stiffness, suggesting that increased RV cardiomyocyte 
stiffness is associated with reduced cardiac function and exercise capacity (Fig. 7A,B). 
In addition, RV diastolic stiffness was closely correlated to RAP and NT-proBNP, both 
markers of increased RV stiffness and wall stress (Fig. 7C,D). These correlations 
remained significant after correction for the possible confounding effects of age, 
gender, body surface area, treatment duration and PVR. 
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Figure 7 – Diastolic stiffness and disease severity 

 
6MWD, six-minute-walk-distance; RAP, right atrial pressure; Ln_NT-proBNP, log-transformed N-terminal 
pro-hormone brain natriuretic peptide. 
 
RV histology analyses 
To perform histological analyses, RV tissue samples were obtained from PAH-patients 
(n=10) and controls (n=9). Patient characteristics are shown in Table 4. A two-fold 
increase of RV cardiomyocyte cross-sectional area in PAH was found compared to 
control cardiomyocytes (PAH: 531±34 μm2 vs. control: 256±24 μm2, p<0.001) (Fig. 
8A). In addition, a significant increase in collagen content was found in PAH tissue 
sections compared with controls (PAH: 9.6±0.7% vs. control: 7.2±0.6% p<0.01) (Fig. 
8B). 
 
RV cardiomyocyte force measurements 
To investigate the contribution of sarcomeric stiffening on RV diastolic stiffness in PAH, 
we isolated and membrane-permeabilized single RV cardiomyocytes of RV tissue from 
PAH patients (n=7) and controls (n=7). 
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Figure 8 – Hypertrophy and fibrosis 

 
A. RV hypertrophy was significantly increased in PAH compared to controls. Laminin staining (green) and 
DAPI (nuclei, blue). B. A significant increase in RV fibrosis was found in PAH compared to controls. 
Picrosirius red staining, under double-polarized light. Data presented as mean ± SEM, n=10 PAH, n=9 
controls. **: p<0.01, ***: p<0.001. CSA, cross-sectional area. 
 
The advantage of the single RV cardiomyocyte approach is that RV sarcomeric function 
(the contractile apparatus of the RV cardiomyocytes) can be investigated in detail, 
without the confounding effects of hypertrophy, fibrosis or calcium handling. First, we 
investigated overall sarcomeric function in PAH and control RV cardiomyocytes. A 
similar length-dependent increase in Factive was found in both groups with increasing 
sarcomere lengths from 1.8 to 2.2μm. Interestingly maximal Factive was higher in PAH-
patients compared to control cardiomyocytes at both 1.8 and 2.2μm, although the 
difference was only significant at 2.2 μm sarcomere length (Fig. 9A). 
 
Normalized tension–calcium relations were constructed in order to determine 
myofilament Ca2+-sensitivity. The length-dependent increase in myofilament Ca2+-
sensitivity (ΔEC50, i.e. difference between EC50 values at 1.8 and 2.2μm) did not differ 
between PAH and controls, indicating preserved Frank-Starling mechanism in PAH-
patients (Fig. 9B). 
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Figure 9 – Cardiomyocyte force measurements 

 
A. Active tension at maximal calcium concentration. B. C. Ca2+mechanisms. D. Total tension Data presented 
as mean ± SEM, n=7 PAH, n=7 controls. *: p<0.05, ***: p<0.001, Bonferroni corrected. 
 
No significant changes in Ca2+-sensitivity were observed between PAH and controls, 
although the averaged tension-calcium curve was slightly shifted to the left in PAH (Fig. 
9C). Overall, RV cardiomyocytes in PAH had a significantly higher total tension 
compared to control cardiomyocytes over a broad range of calcium concentrations 
(Fig. 9D). Second, we determined cardiomyocyte passive tension (measure of 
sarcomeric stiffness) in relaxing solution at increasing sarcomere lengths (1.8 to 2.6 
μm).  
 
A significantly higher cardiomyocyte passive tension at different sarcomere lengths 
was observed in PAH compared to control cardiomyocytes (+200%) (Fig. 10A).The 
relative increase in passive tension observed in PAH compared to control is shown in 
figure 10B.  
 
To determine the role of the actin-myosin interaction component in generating passive 
tension, RV cardiomyocytes were incubated with BDM and passive tension was 
measured before and after incubation: no change in passive tension was observed (Fig. 
11A-C), only a reduction in total tension (Fig. 11D). This indicates that the increase in 

 27 

http://www.ncbi.nlm.nih.gov/pubmed/24056688


Chapter 2___________________________________________________________________________________________________ 

RV passive tension in PAH cardiomyocytes is not a consequence of residual actin-
myosin interactions, but a consequence of increased RV sarcomeric stiffness derived 
from passive structures (titin). 
 
Figure 10 - Cardiomyocyte diastolic stiffness 

 
A. Passive tension at increasing sarcomere length. B. Passive tension in PAH compared to controls (set at 
100%). Data presented as mean ± SEM, n=7 PAH, n=7 controls. *: p<0.05, **: p<0.01, ***: p<0.001, 
Bonferroni corrected. 
 
Right ventricular cardiomyocyte resting sarcomere length 
To investigate whether resting sarcomere length was different between PAH and 
control tissue samples, we randomly selected 10 isolated RV cardiomyocytes for each 
control and PAH tissue sample.27 Resting sarcomere length was optically determined in 
at lease two distinct areas of the cell and the average cellular sarcomere length was 
calculated. No significant difference in resting sarcomere length was found between 
control and PAH cardiomyocytes (Fig. 12). 
 
To investigate whether our findings of increased RV active force and cardiomyocyte 
stiffness differ between RV samples (iPAH vs Eisenmenger PAH) obtained from 
patients with idiopathic PAH or PAH secondary to congenital heart disease, we 
performed a subgroup analyses. The increase in RV active force and RV cardiomyocyte 
stiffness was comparable among the groups (Fig. 13). 
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Figure 11 - Role of the actin-myosin interaction in generating passive tension 

 
A. BDM effect in control cardiomyocytes. B. BDM effect in PAH cardiomyocytes.  C. Passive tension increase 
in control and PAH cardiomyocyte.  D.  BDM effect on active tension generation 
 
Figure 12 – Right ventricular resting sarcomere 

 
Resting sarcomere length determined in isolated skinned cardiomyocytes. p=0.56 
 
Titin isoform expression and phosphorylation 
To investigate the underlying molecular mechanism accounting for RV diastolic 
stiffness in PAH, we analyzed titin isoform composition and phosphorylation. Titin is a 
giant sarcomeric protein which regulates sarcomere compliance.8 Titin consists of two 
isoforms, the stiff N2B isoform and the compliant N2BA isoform. In RV samples of PAH-
patients and controls, we did not observe a difference in the ratio between N2B and 
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N2BA isoform expression (Fig. 14A). But, we did observe reduced titin phosphorylation 
in RV samples of PAH-patients (Fig. 14B), indicating that the observed RV sarcomeric 
stiffening was associated with reduced titin phosphorylation. 
 
Figure 13 – Idiopathic PAH and PAH secondary to congenital heart defects.  

 
A. Active tension development in idiopathic PAH and PAH secondary to congenital heart defects. B. 
Diastolic stiffness in idiopathic PAH and PAH secondary to congenital heart defects. CHD: Congenital heart 
defect (Eisenmenger PAH) Data presented as mean ± SEM, n=3 iPAH, n=8 CHD. 
 
Figure 14 - Titin isoform composition and phosphorylation 

 
A. Titin isoform composition. B. Titin phosphorylation. Typical example of gel electrophoresis illustrating 
reduced titin phosphorylation in RV tissue of PAH-patients. Data presented as mean ± SEM, n=10 PAH, n=9 
controls. *: p<0.05. 
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DISCUSSION 
 
By combining in vivo measurements of RV function in PAH-patients with functional and 
histological analyses of RV tissue derived of PAH-patients, we were able to 
demonstrate that: 
1. RV diastolic stiffness is increased in PAH-patients and closely associated with 
markers of disease severity. 
2. RV hypertrophy and collagen deposition are increased in RV tissue of PAH-patients 
in comparison to controls. 
3. RV cardiomyocyte passive tension at different sarcomere lengths was significantly 
higher in PAH-cardiomyocytes than in controls; RV cardiomyocytes exhibited 
preserved length-dependent activation and generated higher total tension in 
comparison to control RV cardiomyocytes over a broad range of calcium 
concentrations. 
4. Titin phosphorylation was significantly reduced in RV tissue of PAH-patients in 
comparison to controls. 
 
RV diastolic stiffness in PAH 
Diastolic dysfunction is characterized by altered filling patterns, prolonged relaxation 
and intrinsic diastolic stiffness. Several epidemiological studies have demonstrated 
elevated RAP in PAH-patients.28 In concordance, RV imaging studies revealed altered 
RV filling patterns characterized by increased atrial-induced filling (“atrial kick”).14 In 
addition, prolonged RV isovolumic relaxation time has been described in PAH-
patients.14 However, previously used measurements of diastolic function are all highly 
load-dependent, therefore it is still unclear whether PAH-patients suffer from true RV 
diastolic impairment or that the observed changes in filling and relaxation are merely a 
reflection of increased RV afterload.4,29 

Therefore, we investigated the presence of RV diastolic impairment in PAH-patients 
both in vivo by single-beat PV analyses, as well as by measuring RV diastolic stiffness 
directly in RV cardiomyocytes. Diastolic stiffness is ideally quantified from the diastolic 
PV relationship constructed from multiple PV loops at different loading conditions. Due 
to cardio pulmonary compromise, this procedure is highly undesirable and considered 
too invasive in PAH. Therefore, we used the single-beat approach, a technique that has 
been used successfully in left heart failure studies.5,6 In our experimental PAH-model, 
we observed an excellent correlation between RV diastolic stiffness derived by single- 
and multiple-beat approach, and therefore considered the single-beat approach as an 
appropriate, less invasive alternative for our patients. In addition, the finding of altered 
early and atrial induced RV peak filling rate further confirmed increased RV diastolic 
stiffness in PAH. 
 
RV hypercontractility 
Interestingly, RV diastolic stiffness in PAH coincided with increased RV contractility 
(Ees) and force generating capacity of RV cardiomyocytes (active force). This finding is 
somewhat unexpected, since it is well known that PAH is associated with severe RV 
systolic dysfunction. It is also in contrast to earlier observations of diastolic left heart 
failure (or heart failure with preserved ejection fraction), where increased passive 
stiffness was accompanied by reduced active tension.20 In a previous study in PAH-rats, 
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we did observe an increase in both diastolic stiffness and RV contractility, consistent 
with our findings in cardiomyocytes of PAH-patients.9,19 
 However, the increase in RV contractility in rats did not result in an improved RV-
arterial coupling in rats, suggesting that the increase in RV contractility was insufficient 
to cope with the higher increase in RV afterload.9 Therefore the observed increase in 
force generating capacity may be a compensatory mechanism attempting to cope with 
the increased RV afterload.30  
This compensatory mechanism might negatively affect the normal relaxation pattern. 
The “hypercontractile” sarcomeres, which are evident after combining the increase in 
maximal force generating capacity with higher myofilament Ca2+-sensitivity and 
increased passive stiffness (Fig.5D), may limit myocardial relaxation during the 
diastolic phase and contribute to impaired diastolic function in PAH-induced right 
heart failure. 
 
Possible mechanisms causing RV diastolic stiffness in PAH 
RV diastolic stiffness was not only observed in idiopathic PAH-patients, but was also 
prevalent in patients with CTEPH. This indicates that RV diastolic stiffness is not 
specific for PAH, but could also be expected in other syndromes with increased RV 
pressures. Thus increased RV pressure overload could be an initial trigger for RV 
diastolic impairment in PAH. Nevertheless, also other factors could explain RV diastolic 
stiffness in PAH in vivo. We observed a 3-fold higher RV sarcomeric stiffness over the 
whole range of sarcomere lengths in PAH-patients compared to controls. By repeating 
RV sarcomeric stiffness measurements after incubation with the cross-bridge inhibitor 
BDM, we could rule out a contribution of remaining cross-bridge interactions on RV 
diastolic stiffness. A remaining factor that is likely to contribute to the high 
cardiomyocyte stiffness is the sarcomeric protein titin. Titin is a molecular spring that 
spans the half sarcomere and determines muscle stiffness in diastole.8 Phosphorylation 
and isoform composition of titin determine the elasticity of the protein and thereby 
passive (diastolic) stiffness of the cardiomyocytes. In this study, we revealed that titin 
isoform composition was unaltered in PAH-cardiomyocytes, but titin phosphorylation 
was significantly reduced in PAH in comparison to controls. Also extracellular factors 
such as RV collagen deposition might contribute to diastolic impairment, though we 
observed only a relatively modest increase in RV collagen deposition, which is in line 
with previous preclinical studies.9,10,31 

 
Clinical implications 
RV diastolic stiffness was closely associated with markers of disease progression. This 
finding suggests that RV diastolic stiffness may represent a contributing factor involved 
in disease worsening and not a benign compensatory mechanism associated with 
increased afterload. Future therapeutic strategies targeting the reduced titin 
phosphorylation and increased RV collagen deposition will reveal the clinical 
implication of increased RV diastolic stiffness. 
 
Limitations of the study 
RV diastolic stiffness only weakly correlated with RV peak filling rate. This is 
comparable to earlier data in patients with heart failure with preserved ejection 
fraction where the direct comparison of E/A ratio (echo) with the diastolic stiffness 
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parameter β (conductance catheterization), showed a similar weak correlation.32 A 
possible explanation for this finding is that E/A measurements by echo or MRI are 
highly sensitive to the confounding effects of increased pre- and afterload. This also 
indicates that other factors besides RV myocardial stiffness are associated with a 
reduction in E/A ratio. The majority of RV samples used in this study were from 
patients with PAH secondary to congenital heart disease (CHD). RV samples of patients 
with idiopathic PAH are difficult to procure since these patients often undergo only 
lung transplantation. There may be important differences in myocardial structure and 
function between the right ventricle of a formerly normal adult who develops 
idiopathic PAH and that from CHD-patients. However, both idiopathic PAH and CHD-
patients were in end-stage right heart failure at time of heart/lung transplantation 
(NYHA IV). More importantly, subgroup analyses revealed that the increase in active 
force and cardiomyocyte stiffness were comparable between RV samples of idiopathic 
PAH and congenital heart disease. 
The sample size of this study was relatively small, which may have lead to type I errors, 
and therefore nominal significant p-values should be interpreted with caution. 
However, our main finding has been confirmed by several clinical and experimental 
observations. Therefore, RV diastolic stiffness in PAH is not only a statistically 
significant finding but also physiologically plausible. 
 
CONCLUSIONS 
 
We demonstrated that patients with PAH have increased RV diastolic stiffness. 
Furthermore, we observed significant correlations between increased diastolic 
stiffness and disease severity. We revealed that alterations in the extracellular matrix 
and cardiomyocyte sarcomeres are both important contributors to increased RV 
diastolic stiffness in PAH patients and may represent future treatment targets. 
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ABSTRACT 

Background – Right ventricular (RV) diastolic function is impaired in patients with 
pulmonary arterial hypertension (PAH). Our previous study showed that elevated 
cardiomyocyte stiffness and myofilament Ca2+-sensitivity underlie diastolic dysfunction 
in PAH. This study investigates protein modifications contributing to cellular diastolic 
dysfunction in PAH. 
 
Methods and Results – RV samples from PAH patients undergoing heart-lung 
transplantation were compared to non-failing donors (Don). Titin stiffness contribution 
to RV diastolic dysfunction was determined by Western-blot analyses using antibodies 
to protein-kinase-A (PKA), Cα (PKCα) and Ca2+/Calmoduling-dependent-kinase 
(CaMKIIδ) titin and phospholamban (PLN) phosphorylation sites: N2B (Ser469), PEVK 
(Ser170 and Ser26) and PLN (Thr17) respectively. PKA and PKCα sites were 
significantly less phosphorylated in PAH compared to donors (p<0.0001). To test the 
functional relevance of PKA-, PKCα-and CaMKIIδ-mediated titin phosphorylation, we 
measured the stiffness of single RV cardiomyocytes before and after kinase incubation. 
PKA significantly decreased PAH RV cardiomyocyte diastolic stiffness, PKCα further 
increased stiffness while CaMKIIδ had no major effect. CaMKIIδ activation was 
determined indirectly by measuring PLN Thr17phosphorylation level. No significant 
changes were found between the groups. Myofilament Ca2+-sensitivity is mediated by 
sarcomeric troponin I (cTnI) phosphorylation. We observed increased 
unphosphorylated cTnI in PAH compared with donors (p<0.05) and reduced PKA-
mediated cTnI phosphorylation (Ser22/23) (p<0.001). Finally, altered in Ca2+-handling 
proteins contribute to RV diastolic dysfunction due to insufficient diastolic Ca2+-
clearance.  PAH SERCA2a levels and PLN phosphorylation were significantly reduced 
compared to donors (p<0.05).  
 
Conclusions – Increased titin stiffness, reduced cTnI phosphorylation and altered 
levels of phosphorylation of Ca2+-handling proteins contribute to RV diastolic 
dysfunction in PAH.  
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INTRODUCTION 
 
Patients with pulmonary arterial hypertension (PAH) develop severe right ventricular 
(RV) failure with impaired diastolic function.1 In a previous study we showed that 
collagen deposition, increased cardiomyocyte stiffness and myofilament Ca2+-
sensitivity contribute to compromising RV diastolic function.1 In the present study we 
investigate protein changes that underlie RV cardiomyocyte diastolic dysfunction.  
Diastolic dysfunction of the left ventricle (LV) was shown to be related to increased 
cardiomyocyte stiffness as a consequence to functional modifications of the sarcomeric 
protein titin. By folding during contraction and stretching during relaxation, titin acts 
as a sarcomeric molecular spring and represents the major determinant of 
cardiomyocyte stiffness at physiological sarcomere legths.2 Titin spans half of the 
sarcomere, from the Z line to the M band, and consists of a linear array of proximal and 
distal Ig-like domains, together with N2B and PEVK segments.3 Its stiffness is 
modulated by complex mechanisms involving both fast post-translational modification 
(phosphorylation) and slower changes in isoform expression.4 The effect of titin 
phosphorylation depends on the domain targeted. Phosphorylation of the N2B domain 
has been shown to lower cardiomyocyte stiffness, while PEVK domain phosphorylation 
exerts the opposite effect.5-7   
We have previously shown that, unlike LV diastolic dysfunction, titin isoform 
composition is not changed in the RV of PAH patients. However, there is an overall 
decrease in titin phosphorylation in these patients.1 Therefore, the first aim of this 
study was to determine the particular titin phosphorylation changes specific to the RV 
which could explain the increase in RV cardiomyocyte stiffness in PAH patients. 
In addition to titin-derived stiffness, RV cardiomyocytes of PAH patients are 
characterized by increased myofilament Ca2+-sensitivity, which may in turn influence 
cardiomyocyte lusiothropy.8 Cardiac Troponin I (cTnI) and cardiac myosin binding 
protein C (MyBPC) are two important regulators of myofilament Ca2+-sensitivity.8-12 
The second aim of this study was to determine whether changes in cTnI and MyBPC 
phosphorylation are related to the previously observed increase in RV myofilament 
Ca2+-sensitivity. 
Furthermore, fast cytoplasmic Ca2+-clearance during diastole is crucial for a normal 
relaxation pattern.13  The speed of diastolic Ca2+-reuptake into the sarcoplasmic 
reticulum is determined by the activity of the sarcoplasmic reticulum Ca2+-ATPase-2a 
(SERCA2a).14,15 The rate at which SERCA2a transfers [Ca2+] across the sarcoplasmic 
reticulum membrane is enhanced by PKA-mediated phospholamban (PLN) 
phosphorylation during β-AR stimulation.16 The inhibitory coupling-protein PLN is 
removed from SERCA2a secondary to PLN phosphorylation (pPLN). Ca2+-clearance is 
also regulated by the sodium-calcium exchanger 1 (NCX1) that is responsible for 
extracellular extrusion of one Ca2+ ion in exchange for three imported Na+ ions.17 
Previous animal model studies show the relation between altered Ca2+-clearance 
proteins and impaired cardiac relaxation.14,15 However, the expression and function of 
Ca2+-clearance proteins in the failing human RV is not known. Therefore, the third aim 
of this study was to determine whether Ca2+-clearance protein expression and 
phosphorylation is altered in the RV of PAH patients. 
To summarize, the present study investigated the protein changes involved in altering 
RV cardiomyocyte diastolic function in patients with PAH. Our findings reveal that 
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increased titin stiffness, reduced cTnI phosphorylation and altered expression levels of 
the Ca2+-handling proteins contribute to RV diastolic dysfunction in PAH patients. 
 
METHODS 
 
Tissue samples 
Explanted RV tissue samples were collected from PAH patients undergoing heart 
transplantation (n = 11) and compared to RV tissue obtained from non-failing donors 
(n = 9) (Table 1). There were no significant differences in gender and age between the 
two groups (AgePAH = 36.6±3.9, AgeDon=41.1±4.7, p=0.47, Gender(F/M)PAH = 11/1, 
Gender(F/M)Don = 6/3 p=0.28). Human cardiac tissue collection and use by 
collaborating universities (VU Medical Center, Amsterdam) was approved by the 
Human Research Ethics Committee of The University of Sydney (AU/1/961515) and 
the Université Paris-Sud - Inserm U999 (ID RBC 2008-A00485-50). All patients 
received treatment previous to cardiac transplantation corresponding to the clinical 
protocols present at the time of the intervention. Various treatments (acute 
dobutamine administration) may be associated with the differences observed between 
patients. After transplantation, RV tissue samples were immediately frozen and stored 
in liquid nitrogen, preserving the expression and phosphorylation level of the 
cardiomyocytes. 

Titin phosphorylation 
To determine kinase-specific titin phosphorylation, donor (n = 7) and PAH (n = 5) 
frozen RV tissue samples were weighed and pulverized in liquid nitrogen using a 
mortar and a pestle. Tissue powder was solubilized in 8M urea buffer with DTT and 
50% glycerol solution with protease inhibitors (0.16 mmol/L Leupeptin, 0.04 mmol/L 
E-64 and 0.2 mmol/L PMSF). Samples were loaded on 1% agarose gels stained with 
Coomassie Blue for protein identification. Equal titin sample dilutions were calculated 
derived from Myosin Heavy Chain (MHC) protein content and applied for isoform ratio 
determination.18 

 

 40 

http://www.ncbi.nlm.nih.gov/pubmed/24895160


Protein changes contributing to right ventricular cardiomyocyte diastolic dysfunction____________ 

Table 1 – Clinical and demographic characteristics 
 

RV sample Diagnosis NYHAclass Gender Age 

1 Idiopathic PAH IV Female 38 

2 Idiopathic PAH IV Female 44 

3 Idiopathic PAH IV Female 51 

4 PAH-Eisenmenger IV Female 46 

5 PAH-Eisenmenger IV Female 14 

6 PAH-Eisenmenger IV Female 20 

7 PAH-Eisenmenger IV Female 31 

8 PAH-Eisenmenger IV Female 21 

9 PAH-Eisenmenger IV Male 46 

10 PAH-Eisenmenger IV Female 50 

11 PAH-Eisenmenger IV Female 41 

12 Donor  Female 41 

13 Donor  Female 23 

14 Donor  Female 19 

15 Donor  Female 53 

16 Donor  Male 65 

17 Donor  Female 49 

18 Donor  Male 45 

19 Donor  Female 38 

20 Donor  Male 37 
PAH: pulmonary arterial hypertension. NYHA: New York Heart Association 
 
Titin phosphorylation of PKA and PKCα sites was assessed using Western blots with 
specific antibodies against serine 469 (Ser4185, titin N2B cardiac, UnitprotKB: 
Q8WZ42) on the N2B domain (PKA phosphorylation site) and serine 26 and 170 
(Ser11878, UnitprotKB:Q8WZ42 and Ser12022, UnitprotKB:Q8WZ42) on the PEVK 
domain (PKCα phosphorylation sites). Equal sample loadings were separated on 0.8% 
agarose gels, transferred to PVDF membranes (Immobilon®-FL, Cat.No.IPFL00010, 
045µm) and probed with the relevant antibodies. Membranes were scanned and 
analyzed using Odyssey Infrared Imaging System (Li-COR Biosciences). N2B and N2BA 
protein content was determined on Ponceau-S-stained membranes and used to 
normalize for phosphorylation level.5 
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RV cardiomyocyte diastolic stiffness  
 
RV free wall tissue samples (between 20 and 40mg) were defrosted in relaxing solution 
then sectioned in smaller pieces with a fine dissection scissors. Subsequently, single 
cardiomyocytes were isolated from these tissue pieces by manual mechanical 
homogenization. The single cells were then membrane-permeabilized by adding Triton 
(1%) to the relaxing solution in order to wash out the lipid cellular membranes. The 
cell solution was repeatedly washed with relaxing solution in order to remove Triton. 
The cell yield is somewhat variable, depending on the initial amount of tissue, the 
release of cardiomyocyte from the tissue bulk during mechanical homogenization and 
the loss of cells during Triton washing. Cells for force measurements were chosen 
based on length and width (length: 50-100µm, width 15-30µm at rest in relaxing 
solutions).1 A minimum of three cells per sample were used to determine diastolic 
stiffness and their average was used for further statistic analysis. A single cell was 
attached with silicone adhesive between a force transducer and a piezoelectric motor. 
To determine cardiomyocyte stiffness a 25% shortening was performed in the relaxing 
solution and steady-state stiffness measurements were recorded at increasing 
sarcomere lengths (1.8 – 2.4 µm).1  
 
Cardiomyocytes were further incubated in relaxing solution with PKA (100U/ml) 
(Protein Kinase A Catalytic subunit from bovine heart, P2645, Sigma Aldrich) (Donor n 
= 4, PAH n = 4), CaMKIIδ  (50U/ml) or PKC-subunit α (10U/ml) (Protein Kinase C α 
human isozyme, P1782, Sigma Aldrich) (Donor n = 3, PAH n = 3) at 20oC for one hour. 
PKC α also requires Ca2+, therefore the relaxing solution was mixed in a 1:1 
concentration ratio with a Ca2+ containing solution of pCa 5.8, obtaining therefore an 
end pCa of 5.9 in which the cardiomyocytes were incubated. Diastolic stiffness was 
recorded after PKA, PKCα or CaMKIIδ incubation.19 Individual force values were 
normalized by the cardiomyocyte cross-sectional area recorded at 2.2 µm sarcomere 
length.  
 
Sarcomeric protein phosphorylation 
Sarcomeric protein phosphorylation was determined for each tissue sample (Donor n = 
9, PAH n = 11). RV tissue samples were homogenized and separated on gradient gels 
(NuPAGE® Bis-Tris Gels, Life Technologies). ProQ Diamond Phosphoprotein Stain was 
used to determine the amount of protein phosphorylation. Gels were further fixed, 
washed, destained and stained with SYPRO Ruby to determine the total amount of 
protein. Myofilament protein phosphorylation ratio (ProQ) was calculated relative to 
the corresponding SYPRO staining (ProQ/SYPRO).20  
 
Cardiac troponin I phosphorylation  
Proteins were separated on one-dimensional gel electrophoresis on NuPAGE® Bis-Tris 
gels (Donor n = 9, PAH = 11). The XCell II™ Blot Module (Life Technologies) was used 
for wet protein transfer from mini-gels to ECL membranes (Hybond ECL Nitrocellulose 
Membrane, GE Healthcare). Blots were incubated with the following primary 
antibodies against specific protein or protein phosphorylation sites: cTnI 
dephosphorylated form (4T46, mouse monoclonal antibody, HyTest), cTnI PKA-specific 
serine 22/23 site phosphorylation (4004, rabbit polyclonal antibody, Cell Signaling 
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Technology).9,10 The amount of protein expression or phosphorylation was normalized 
to the concentration of Ponceau-S stained actin. 
The distribution of cTnI phosphorylation (unphosphorylated (P0), mono-
phosphorylated (P1), bis-phosphorylated (P2)) was determined on acrylamide Phos-
TagTM gels.10  
 
Ca2+-handling proteins expression and phosphorylation 
To determine SERCA2a expression, monoclonal rabbit antibody was used (courtesy of 
Warner S. Simonides, VU University Medical Center, Amsterdam) (Donor n = 9, PAH = 
11). PLN binds to and inhibits SERCA2a, while phosphorylation of PLN (pPLN) removes 
the inhibitory binding of PLN and promotes SERCA2a activity. PLN and pPLN were 
determined with the following antibodies: total PLN (L15, sc21923, Santa Cruz 
Biotechnology, Inc), PKA-specific PLN phosphorylation site (Ser16, sc12963, Santa 
Cruz Biotechnology, Inc) and CaMKIIδ-specific PLN phosphorylation (Thr17, A010-
13AP, Badrilla). NCX1 expression was quantified using NCX1-C2C12 antibody (ab2869, 
Abcam). Cardiac specific Ryanodine Receptor 2 expression was also quantified (C3-33, 
ThermoFisher Scientific). The amount of protein expression or phosphorylation was 
normalized to the concentration of Ponceau-S-stained actin. 
 
Statistical analyses 
Statistical analyses were performed using Prism 5 for Windows (GraphPad Software 
Inc, San Diego, CA and IBM® SPSS® Statistics 20.0, IBM Corporation, Somers, NY).  P-
values lower than 0.05 were considered significant. All data are presented as mean ± 
SEM.  
Age differences between patients were tested for significance by a non-paired t-test. 
Gender differences were tested by a Fisher's exact test. Changes in protein expression 
were tested for significance by a non-paired non-parametric Mann Whitney u-test. 
Phos-TagTM analysis was tested for significance by repeated two-way ANOVA followed 
by the Bonferroni post-hoc test.  
The effects of PKA, PKCα and CaMKIIδ incubation in PAH patients and donors at 
increasing sarcomere lengths were tested by using a mixed-design ANOVA with disease 
as between-group measure, sarcomere length and PKA/PKCα/CaMKIIδ -incubation as 
repeated measures. The green-house Geisser correction was used, because sphericity 
could not be assumed.  
 
RESULTS 
 
PKA-mediated titin phosphorylation in PAH RV cardiomyocytes 
Cardiomyocyte stiffness is modulated by titin isoform composition and 
phosphorylation. In our previous study we showed that titin isoform ratio (N2BA/N2B) 
is not significantly changed in PAH compared to donors (N2BA/N2BDon=0.91±0.08, 
N2BA/N2BPAH=0.77±0.07, p=0.20).1 Therefore, the overall increase in cardiomyocyte 
stiffness may be a consequence of titin N2B or PEVK domain phosphorylation.  
 
Titin phosphorylation was determined using phospho-specific antibodies for PKA and 
PKCα phosphorylation sites. We found significantly reduced levels of PKA-dependent 
phosphorylation of N2B serine 469 site and PKCα-dependent phosphorylation of PEVK 
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serine 170 site (PKADon= 1.00 ± 0.03, PKAPAH= 0.44 ± 0.04, p=0.002) (Fig. 1A1) and 
(PKCα-S170Don= 1.00 ± 0.06, PKCα-S170PAH= 0.46 ± 0.06, p=0.002) (Fig. 1B1). No 
significant difference was found in PKCα-dependent phosphorylation of PEVK serine 
26 (PKCα-S26Don= 1.00 ± 0.12, PKCα-S26PAH= 0.96 ± 0.12, p=0.53) (Fig. 1B2).  
 
Activation of CaMKIIδ   determined indirectly by assessing the level of PLN CaMKIIδ-
dependent phosphorylation of the residue threonine at position 17, which is an 
exclusive specific site for CaMKIIδ.25 We found no statistical significant difference 
between the two groups (CaMKIIδDon= 1.00 ± 0.19, CaMKIIδPAH= 1.42 ± 0.29, p=0.41) 
(Fig. 1C1). 

 
PKA incubation partially restores RV cardiomyocyte stiffness 
Subsequently, we tested in a subgroup of samples the functional relevance titin PKA 
PKCα and CaMKIIδ-mediated phosphorylation. For this purpose, membrane-
permeabilized cardiomyocytes in relaxing solution were used to minimize the 
influence of additional determinants of cardiomyocyte stiffness such as membrane and 
sarcoplasmic reticulum Ca2+-handling. Therefore, cardiomyocyte stiffness is attributed 
solely to the sarcomeric protein titin.  
RV cardiomyocyte stiffness was measured at increasing sarcomere lengths, starting at 
1.8µm and stretched to 2.0, 2.2 and 2.4 µm.  
 
After PKA incubation we recorded a significant decrease in PAH cardiomyocyte 
stiffness.  Donor cardiomyocyte stiffness was minimally affected by PKA incubation 
(pinteractionPKA*disease = 0.01) (Fig. 1A2). PKCα incubation significantly increased 
cardiomyocyte stiffness in PAH samples and had little effect on donor cardiomyocyte 
stiffness (pinteraction PKCα*disease = 0.09) (Fig. 1B3). CaMKIIδ incubation decreased 
cardiomyocyte stiffness of both Don and PAH samples (pinteractionCaMKIIδ*disease = 
0.08) (Fig. 1C2). Similar stretch or incubation in relaxing solutions without kinases 
would not modify baseline cardiomyocyte stiffness. 
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Figure 1 – PKA, PKCα and CaMKIIδ treatment effect on diastolic stiffness mediated by titin 
phosphorylation 

 
A. Titin N2B domain serine 469 PKΑ-dependent phosphorylation. B. Titin PEVK domain serine 170 PKCα-
dependent phosphorylation. C. Phospholamban Threonine 17 CaMKIIδ-dependent phosphorylation was 
used as an indirect measurement of titin CaMKIIδ phosphorylation.  Data presented as mean ± SEM  
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Figure 2 – Sarcomeric protein phosphorylation 
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Reduced phosphorylation of sarcomeric cTnI  
Measurements of myofilament Ca2+-sensitivity revealed a higher sensitivity in PAH 
compared to donor samples. To investigate whether reduced phosphorylation of the 
sarcomeric protein cTnI could play a role in determining high myofilament Ca2+-
sensitivity and contribute to RV diastolic dysfunction in PAH, overall sarcomeric 
protein phosphorylation was determined. A significant decrease in cTnI and MyBPC 
phosphorylation was found in PAH compared with donors (cTnIDon= 1.00 ± 0.15, 
cTnIPAH= 0.58 ± 0.11, p=0.03; MyBPCDon=  1.00 ± 0.15, MyBPCPAH= 0.63 ±0 .09, p = 0.06) 
(Fig. 2). Cardiac troponin T (cTnT) phosphorylation appeared to be higher in PAH 
compared to donors, however this not statistically significant (cTnTDon= 1.00 ± 0.07, 
cTnTPAH= 1.29 ± 0.13, p = 0.07). No difference was found in desmin phosphorylation 
(DesminDon= 1.00 ± 0.07, DesminPAH= 0.93 ± 0.06, p = 0.4).  
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Figure 3 – cTnI phosphorylation 
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Reduced cTnI phosphorylation was further confirmed by Western blot and Phos-TagTM 
analyses. The amount of dephosphorylated cTnI was significantly higher in PAH 
compared to donors (dephos-cTnIDon= 1.00 ± 0.17, dephos-cTnIPAH= 1.67 ± 0.17, p = 
0.02) (Fig. 3A). The cTnI PKA specific phosphorylation site (serine 22/23) showed 
significantly lower phosphorylation in PAH samples compared with donors (cTnI-
S22/23Don= 1.00 ± 0.08, cTnI-S22/23PAH= 0.41 ±0.11, p = 0.002) (Fig. 3B).  
 
Phos-TagTM analysis demonstrated that the distribution of cTnI phosphorylation 
(unphosphorylated (P0), mono-phosphorylated (P1), and bis-phosphorylated (P2)) in 
PAH-cardiomyocytes was shifted to more unphosphorylated cTnI in comparison to 
donors, evident from higher levels of unphosphorylated cTnI and lower levels of bis-
phosphorylated cTnI (PDon 0/1/2 = 38.38 ± 11.55% / 20.78 ± 3.57% / 40.84 ± 14.21%, 
PPAH 0/1/2 = 67.28 ± 5.86%,/ 21.55 ± 3.12% / 11.17 ± 3.69%, pinteraction = 0.008) (Fig. 
3C).  
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Figure 4 – Ca2+-handling proteins expression and phosphorylation 
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Altered expression of Ca2+-handling proteins 
SERCA2a expression was significantly lower in PAH cardiomyocytes (SERCA2aDon= 
1.00 ± 0.14, SERCA2aPAH= 0.56 ± 0.09, p = 0.02) (Fig. 4A).  
Total PLN protein levels were higher in PAH, however the difference failed to reach 
statistical significance (PLNDon= 1.00 ± 0.13, PLNPAH= 2.44 ± 0.65, p = 0.23) (Fig. 4B).  
PLN phosphorylation was determined as a ratio calculated from total PLN protein level 
in relation to the amount of phosphorylated PLN. pPLN was significantly lower in PAH 
compared with donors (pPLN/PLNDon= 1.00 ± 0.12, pPLN/PLNPAH= 0.55 ± 0.10, p = 
0.02) (Fig. 4C).   
The inhibitory effect of PLN on SERCA2a was determined by the PLN/SERCA2a ratio, 
which was higher in PAH compared with donors (PLN/SERCA2aDon= 1.5 ± 0.47, 
PLN/SERCA2aPAH= 5.71 ± 1.67, p=0.19) (Fig. 4D).  
In addition, the lower level of NCX1 protein level in PAH was not statistically significant 
(NCX1Don= 1.00 ± 0.28, NCX1PAH= 0.55 ± 0.12, p = 0.36) (Fig. 4E). The expression level 
of RyR2, responsible for systolic Ca2+ release from the sarcoplasmic reticulum was not 
significantly different in the two groups (RyR2Don= 1.00 ± 0.05, RyR2PAH= 1.26 ± 0.13, 
p=0.11) (Fig. 4F). 
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DISCUSSION 
 
This study demonstrates that cellular RV diastolic function in PAH is altered as a 
consequence of: 
1) Reduced PKA-mediated titin phosphorylation resulting in increased RV     

cardiomyocyte stiffness. 
2) Decreased cTnI phosphorylation, increasing Ca2+-sensitivity. 
3) Decreased levels of SERCA2a and PLN phosphorylation, suggesting reduced 

diastolic Ca2+-clearance.  
 
1)  Titin determined cardiomyocyte stiffness 
 This is the first human study to show altered titin phosphorylation and its functional 
consequence in the failing right ventricle. We demonstrate that in RV tissue from PAH 
patients, titin serine 469 (PKA site) and serine 170 (PKCα site) phosphorylation are 
significantly reduced. No change was observed in titin serine 26 (PKCα site) 
phosphorylation between PAH and donor. Interestingly, these findings differ from 
those previously observed in LV pressure overload animal models. Hudson et al. 
investigated titin phosphorylation in a mouse model of hypertensive left heart failure 
induced by transverse aortic constriction.21 They concluded that increased PKCα-
mediated phosphorylation of serine 26 in the PEVK domain was the main contributor 
to left ventricular cardiomyocyte stiffness. No significant change in PKA-mediated 
phosphorylation of the N2B domain was found in this animal model of left heart failure. 
Kötter et al. used end-stage human LV tissue obtained during heart transplantation 
from hypertrophic cardiomyopathy (HCM) and idiopathic dilated cardiomyopathy 
(iDCM) patients and concluded that the significant increase in PEVK domain serine 26 
(PKCα site) phosphorylation, together with altered titin N2B domain phosphorylation, 
determine the increase cardiomyocyte stiffness in LV failure.22 This suggest that while 
in LV failure PKCα-dependent hyperphosphorylation of titin PEVK domain serine 26 
plays a key role in increasing stiffness, in RV failure secondary to pressure overload, 
PKA-dependent hypophosphorylation of N2B domain serine 469 in central in 
increasing cardiomyocyte stiffness. 
 
To demonstrate the functional relevance of altered serine 469 and serine 170 
phosphorylation, we incubated RV cardiomyocytes with the catalytic subunits of PKA 
and PKCα and measured the effects on RV cardiomyocyte stiffness. We observed that 
PKA incubation lowered stiffness only in PAH and largely restored RV cardiomyocyte 
stiffness to values observed in donors. In contrast, PKCα incubation increased 
cardiomyocyte stiffness in both PAH but far less in donor. At sarcomere lengths longer 
than physiological (>2.2µm), PKCα incubation resulted in a large increase in RV 
cardiomyocyte stiffness in PAH patients. These findings suggest that titin serine 469 
(PKA site) hypophosphorylation is the main contributor to RV diastolic stiffness in 
PAH, rather than titin serine 170 (PKCα site) hypophosphorylation. The latter may be a 
compensatory mechanism to prevent further increase in titin stiffness in RV 
cardiomyocytes in PAH patients.  
 
In addition to PKA-, PKCα- and CaMKIIδ- dependent phosphorylation, titin stiffness is 
subject to the fine tuning of a number of different kinases with opposite or 
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complementary effects. In humans, protein kinase G (PKG) was shown to 
phosphorylate N2B serine 469 with same functional effect as PKA.23 In addition to PKA 
and PKG, recent data show that extracellular-signal-regulated kinase 2 (ERK2) can 
decrease titin stiffness. However, the phosphorylation site is still to be resolved.24 
Furthermore CaMKIIδ was shown to phosphorylate N2B (other sites than PKA) and 
PEVK domains and overlap with PKCα phosphorylation sites on the PEVK domain.25,26 
However, the functional role of these novel phosphorylation pathways was not yet 
shown in human.27  
 
2)  cTnI modulated Ca2+-sensitivity 
An increase in sarcomere Ca2+-sensitivity can lead to incomplete actin-myosin 
detachment, despite low [Ca2+] levels, impairing the relaxation phase.28 Previously it 
was demonstrated that sarcomeric protein phosphorylation plays an important role in 
determining Ca2+-sensitivity.10-12 In our study, we observed reduced cTnI and MyBPC 
phosphorylation. Site-specific analysis further revealed that PKA-mediated cTnI 
phosphorylation of serine 22/23 was less phosphorylated in PAH. This was further 
confirmed by Phos-TagTM analyses showing a higher level of un-phosphorylated (P0) 
cTnI and reduced level of bis-phosphorylated (P2) cTnI. Although in our previous study 
only a small increase in Ca2+-sensitivity was observed, this could further contribute to 
the RV diastolic impairment in PAH patients.   

 
3) Diastolic Ca2+-clearance 
For proper cardiomyocyte relaxation, cytosolic [Ca2+] must promptly drop, followed by 
myofilament detachment and sarcomere elongation to diastolic length.13 Therefore, 
perturbations in diastolic Ca2+-clearance are central to the development of diastolic 
dysfunction.28,29 Substantial decrease in SERCA2a protein levels and PKA-mediated 
PLN phosphorylation would imply that cellular relaxation pattern is altered in PAH 
patients, due to increased residual diastolic [Ca2+]. However, the actual correlation 
between altered protein expression or phosphorylation and their functional relevance 
could not be determined in the present study.   
 
PAH and excessive neurohormonal activation  
Although the three mechanisms discussed here clearly affect diastolic function in a 
distinct way and therefore may have different relevance in vivo, we observe a common 
factor to all three mechanisms: reduced PKA-mediated phosphorylation. Decreased 
PKA phosphorylation determined increased titin-derived RV cardiomyocyte stiffness, 
increased myofilament cTnI dependent Ca2+-sensitivity and altered Ca2+-clearance due 
to reduced PLN phosphorylation. In the setting of heart failure, disturbed PKA 
phosphorylation is attributed to impaired β-AR signaling as a consequence of increased 
neurohormonal stimulation and compensatory receptor β-AR downregulation.28 In 
PAH, however, the consequences of increased neurohormonal activation are less well 
understood.30 Bristow et al. observed decreased β-AR density in failing RV 
myocardium.31 In addition, reducing neurohormonal activity in an experimental model 
of PAH resulted in improved RV diastolic function and partially restored sarcomeric 
protein phosphorylation (cTnI and cMyBPC).32 Therefore, we propose that in PAH 
patients the reduced PKA-mediated phosphorylation of titin, cTnI and PLN are at least 
partially caused by increased neurohormonal activation. 

 50 

http://www.ncbi.nlm.nih.gov/pubmed/24895160


Protein changes contributing to right ventricular cardiomyocyte diastolic dysfunction____________ 

Clinical implications 
Beta-blocker therapy is known to counteract the loss of function of β-AR signaling by 
restoring β-AR density, followed by the restoration of PKA-mediated 
phosphorylation.32,33 In a previous experimental PAH model, rats receiving beta-
blocker therapy showed a significant reduction in RV diastolic stiffness and increase in 
cTnI and cMyBPC phsophorylation compared with PAH rats receiving placebo. These 
effects are likely due to reduced neurohormonal activation in PAH rats receiving beta-
blockers, normalization of β-adrenergic stimulation and increased PKA-mediated titin, 
cTnI and MyBPC phosphorylation. Although well tolerated in PAH rats, beta-blockers 
are currently not recommended in PAH due to possible negative inotropic effects. 
Nevertheless, based on the beneficial effects of beta-blockers in PAH experimental 
models, we have initiated a phase II clinical study to investigate the safety and efficacy 
of beta-blocker (Bisoprolol) in patients with PAH (Clinicaltrails.gov identifier: 
NCT01246037).32 The future results of this study will reveal whether indeed, β-AR 
/PKA signaling pathway is a novel therapeutic target for RV diastolic impairment in 
PAH patients.  
 
Limitations of the study 
Efficient diastolic Ca2+-clearance is vital for ensuring proper relaxation for the 
sarcomere, therefore in this study we quantified the expression level of the most 
important proteins involved in Ca2+-handling. However, the functional relevance of 
these changes was not assessed. Functional relevance can only be determined in 
freshly harvested myocardial tissue/ whole hearts, usually from animal models where 
changes in protein levels are consequently related to the functional data. In our study 
we used human myocardial tissue preserved by freezing, which did not alter the 
protein level and phosphorylation status, however made functional assessments 
impossible. Nevertheless, previous animal model studies show a clear relation between 
expression levels and function of Ca2+-handling proteins, therefore we speculate that 
this is also the case in our study.13  
There are several other mechanisms which regulate diastolic dysfunction such as: 
increased radical oxygen species production, T-tubules loss or disorganization of 
cardiomyocyte cytoarhitecture. Although important for diastolic function, this study 
only focused on the cardiomyocyte stiffness, myofilament Ca2+-sensitivity and altered 
Ca2+-clearance protein levels.34 

 
CONCLUSIONS 
 
The present study provides novel insight in the molecular mechanism underlying RV 
diastolic impairment in patients with PAH. We observed that reduced PKA-mediated 
phosphorylation of the giant sarcomeric protein titin contributed significantly to RV 
cardiomyocyte stiffness. In addition, phosphorylation of the sarcomeric protein cTnI 
was significantly reduced in PAH. Finally, reduced PLN phosphorylation and SERCA2a 
protein levels may indicate altered diastolic Ca2+-clearance.  
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ABSTRACT 

Background – The purpose of this study was to determine the relative contribution of 
fibrosis-mediated and cardiomyocyte-mediated stiffness in rats with mild and severe 
right ventricular (RV) dysfunction.  
 
Methods and Results – By performing pulmonary artery banding of different 
diameters for 7 weeks, mild RV dysfunction  (Ø=0.6mm) and severe RV dysfunction 
(Ø=0.5mm) was induced in rats.  
The relative contribution of fibrosis- and cardiomyocyte-mediated RV stiffness was 
determined in RV trabecular strips. Total myocardial stiffness was increased in 
trabeculae from both mild and severe RV dysfunction in comparison to controls. In 
severe RV dysfunction, increased RV myocardial stiffness was explained by both 
increased fibrosis- and cardiomyocyte-mediated stiffness, whereas in mild RV 
dysfunction only cardiomyocyte-mediated stiffness was increased in comparison to 
control. Histological analyses revealed that RV fibrosis gradually increased with 
severity of RV dysfunction, whereas the ratio of collagen I/III expression was only 
elevated in severe RV dysfunction. Stiffness measurements in single demembranated 
RV cardiomyocytes demonstrated a gradual increase in RV cardiomyocyte stiffness, 
which was partially restored by protein kinase A in both mild and severe RV 
dysfunction. Increased expression of compliant titin isoforms was observed only in 
mild RV dysfunction, whereas titin phosphorylation was reduced in both mild and 
severe RV dysfunction.  
 
Conclusions – RV myocardial stiffness is increased in rats with mild and severe RV 
dysfunction. In mild RV dysfunction, stiffness is mainly determined by increased 
cardiomyocyte stiffness. In severe RV dysfunction, both cardiomyocyte and fibrosis-
mediated stiffness contribute to increased RV myocardial stiffness. 
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INTRODUCTION 
 
Pulmonary arterial hypertension (PAH) patients develop right heart failure (RHF) due 
to a progressive increase in right ventricular (RV) pressure overload.1 Although it is 
known for some years that RV systolic adaptation is of clinical importance, it just 
recently became clear that RV diastolic stiffness increases and may contribute to 
disease progression in PAH.2 In addition, we have previously shown that RV diastolic 
stiffness was closely associated with a doubling in sarcomere-derived cardiomyocyte 
stiffness and increased myocardial fibrosis in end-stage PAH-patients.2,3 
Changes in cardiomyocyte stiffness are closely regulated by the giant elastic protein 
titin.4 Titin stiffness can be regulated via both post-transcriptional and post-
translational modifications. Post-transcriptional modification includes a shift from the 
compliant N2BA isoform to the stiffer N2B isoform.5 Post-translational modification is 
mainly regulated via phosphorylation of titin by the protein kinases A, G and C (PKA, 
PKG, PKC, respectively). Titin phosphorylation by PKA and PKG reduce cardiomyocyte 
stiffness, whereas PKC-mediated titin phosphorylation results in increased RV diastolic 
stiffness.6-10 We have previously demonstrated that in end-stage PAH, no alterations in 
titin isoform composition are observed, whereas PKA-mediated titin phosphorylation 
was significantly reduced.2-3  
Changes in fibrosis could also contribute to diastolic stiffness, and involve differences 
in collagen fiber type secretion, collagen type I/III ratio, cross-linking or degradation.11-

13 Previous studies found a positive correlation between markers of collagen 
degradation measured in the serum of PAH patients and the severity of the disease.14 In 
addition, late gadolinium enhancement studies in PAH patients further indicate a 
positive association between RV fibrosis and worsening of RV function.15-16  
However, the functional relevance of increased fibrosis and cardiomyocyte stiffness to 
RV diastolic stiffness remains to be elucidated. Moreover, it is currently unclear 
whether diastolic stiffening of the RV already occurs at earlier stages of PAH-induced 
right heart failure, because obtaining human RV tissue is only limited to end-stage PAH 
due to the risks of performing RV biopsies in vivo.  
To mimic disease severity observed in PAH patients, a novel rat model of pressure-
overload-induced RV remodeling was developed.17 By performing pulmonary artery 
banding (PAB) of different diameters 2 phenotypes were created:  
1. mild RV dysfunction, induced by a moderate increase in RV afterload / RV systolic 
pressure (RVSP) resulting in reduced RV ejection fraction (RVEF) but without extra-
cardiac signs of right heart failure;  
2. severe RV dysfunction, induced by a further increase in RV afterload resulting in a 
severe reduction in RVEF.17 

Thus, the aim of this study was to determine the relative contribution of fibrosis-
mediated and cardiomyocyte-mediated RV myocardial stiffness in rats with mild and 
severe RV dysfunction.  
 
METHODS 
 
Study design 
We used rat RV trabecular tissue obtained from a previous study protocol (Andersen S 
et al. J Card Fail, 2014).17 15 male Wistar Galas rats were used for this study (M&B 
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Taconic, Ry, Denmark). The rats were handled according to the Danish national 
guidelines and experiments were accepted in agreement with the Danish law for 
animal research (authorization number 2012-15-2934-00384 Danish Ministry of 
Justice). Rats weighting 105±30g at start of the study protocol underwent pulmonary 
artery banding (n=10), where a lateral thoracotomy was performed in previously 
sedated, intubated and mechanically ventilated state (Abbot Scandinavia AB, Solona, 
Sweden – induction 7% 2:1 O2/N2O, maintenance 3.5% 2:1 O2/N2O) and a titanium 
clip of different diameters (0.5mm or 0.6mm) was introduced and closed around the 
pulmonary trunk. All rats received buprenophine (Termgesic, RB Pharmaceuticals, 
Berkshire) in order to relieve postoperative pain. Control rats were sham operated 
(n=5). The 0.6 mm clip led to mild RV dysfunction (n=5) and the 0.5mm clip led to 
severe RV dysfunction (n=5). After 7 weeks of pulmonary artery banding, all animals 
underwent hemodynamic assessment as described previously and RV tissue was 
harvested for further analyses.17 RV trabecular samples were dissected from the RV 
free wall and immediately transferred to a 50% relax-glycerol solution containing of 
50% (vol/vol) Glycerol, relaxing solution (pCa = 9.0; 100 mM BES; 6.97 mM EGTA; 6.48 
mM MgCl2; 5.89 mM Na2-ATP; 40.76 mM K-propionate14.50 mM creatine phosphate) 
and protease and phosphatase inhibitors (0.5 mM E64, 2.0 mM Leupeptine, 1 mM DTT 
and 0.5 mM PMSF) and placed for 12h on a roller bank at 4 oC. Subsequently, RV 
trabecular tissue was stored at -20 oC in a 50% relax-glycerol solution containing low 
concentrations of protease and phosphatase inhibitors (0.05 mM E64, 0.2 mM 
Leupeptine, 1 mM DTT and 0.5 mM PMSF). The rest of the RV was snap-frozen in liquid 
nitrogen and stored at -80oC. 
 
Force measurements on skinned muscle strips 
Thin muscle strips with an average length of 1mm and diameter of ~ 0.2mm were 
dissected respecting the longitudinal orientation of the fibers.18-21 The ends of the 
strips were attached to aluminum T clips and membrane-permeabilized in a relaxing 
solution containing 1% Triton X-100. The strips were mounted between a length motor 
(ASI 403A, Aurora Scientific Inc, Ontario, Canada) and a force transducer (ASI 315C-I, 
Aurora Scientific Inc) in the set-up (ASI 802D, Aurora Scientific Inc) and viewed on an 
inverted microscope (Zeiss Axio Observer A1).  

The solutions used during the experiments were:  
1) relaxing solution: pCa = 9.0 (100 mM BES; 6.97 mM EGTA; 6.48 mM MgCl2; 5.89 mM 
Na2-ATP; 40.76 mM K-propionate14.50 mM creatine phosphate);  
2) pre-activating solution with low EGTA concentration (100 mM BES; 0.1 mM EGTA; 
6.42 mM MgCl2; 5.87 mM Na2-ATP; 41.14mM K-propionate; 14.50 mM creatine 
phosphate; 6.9 mM HDTA); 
3) activating solution: pCa = 4.5 (100 mM BES; 7.0 mM Ca-EGTA; 6.28 mM MgCl2; 5.97 
mM Na2-ATP; 40.64 mM K-propionate; 14.5 mM creatine phosphate).  

 
The integrity of the trabecular muscle strip was checked prior to the stiffness 
determination by activating the preparation. Thereafter the trabecular strip was 
transferred to a relaxing solution where it was stretched by 20% from the initial slack-
length with a speed of stretch of 10% preparation length per second. Passive force was 
recorded at the end of stretch and divided by the corresponding strip cross-sectional 
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area to normalize for variation in trabecular strip diameters (passive tension (kN/m2) 
= total RV myocardial stiffness). In order to determine the relative contribution of 
fibrosis and cardiomyocytes to total RV myocardial stiffness, thick and thin filaments 
were extracted by immersing the muscle strips in relaxing solution containing 0.6M KCl 
(60 minutes at 20°C) followed by a relaxation solution containing 1M KI (60 minutes at 
20°C).refs  Subsequently, the muscle strips were transferred to fresh relaxing solutions 
and passive force development was measured again at the end of the 20% stretch and 
was assumed to represent fibrosis-mediated stiffness. Cardiomyocyte-mediated stiffness 
was determined as total RV myocardial stiffness minus fibrosis-mediated stiffness.18-21  
 
RV fibrosis 
Absolute RV myocardial fibrosis content was determined on histological sections as 
previously described.2,17,22-23 Collagen I and III mRNA levels were quantified by real-
time PCR (7900 HT Applied Biosystem) using 5µL of gene expression master mix, 1µL 
cDNA  and 0.5µL of the gene expression assay for CollagenIA1 (Rn0143848-m1) and 
CollagenIIIA1 (Rn01437683-m1) in a final volume of 10 µL. The house keeping gene 
GAPDH (Rn99999916-s1) was used as an internal control. Collagen I/III ratio was 
calculated for each sample. 
 
Force measurements on skinned cardiomyocyte 
Small RV myocardial pieces were defrosted in relaxing solution and single cardiac cells 
were isolated mechanically as previously described (Control n=3, mild RV dysfunction 
n=3 and severe RV dysfunction n=3 samples).2 A minimum of 3 cells per sample were 
used to determine cardiomyocyte stiffness and their averages were used for further 
statistical analysis. Cardiomyocytes were incubated for 5 minutes in relaxing solution 
containing 0.5% Triton X-100 in order to permeabilize the cellular membrane. To 
remove Triton, cardiomyocytes were washed six times with relaxing solution. 
A single cardiomyocyte was attached with silicone adhesive between a force 
transducer and a piezoelectric motor. Diastolic stiffness was determined in the relaxing 
solution at increasing sarcomere lengths (1.8 – 2.4 µm).  Cardiomyocytes were further 
incubated in relaxing solution with PKA (Protein-Kinase-A Catalytic subunit from 
bovine heart, P2645, Sigma Aldrich) at 20oC for 40 minutes and passive tension was 
again recorded after PKA treatment.  
Individual force values were normalized for the cardiomyocyte width and depth 
recorded at 2.2µm sarcomere length.  
 
Titin isoform and phosphorylation 
To determine titin isoform expression and phosphorylation, frozen RV free-wall tissue 
samples of control rats, rats with mild RV dysfunction and rats with severe RV 
dysfunction were weighed and pulverized in liquid nitrogen using a mortar and a 
pestle. Tissue powder was solubilized using a 8M urea buffer with DTT and 50% 
glycerol solution and protease inhibitors (0.16 mmol/L Leupeptin, 0.04 mmol/L E-64 
and 0.2 mmol/L PMSF).2-3 

Increasing sample volumes (3 - 4.5 -6 – 7.5 - 9µL) were loaded on 1% agarose gels and 
stained with Coomassie Blue. The slope of the protein band intensity – volume loading 
was used for titin isoforms quantification.  The N2BA/Total Titin ratio was calculated.2 
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ProQ Diamond Phosphoprotein Stain was used to determine titin phosphorylation. Gels 
were fixed, washed, distained and stained with SYPRO Ruby to determine total protein 
amount. The ratio between phosphorylation (ProQ) and total protein content (Sypro) 
was used to quantify differences in titin phosphorylation.2 

 
Statistical analyses  
Statistical analyses were performed using Prism 5 for Windows (GraphPad Software 
Inc, San Diego, CA). P-values lower than 0.05 were considered significant. All data are 
presented as mean ± SEM.  
All analyses were performed using one-way ANOVA with Bonferroni post-hoc 
comparison between control, mild and severe RV dysfunction, unless stated otherwise. 
The effects of PKA incubation on single RV cardiomyocytes of rats with mild RV 
dysfunction and severe RV dysfunction were tested at a sarcomere length of 2.2 using a 
two-way repeated measures ANOVA followed by Bonferroni post-hoc test.  
 
RESULTS 
 
Figure 1 – RV myocardial stiffness in skinned trabecular strips 
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Total RV myocardial stiffness was significantly increased in both mild RV dysfunction and severe RV 
dysfunction in comparison to controls. In severe RV dysfunction, increased RV myocardial stiffness could 
be explained by both increased fibrosis- and cardiomyocyte-mediated stiffness, whereas in mild RV 
dysfunction only cardiomyocyte-mediated stiffness was increased in comparison to control.  
Data presented as mean ± SEM, Controls: n=5, mild RV dysfunction: n=5 and severe RV dysfunction: n=5. 
**: p<0.01 vs. control; ##: p<0.01 vs. mild RV dysfunction, Bonferroni corrected. 
 
Relative contribution of fibrosis- and cardiomyocyte-mediated stiffness 
RV diastolic stiffness was measured on small RV muscle strips of control rats (n=5; 
RVSP: 30±1 mmHg; RVEF: 74±1%), rats with mild RV dysfunction (n=5; RVSP: 84±8 
mmHg; RVEF: 55±2%; both p<0.01 vs. control) and rats with severe RV dysfunction 
(n=5; RVSP: 115±8 mmHg; RVEF: 45±3%; both p<0.001 vs. control, p<0.05 vs. mild RV 
dysfunction).  
As can be observed in Figure 1, RV myocardial stiffness was significantly increased in 
both rats with mild and rats with severe RV dysfunction in comparison to controls 
(p<0.05). 
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To determine the separate contribution of fibrosis on RV myocardial stiffness, the 
sarcomeric component of the tissue was extracted by KI/KCl treatment. This treatment 
disrupts titin anchoring to the thick filament and thereby eliminates the contribution of 
sarcomeric stiffness to the overall muscle strip stiffness, the residual stiffness being 
attributed to the fibrotic component. We found a stepwise increase in fibrosis-
mediated stiffness with a moderate increase in fibrosis-mediated stiffness in rats with 
mild RV dysfunction, and a further significant increase in fibrosis-mediated stiffness in 
rats with severe RV dysfunction. Subsequently, cardiomyocyte-derived stiffness was 
calculated by subtracting fibrosis stiffness from total stiffness. RV cardiomyocyte-
derived stiffness was increased in all rats with RV dysfunction independent of the 
severity of the RV dysfunction.  
These data suggests that RV myocardial stiffness is closely associated with RV 
dysfunction. RV cardiomyocyte stiffness contributes to RV myocardial stiffness in both 
mild and severe RV dysfunction, whereas fibrosis-mediated stiffness led to a further 
increase in RV myocardial stiffness in rats with severe RV dysfunction only. 
 
RV fibrosis 
To explain the increasing contribution of fibrosis-mediated stiffness with the severity 
of RV dysfunction, we further investigated the presence of fibrotic areas in the RV free 
wall. As observed previously, the percentage of fibrosis gradually increased with the 
severity of RV dysfunction (Fig. 2A).17 

 

Figure 2 – RV fibrosis and collagen I/III ratio 
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A. (Results from Andersen et al, J Card Fail, 2014) RV histology sections were stained for collagen using a 
Picrosirius red staining and analyzed under double-polarized light. A gradual increase in RV fibrosis was 
found in mild and severe RV dysfunction in comparison to control. Data presented as % of controls.  
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B. Collagen type I and III mRNA expression was determined by qPCR and the collagen I/III ratio was 
calculated. Collagen I/III expression was significantly increased in severe RV dysfunction.  
Data presented as mean ± SEM, Controls: n=5, mild RV dysfunction: n=5 and severe RV dysfunction: n=5. *: 
p<0.05, **: p<0.01 vs. control, #: p<0.05, ##: p<0.01 vs. mild RV dysfunction, Bonferroni corrected. 
 
Fibrosis-mediated RV myocardial stiffness can further be influenced by the 
predominant type of collagen fibers expressed, where increased collagen I/III ratio is 
known to be associated with increased myocardial stiffness.12 Interestingly, RV 
collagen I/III ratio was only increased in rats with severe RV dysfunction (Fig.2B). 
These data suggest that the increased fibrosis-mediated stiffness is a consequence of 
increased fibrosis and increased collagen I/III expression in the right ventricle of rats 
with severe RV dysfunction. 
 
RV cardiomyocyte-mediated stiffness 
To investigate in more detail the cardiomyocyte-derived stiffness, we subsequently 
determined cardiomyocyte stiffness in single membrane-permeabilized RV 
cardiomyocytes from control rats, rats with mild RV dysfunction and rats with severe 
RV dysfunction.  As can be observed in Figure 3A, RV cardiomyocyte mediated stiffness 
gradually increased with the severity of RV dysfunction. Especially at sarcomere length 
2.2 and 2.4 μm, RV cardiomyocyte stiffness was increased in rats with severe RV 
dysfunction in comparison to rats with mild RV dysfunction (Fig. 3A,B). To investigate 
whether reduced PKA-mediated phosphorylation of the giant elastic filament titin may 
contribute to the observed increased RV cardiomyocyte stiffness, measurements of RV 
cardiomyocyte stiffness were repeated after PKA-incubation. As can be observed in 
Figure 3C, PKA-incubation resulted in a reduction in RV cardiomyocyte stiffness, but it 
remained elevated in comparison to control. In addition, the effect of PKA-incubation in 
rats with severe RV dysfunction was larger than in mild RV dysfunction or controls 
(pinteraction<0.01; Fig. 3D), suggesting that PKA-mediated phosphorylation of sarcomeric 
proteins is more hampered in RV cardiomyocytes of rats with severe RV dysfunction.  
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Figure 3 – Skinned cardiomyocytes   
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A, B.  RV cardiomyocyte stiffness was gradually increased in mild and severe RV dysfunction in comparison 
to control. 
C, D. Protein kinase A incubation significantly decreased cardiomyocyte stiffness in mild and severe RV 
dysfunction, but remained significantly elevated in comparison to controls.  
Data presented as mean ± SEM, Controls: n=3, mild RV dysfunction: n=3 and severe RV dysfunction: n=3. 
**: p<0.01, ***: p<0.001 vs. control; ##: p<0.01, ###: p<0.001 vs. mild RV dysfunction, Bonferroni corrected. 
 
Titin isoform and phosphorylation 
To further explain the findings of RV cardiomyocyte stiffness we investigated whether 
titin isoform composition or titin phosphorylation was altered in RV dysfunction. We 
observed an increase in expression of the compliant titin isoform (N2BA) in rats with 
mild RV dysfunction, whereas titin isoform composition was unaltered in rats with 
severe RV dysfunction (Fig. 4A). Subsequently, we determined overall phosphorylation 
levels of titin (ProQ Diamond staining) normalized to total protein content (Sypro Ruby 
staining). Titin phosphorylation was lower in both rats with mild or severe RV 
dysfunction (Fig. 4B). These data suggests that although more compliant titin isoform 
was expressed in rats with mild RV dysfunction, this compensatory mechanism was 
insufficient to prevent an increase in RV cardiomyocyte stiffness, probably due to a 
reduced phosphorylation of titin. 
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Figure 4 – RV titin isoform composition and titin phosphorylation 
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A. Titin isoform ratio determined on 1% agarose gels stained with Comassie Blue by dividing the N2BA 
isoform content to the more abundant N2B isoform and expressed in percentages. N2BA/Total Titin ratio 
was similar in Control and severe RV dysfunction, whereas elevated in mild RV dysfunction.  
B. Total titin phosphorylation was determined by ProQ staining for phosphorylation 
divided by Sypro staining for total protein content. Titin phosphorylation was significantly lower both in 
mild and severe RV dysfunction. 
Data presented as mean ± SEM, Controls: n=5, mild RV dysfunction: n=5 and severe RV dysfunction: n=5. *: 
p<0.05, **: p<0.01 vs. controls; ##: p<0.01 vs. mild RV dysfunction, Bonferroni corrected. 
 
DISCUSSION 
 
By combining RV cardiomyocyte mechanics with protein and histological analyses, we 
demonstrated that: 
• RV myocardial stiffness is increased in both mild and severe RV dysfunction; 

cardiomyocyte-derived stiffness contributes to both mild and severe RV 
dysfunction, whereas fibrosis-mediated stiffness plays an additional role in severe 
RV dysfunction.  

• RV fibrosis-mediated stiffness is associated with gradually increased fibrosis 
deposition in mild and severe RV dysfunction, and increased collagen I/III ratio in 
rats with severe RV dysfunction.  

• RV cardiomyocyte-mediated stiffness gradually increases with severity of RV 
dysfunction. Probably explained by the finding that phosphorylation of titin was 
reduced in both mild and severe RV dysfunction, whereas titin isoform composition 
was only changed in mild RV dysfunction towards more compliant titin.      

 
Fibrosis-mediated stiffness 
The role of fibrosis in RV remodeling in PAH is inconclusive. With imaging techniques, 
fibrotic areas are only observed in the insertion points between the septum and right 
ventricular wall.15-16 Whereas in tissue of PAH-patients with end-stage right heart 
failure and in several PAH animal models, RV fibrosis is either absent or mildly 
increased in the RV free wall.2,22-28 However, until now it was unclear whether the 
observed increase in RV fibrosis had any functional consequence. We demonstrate in 
this study for the first time that increased RV fibrosis, especially in rats with severe RV 
dysfunction, significantly impairs RV diastolic function. Besides histologically observed 
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increase in RV fibrosis, we could also demonstrate that a shift in collagen isoform 
expression occurred. Because increased fibrosis-mediated stiffness, increased fibrosis 
and collagen I/III isoform shift occurred mainly in rats with severe RV dysfunction, the 
presence of RV fibrosis may be used as a tool to predict deterioration of RV function in 
PAH-patients. This suggestion is further supported by the recent finding of Safdar et al, 
that a biological marker of collagen metabolism (N-terminal pro-peptide of type III 
procollagen) could be used to predict prognosis and disease progression in PAH-
patients.14 In addition, the development of more advanced imaging modalities may 
further improve the sensitivity to detect RV fibrosis in PAH-patients which may be 
used to predict RV dysfunction in future.29   
The underlying mechanism of increased RV fibrosis in RV dysfunction remains elusive. 
One may speculate that increased neurohormonal activity could play a role.30 
Previously, we have shown increased activation of the renin-angiotensin-aldosterone 
system, which was closely associated with disease progression.31 Increased levels of 
angiotensin II could lead to the activation of TGF-β and increased collagen production 
by RV fibroblasts.13, 32-33 Furthermore, overactive RAAS could also increase RV fibrosis 
via aldosterone signaling pathways via the activation of mitogen-activated protein 
kinases (MAPKs), including extracellular signal-regulated kinases (ERK1/2) with a net 
effect of increased mRNA levels of types I, III, and IV collagen.13,33 But further studies 
are needed to determine the exact underlying mechanism of RV fibrosis in PAH which 
could further be used as therapeutic target.  
 
Cardiomyocyte mediated stiffness 
In the present study, we determined the contribution of cardiomyocyte-derived 
stiffness in two ways: 1. By subtracting fibrosis-mediated stiffness from total RV 
myocardial stiffness of RV trabecular muscle strips; 2. By measuring cardiomyocyte 
stiffness in single demembranated single RV cardiomyocytes. Interestingly, no 
difference in cardiomyocyte-derived RV diastolic stiffness was observed in trabecular 
muscle strips of mild versus severe RV dysfunction, whereas on single cardiomyocyte 
level we observed a further increase in RV myocardial stiffness in severe RV 
dysfunction compared to mild RV dysfunction. The cardiomyocyte stiffness derived 
from the trabecular stiffness may be underestimated due to the normalization of the 
stiffness to the trabecular cross-sectional area, which includes not only 
cardiomyocytes, but also the fibrotic component. Since the collagen fraction is 
increased in severe RV dysfunction, we expect that the area of the total cross-sectional 
area occupied by cardiomyocytes is smaller, leading to an underestimation of the 
overall cardiomyocyte stiffness (Fig. 5).   
 
The giant sarcomeric protein titin is an important regulator of cardiomyocyte-
mediated stiffness.4 Changes in titin phosphorylation or titin isoform composition 
contributes closely to stiffening of cardiomyocytes. In this study, we observed that 
overall titin phosphorylation was reduced in both mild and severe RV dysfunction. 
Although PKA-mediated titin phosphorylation could not be specifically measured in rat 
RV tissue, the reduction observed in RV diastolic stiffness after PKA-incubation 
suggests that the reduced titin phosphorylation is partly mediated by reduced PKA-
activity in both mild and severe RV dysfunction. A decreased intracellular PKA-
mediated phosphorylation of titin could be a direct consequence of the downregulation 
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and desensitization of the β-adrenergic receptor pathway.6,34 However, PKA-incubation 
could not fully restore RV myocardial stiffness indicating that other kinases and/or 
post-translational modifications may play an additional role. 
 
Figure 5 – Components of trabecular stiffness  

 
Schematic representation of the relative contribution of fibrosis and cardiomyocytes to trabecular 
stiffness.  
 
While titin phosphorylation was reduced in both mild and severe RV dysfunction, 
increased expression of the compliant titin isoform was observed only in rats with mild 
RV dysfunction and unaltered in rats with severe RV dysfunction. This is in line with 
our previous data from tissue of patients with end-stage right heart failure, in which we 
did not observe any change in titin isoform expression compared to control samples.2 
This may suggest that titin isoform switch is a dynamic process, which in mild RV 
dysfunction may play a protective role maintaining cardiomyocyte stiffness relatively 
low by enhancing the expression of the compliant N2BA isoform, whereas in later 
stages of RV dysfunction titin isoform composition reverses toward a N2BA/N2B ratios 
that are similar to those in controls.  
In addition to a role in cardiomyocyte stiffness, important mechano-sensing properties 
and hypertrophy inducing signals have been associated with titin.35-36 Therefore, 
changes in titin isoform and phosphorylation may not only increase cardiomyocyte 
stiffness, but also alter the capacity of the cardiomyocytes to correctly sense the 
afterload and stop the hypertrophic signaling triggered by the increase in RV wall 
stress. At this point the transition from a hypertrophic compensated RV phenotype to a 
dilative failing RV phenotype may occur.  
 
Right ventricular versus left ventricular pressure overload 
In PAH-patients, the right ventricle is exposed to an up to 4-fold increase in pressure.34 
This magnitude of pressure overload in PAH is much higher than observed in left 
ventricular pressure overload induced by, for example, hypertension or aortic stenosis. 
This may explain why some of our findings are not in line with previously published 
results on LV pressure overload. First of all, RV myocardial stiffness is increased in all 
severities of PAH, whereas in LV pressure overload increased myocardial stiffness is 
only observed in patients with hypertension and heart failure.37-38 Secondly, increased 
expression of the more compliant titin isoform (N2BA) is frequently observed in 
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patients with decompensated LV pressure overload, whereas our study only observed 
a shift to the more compliant titin isoform in mild RV dysfunction and not in end-stage 
disease.37,39-40  
Besides the magnitude of pressure overload, also embryological differences between 
the RV and LV may underlie the differential response to pressure overload.  
 
Limitations 
In order to determine the relative contributions of cardiomyocyte stiffness and fibrosis 
to RV myocardial stiffness, we isolated RV trabecular tissue, which we considered 
representative for the overall RV free wall morphological and molecular changes than 
papillary muscle strips. However, in contrast to strips of papillary muscles, trabecular 
muscle strips have a more heterogeneous fiber orientation with unevenly distributed 
sarcomeres, limiting accurate sarcomere length determination.20 Therefore we 
performed our experiments at a 20% increase in slack length. As a consequence, it is 
possible that the sarcomere length may have been unevenly distributed between the 
experiments, with variable influence on the cardiomyocyte stiffness. Therefore, to 
accurately determine cardiomyocyte stiffness in relation to sarcomere length, we also 
isolated cardiomyocytes from the free wall and measured stiffness at increasing 
sarcomere lengths (from 1.8µm to 2.4µm).  
 
Clinical implications 
Although an abnormally high fibrotic response in severe RV dysfunction may imply 
that treatment should be directed toward reducing fibrosis, it is important to point out 
that cardiomyocyte stiffness is already increased in rats with mild RV dysfunction. 
Therefore, efforts should be directed toward improving lusitropy by targeting both the 
fibrotic component and cardiomyocyte stiffness. Restoring the neurohormonal-
dependent cellular and extracellular signaling pathways by for instance beta-blocker 
therapy or RAAS-inhibitors has already been shown to be effective in reducing overall 
RV diastolic stiffness in PAH-animal models.23,31 Whether this effect is mediated by 
reduction of both fibrosis and cardiomyocyte stiffness should be further investigated.  
 
CONCLUSIONS 
 
RV myocardial stiffness is increased in rats with mild and severe RV dysfunction. 
However, the underlying mechanism differs between the groups. RV myocardial 
stiffness in mild RV dysfunction is mainly contributed to cardiomyocyte-mediated 
stiffness as a consequence of hypophosphorylation of the giant elastic titin filament. In 
contrast, in severe RV dysfunction, RV myocardial stiffness is mediated by both 
cardiomyocyte- and fibrosis-mediated stiffness as a consequence of 
hypophosphorylation of titin and increased ratio of collagen I/III expression.  
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ABSTRACT 
  
Although pulmonary arterial hypertension originates in the lung and is caused by 
progressive remodeling of the small pulmonary arterioles, patients die from the 
consequences of pressure-overload-induced right heart failure. Prognosis is poor, and 
currently there are no selective treatments targeting the failing right ventricle. 
Therefore, it is of utmost importance to obtain more insights into the mechanisms of 
right ventricular adaptation and the transition toward right heart failure. In this 
review, we propose that the same adaptive mechanisms, which initially preserve right 
ventricular systolic function and maintain cardiac output, eventually initiate the 
transition toward right heart failure. 
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INTRODUCTION 
 
Right heart failure can develop as a complication of numerous diseases, such as left-
sided heart failure, congenital heart disease, and pulmonary arterial hypertension 
(PAH).22 Although the origin of right heart failure in these conditions is distinctly 
different, the presence of right heart failure is the main determinant of prognosis in all 
patients.22 Because selective treatments for the right ventricle are currently not 
available, it is essential to obtain more insights into the pathophysiology of right heart 
failure. This review will focus on right heart failure as a consequence of severe 
pressure overload as seen in patients with PAH. Several reviews are already available 
on the clinical aspects of PAH-induced right heart failure.2,4,15,19,22,24,28,53,57,58,67-69 In the 
present review, we provide a perspective on how right ventricular (RV) adaptation is 
regulated in PAH and which mechanisms may be responsible for the transition from RV 
adaptation toward right heart failure.  
 
Figure 1 – Relative increase in pressure overload, ventricular mass and wall stress 
 

 
The magnitude of pressure overload for the right ventricle due to pulmonary arterial hypertension is of 
different order than the previously described pressure overload in the left ventricle due to aortic stenosis. 
Unless in both conditions, ventricular mass increases, this does not lead to a normalization of wall tension 
in right ventricular pressure overload in contrast to left ventricular pressure overload. This suggests that 
the response to pressure overload may differ between the right and left ventricle. Con control, AS aortic 
stenosis, PAH pulmonary arterial hypertension.20,21 
 
Recent findings give us the opportunity to connect different molecular changes 
together and provide a novel-integrated physiological concept.  
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The right ventricle in normal physiology 
The right ventricle originates from the anterior or secondary heart field, in contrast to 
the left ventricle, which originates from the primary heart field.4,67 During fetal life, the 
right and left ventricles are equal with respect to free wall thickness and force 
development. After birth, and because of the drop in 
pulmonary vascular resistance, the right ventricle regresses in size and becomes more 
crescent-like in shape.23 The left ventricle remains a high-pressure pump and is 
therefore elliptic in shape with a thick wall. Shape importantly determines the 
differences in contraction patterns of both ventricles, which occur via lateral torsion 
and shortening in the left ventricle, as opposed to the longitudinal shortening of the 
right ventricle.70 

 
Pulmonary arterial hypertension 
PAH is a fatal disease characterized by abnormal remodeling of the pulmonary vessels 
resulting in a progressive increase in pulmonary artery pressures. The disease typically 
affects young women (female to male ratio of 2:1) with a median age at a diagnosis of 
36 years.29 Although PAH is primarily a lung disease, PAH almost invariably leads to 
right heart failure and death. Despite the wide range of therapeutic options, the 
prognosis of PAH patients is still unsatisfactorily low with an average life expectancy of 
only 3–5 years.29 The only curative treatment currently available is lung 
transplantation. Lung transplantation can normalize RV afterload leading even to a 
total restoration of RV morphology and function.33,42,47 Partial reductions in pulmonary 
vascular resistance, as achieved by currently available vascular-dilating treatment, are 
unfortunately insufficient to prevent progression of right heart failure in PAH 
patients.66 More importantly, among patients, there is a wide heterogeneous response 
to pressure overload, which is independent to the load itself. This indicates that the 
right ventricle is a key player in the clinical outcome of PAH and a potential treatment 
target. As can be observed in Fig. 1, the magnitude of pressure overload is much higher 
in PAH (~340 %) compared with that of LV pressure overload induced by, for example, 
aortic stenosis (180 %).20,21 In contrast, mass index, as a surrogate marker of 
hypertrophy, is higher in LV pressure overload than in RV pressure overload, resulting 
in an almost normalization of wall stress in LV pressure overload, whereas RV wall 
stress remains increased. These data illustrate the distinct differences in LVand RV 
pressure overload and infer that the mechanisms known to play a role in LV failure do 
not necessarily extrapolate to right heart failure. Load-independent right ventricular 
function RV function is closely related to the pulmonary vascular resistance in PAH 
patients. Indirect measures for systolic (RV ejection fraction, RVEF) and diastolic (right 
atrial pressure) RV function are widely used in the clinic and have proven their 
prognostic value.16,48,49,72 However, for better understanding of the pathophysiology of 
right heart failure, these parameters are less accurate because of their high load  
dependency.24 Pressure-volume analyses are the gold standard to measure cardiac 
function in a  load independent manner.71 In origin, pressure-volume analyses were 
performed on multiple pressure-volume loops obtained via vena cava occlusion to 
reduce preload.13 Unfortunately, maneuvers to decrease ventricular blood supply 
cannot be performed without substantial risk in PAH patients who are already 
hemodynamically compromised. Therefore, single beat pressure-volume analysis 
methods were developed in order to circumvent the issue of preload reduction in 
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patients, yet quantifying RV function in a load-independent manner.61,63 By combining 
RV pressure tracings with stroke volume (SV) measurements, end-systolic elastance 
(Ees, (Ees=Piso−RV end-systolic pressure)/SV) as a measure for RV systolic function, 
diastolic elastance (Ed (β), P=α(eVβ−1)) as a measure of RV diastolic function, and 
arterial elastance (Ea, Ea=RVSP/SV) as a measure of RV afterload can be quantified. In 
addition, by calculating the ratio of end-systolic elastance to arterial elastance 
(Ees/Ea), one can obtain insights into the adaptation of RV systolic function to its 
afterload.10,52,65 
 
Animal models for right heart failure 
Because RV tissue of PAH patients is scarce, the current pathophysiologic knowledge of 
PAH-induced right heart failure is mainly based on studies with animal models 
representing the clinical features of clinical RV hypertrophy and right heart failure. 
Moderate pulmonary artery banding, hypoxia, and low-dose monocrotaline (30/40 
mg/kg) induce the characteristics of RV hypertrophy without the development of overt 
right heart failure.1,6,25 High-dose monocrotaline (60–80 mg/kg), hypoxia in 
combination with Sugen 5416 (vascular endothelial growth factor (VEGF) receptor 
inhibitor), and severe pulmonary artery banding induce overt right heart failure. The 
advantage of pulmonary artery banding is that the effect of pressure overload on the 
right ventricle can be selectively investigated without the confounding systemic effects 
of toxins. While some animal models may be more suitable than others for the study of 
right heart failure, there is not an animal model which perfectly represents clinical 
PAH.59 Therefore, it should be noted that part of the pathophysiological mechanisms 
described below still has to be confirmed in clinical PAH patients. 
 
Right ventricular adaptation in pulmonary arterial hypertension 
The adaptation of the right ventricle in PAH patients is mainly directed toward 
preserving systolic function to maintain cardiac output. This is demonstrated by 
pressure-volume analyses showing that end-systolic elastance as a measure of 
RVsystolic function is increased in PAH patients.34,52 To maintain RV-arterial coupling 
(Ees/Ea ratio), the increase of end-systolic elastance has to be sufficient to adapt to the 
increased RVafterload (arterial elastance). To accomplish this, two important 
molecular regulatory mechanisms are activated:  
(1) a glycolytic shift and an associated upregulation of hypoxia-inducible factor α (HIF-
1α) mediated signaling resulting in increased RV capillarization (2) neurohormonal 
activation resulting in increased RV hypertrophy and RV contractility (Fig. 2). 
 
RV capillarization 
The right ventricle adapts to an increase in pressure overload by reducing the amount 
of energy needed to generate force. This is mainly accompanied by a reduced 
expression of alphamyosin heavy chain and overexpression of beta-myosin heavy 
chain.37 In addition, a metabolic shift is observed preferring glycolysis to fatty acid 
oxidation, which requires less oxygen.69 As a consequence of the mitochondrial 
suppression, pseudohypoxic signaling is activated. Thereby, HIF-1α axis is upregulated 
promoting RV capillarization by increasing VEGF expression and activity.62 This 
angiogenic adaptation is essential to maintain the equilibrium between oxygen supply 
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and demand.64 An increase in cell size due to hypertrophy will increase oxygen demand 
and diffusion distance, which should be adjusted for by increased oxygen supply.55,73 

 
Figure 2 – Proposed mechanisms of right ventricular adaptation and maladaptation in pulmonary 
arterial hypertension 

 
 

 
 
Right ventricular hypertrophy 
RV pressure overload results in an increased RV wall stress, as described earlier. RV 
wall stress is an important trigger to induce hypertrophy.21 Following Laplace’s law, 
wall stress is dependent on pressure, radius, and thickness of the ventricle.71 An 
increase in RV wall thickness by RV hypertrophy is an important adaptation 
mechanism in PAH. Both at the histological level as with noninvasive imaging 
techniques, it was demonstrated that RV mass is substantially increased in PAH 
patients.48,52,55,72 There are two important mechanisms to induce hypertrophy as a 
consequence of increased wall stress (Fig. 3). First, cardiomyocytes facing increased 
wall stress release neurohormones such as angiotensin II, endothelin, and 
norepinephrine to induce hypertrophy via activation of the janus kinase 2 (JAK) and 
extracellular signal-regulated kinase (ERK).26  
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As a consequence, the transcription factor nuclear factor of activated T-cells (NFAT) is 
translocated from the cytosol to the nucleus initiating hypertrophy. Nagendran et al. 
recently provided evidence for neurohormone release by RV cardiomyocytes of PAH 
patients by demonstrating that endothelin-1 protein and receptor expression were 
increased and closely associated to RV hypertrophy in the RV tissue of PAH patients 
and a PAH animal model.44 
 
Second, mechanosensing of the heart also plays an important role.26 Increased stress is 
sensed by the  extracellular matrix and transduced to the cytoskeleton via the integrin 
receptor.40 The integrin receptor is coupled to alpha actinin via talin and vinculin. 
Genetic models have demonstrated that titin subsequently binds to alpha actinin via its 
capture protein telethonin (T-cap) and muscle LIM protein.32 Elevated wall stress can 
lead to extension of the elastic I-band of titin, thereby revealing binding places for 
several signaling molecules, as for instance a four-and-a-half LIM (FHL) protein.51 
Recently, a novel binding protein was identified — melusin.9 Melusin binds to the 
cytoplasmic tail of integrin β1 and is associated with hypertrophy via inactivation of 
GSK3 beta by AKT phosphorylation thereby inducing translocation of NFAT and GATA4 
to the nucleus.8 Only little is known about the role of mechanosensing mechanisms in 
PAH-induced hypertrophy. However, it was previously demonstrated that GATA4 
expression indeed plays an important role in RV hypertrophy.46 For an extensive 
review on the mechanosensing pathways, see the review of Knöll et al. 
 
Figure 3 – Proposed mechanism of the induction of right ventricular hypertrophy by 
neurohormonal activation and mechanosensing in pulmonary arterial hypertension 

 
 
 
 
 

 77 



Pressure-overload-induced right heart failure__________________________________________________________ 

Right ventricular contractility 
Activation of the neurohormonal system is not only required for the induction of RV 
hypertrophy but also contributes to improved contractility and relaxation of the RV 
cardiomyocytes. Binding of norepinephrine to the beta-adrenergic receptor will result 
in activation of cyclic AMP that conversely activates protein kinase A (PKA).3 PKA plays 
an important role in regulating cardiomyocyte function by phosphorylating key 
proteins for calcium handling and myofilament function, and as such, PKA increases 
contraction and relaxation of the cardiomyocytes. PKA-mediated phosphorylation of 
the L-type Ca2+-channel and ryanodine receptor results in increased delivery of Ca2+ 
to the myofilaments improving contraction.43 In addition, relaxation is also improved 
due to PKA-mediated phospholamban phosphorylation leading to optimal Ca2+ 
reuptake and desensitization of the myofilaments to Ca2+ by PKA-mediated troponin I 
and myosin binding protein-C phosphorylation.31,43 Finally, stiffness of the RV 
cardiomyocytes is lowered by PKA-mediated phosphorylation of the giant sarcomeric 
protein titin enhancing both relaxation and contraction of the RV cardiomyocytes.76 

 
Figure 4 – The downward spiral of pressure-overload-induced right heart failure 

 
 
 
Transition from right ventricular adaptation toward right heart failure 
It is unclear which cellular mechanisms are responsible for the inevitable transition 
from RV adaptation toward right heart failure. We do know that right heart failure is 
characterized by reduced RV capillarization, RV cardiomyocyte growth arrest, 
increased RV inflammation, and marked RV fibrosis.4-7,17,25,38,39,52,54,55,69 However, the 
trigger for these events remains elusive. We propose in this review that the glycolytic 
shift and neurohormonal activation, which are initially beneficial, will be detrimental 
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for the right ventricle on the long run, leading to the transition toward right heart 
failure (Fig. 2). 
 
Detrimental effects of the glycolytic shift on the long run 
A recent elegant study by Sutendra and coworkers shows that the glycolytic shift can 
eventually result in increased mitochondrial release of reactive oxygen species (ROS).62 
By comparing compensated RV hypertrophy with decompensated RV hypertrophy in 
PAH rats, they were able to demonstrate two distinct adaptation patterns. On the one 
hand, compensated RV hypertrophy was characterized by low levels of mitochondria-
derived ROS, activated HIF-1α, increased VEGF expression, and a degree of 
angiogenesis sufficient to maintain normal RV capillarization. On the other hand, in 
decompensated RV hypertrophy, increased levels were seen of mitochondria-derived 
ROS, along with reduced HIF-1α, VEGF expression, and capillary rarefaction. The 
authors propose that these divergent phenotypes were caused by ROSmediated 
activation of the pro-oncogenic factor p53. The p53 was shown in LV pressure overload 
to induce capillary rarefaction by its inhibition of HIF-1α activity and VEGF 
expression.34,56 Capillary rarefaction could be an important factor in limiting further 
hypertrophy of RV cardiomyocytes. Capillary density and cardiomyocyte size are 
closely related because there is a tight equilibrium between oxygen demand and 
oxygen supply to prevent hypoxia.64 By comparing stable/compensated PAH to 
progressive/decompensated PAH, we showed that the greater degree of pressure 
overload in the second group had not resulted in a greater degree of hypertrophy.22,55 
Besides capillary rarefaction, changes in mechanosensing or genetic variations could 
play additional roles in the growth arrest of RV cardiomyocytes. In the serial analyses 
of muscle LIM protein (MLP) expression in the RV tissue of the monocrotaline PAH rat, 
it was demonstrated that in end-stage PAH, MLP expression was severely reduced.18 
This could result in impaired mechanosensing at a later stage of the disease. Moreover, 
a recent paper of Hemnes et al. suggests that mutations of the bone morphogenetic 
protein, which occurs in a subset of PAH patients, could result in a disturbed 
hypertrophic response to pressure overload.27 As a consequence of halted RV 
hypertrophy, the heart will first dilate to maintain RV contractility via the Frank-
Starling mechanism.75 However, excessive dilatation will result in reduced contractile 
force and stretch of the RV cardiomyocytes. Excessive RV dilatation is one of the 
important clinical hallmarks of deterioration toward right heart failure.72 On the 
cellular level, stretch of cardiomyocytes can result in the release of proinflammatory 
cytokine tumor necrosis factor alpha (TNF-α), causing inflammatory cell infiltration 
and RV fibrosis.30,60 

 
Detrimental effects of neurohormonal activation on the long run 
Long-term neurohormonal overactivation can lead to betaadrenergic receptor 
desensitization.36 Several studies in the RV tissue of PAH patients and rats have 
demonstrated that indeed in end-stage right heart failure, beta-adrenergic density is 
reduced.11,12,50 This results in reduced PKA-mediated activation of myofilament and 
calcium handling proteins and may have important consequences for both systolic and 
diastolic function. We recently demonstrated that active force development of the RV 
cardiomyocytes was maintained and that Ca2+ sensitivity was somewhat increased. In 
contrast, we observed clear diastolic impairment of RV cardiomyocytes of PAH patients 
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with overt right heart failure evident from high passive stiffness.52 High RV 
cardiomyocyte stiffness was partially caused by reduced PKA-mediated 
phosphorylation of titin in the RV tissue of PAH patients compared with that in the 
control tissue. In addition to the cardiomyocyte stiffness, RV fibrosis was increased as 
well resulting in a high diastolic elastance indicating overall stiffening of the right 
ventricle in PAH patients. That increased activity of the neurohormonal system could 
play an important role in the development of RV diastolic stiffness was demonstrated 
when beta-blocker treatment in rats could significantly improve PKA-mediated 
signaling, reduced RV fibrosis, and resulted in an overall improvement of RV diastolic 
function.38 Stiffening of the right ventricle will also disturb the shortening of the 
cardiomyocytes and thereby contribute to systolic dysfunction. Indeed, we know from 
animal models that in end-stage right heart failure, RV systolic function is no longer 
adapted to the increased RV afterload, leading to RV-arterial uncoupling (measured by 
pressure-volume analyses as reduced Ees/Ea ratio).10,38 Therefore, it is our perspective 
that the right ventricle in PAH patients enters a downward spiral (Fig. 4): starting off 
with hypertrophy and enhanced contractility, but in time, adaptation processes will no 
longer suffice resulting in RV diastolic impairment leading eventually to right heart 
failure.  
 
Future perspective 
As described above, our proposed mechanisms of right heart failure are mostly based 
on findings from animal models which reflect the human pathology only to a certain 
extent. Therefore, it is of utmost importance to validate our pathophysiological 
understanding of right heart failure in PAH patients prior to developing novel 
therapeutic interventions specific for right heart failure. Currently, it is impossible to 
obtain the RV tissue of PAH patients during the progression of the disease because the 
risk for bleeding or rupture of the RV myocardium is high.  
However, novel molecular imaging techniques such as positron emission tomography 
(PET) may be used to translate the preclinical findings. By this technique, the 
preference of the right heart for glucose has been quantified, and changes in oxygen 
efficiency have been determined.41,45,74 With the development of novel specific tracers, 
we will be able to quantify the molecular processes of a glycolytic shift and 
neurohormonal overactivation in much more detail.14 In addition, the findings of PET 
can now be directly coupled to RV function with the introduction of PET-MRI 
techniques.35 These novel technological developments will provide new opportunities 
to further enhance our understanding of pressure-overload-induced right heart failure. 
 
CONCLUSIONS 
 
In this review, we have discussed the role of the glycolytic shift and neurohormonal 
overactivation in RV adaptation. More importantly, we propose that these adaptation 
mechanisms may be initially beneficial although detrimental in the long run and 
initiate the transition from RV adaptation toward right heart failure. Future studies will 
focus on translating these pathophysiological processes to clinical PAH in the hope to 
find new treatment strategies specific for right heart failure in the future. 
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ABSTRACT  
 
Background – An increase in cardiac load due to pulmonary vascular remodeling in 
idiopathic pulmonary arterial hypertension (IPAH) directly affects RV function. 
Pressure-volume analysis is used to distinguish changes in load and RV function. In the 
present study we aimed to assess whether in IPAH RV pressure-volume analysis allows 
for the distinction of clinical phenotypes and the effect of afterload reduction on RV 
function and adaptation. 
 
Methods and Results – Using single-beat pressure-volume analyses, we determined 
systolic elastance (Ees), arterial elastance (Ea), diastolic elastance (Ed), and RV-arterial 
coupling (Ees/Ea) in controls (n=17), IPAH-patients at baseline (n=88), after treatment 
(n=45), and in stable (survival>5 years, n=26) and progressive disease (survival<5 
years, n=28). The distribution of RV function and adaptation and superimposed effects 
of age and sex were determined, as well as the effects of afterload reduction. In 
addition, it was investigated whether a reduced RV-arterial coupling indicates clinical 
progression. 
Ees, Ea, Ed and Ees/Ea all showed a wide range at baseline, Ees/Ea being lower in male 
patients. Under treatment Ea, Ees, Ed decreased (ΔEa=-30%, ΔEes=-11%, ΔEd=-23%, 
p<0.01) and Ees/Ea increased (ΔEes/Ea=30%, p<0.01). The increase in Ees/Ea was 
independent of the degree of afterload reduction. At baseline, an Ees/Ea≤1.24 was 
associated with worse survival (age-corrected hazard-ratio 2.72, p<0.05). 
Furthermore, in treated IPAH-patients ROC-analysis revealed Ees/Ea as being 
discriminative for progressive disease (AUC 0.79, p<0.01). 
 
Conclusions – Pressure-volume analysis in IPAH-patients allows the distinction of 
different clinical phenotypes and reveals that a decrease in RV afterload is not required 
for improvements in RV systolic adaptation. 
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INTRODUCTION 
 
Pulmonary arterial hypertension (PAH) is characterized by an increased pulmonary 
vascular resistance imposing an increased load on the right ventricle (RV). The ability 
of the RV to adapt to the increased load plays an important role in PAH patient 
outcome.1 The best way to obtain insight into RV adaptation in pressure overloaded 
conditions is with pressure-volume analysis.2 The use of pressure-volume analysis in 
PAH has been limited because it requires simultaneous pressure and volume 
measurements under preload reduction which is not without risk in PAH-patients. 
Alternative methods that do not require preload reduction, the so-called singe-beat 
methods, have been successfully developed and were earlier used in two relatively 
small PAH patient studies.3-6 With the additional development and validation of a 
single-beat method for determining RV diastolic elastance, a practical method has 
become available allowing a comprehensive analysis of systolic and diastolic RV 
function and adaptation.6 
 
Figure 1 - Schematic presentation of pressure-volume parameters (Ea, Ees and Ed) 

 
 A. For the calculation of arterial elastance (Ea) mean pulmonary artery pressure (mPAP) is used as a 
surrogate of right ventricular end-systolic pressure. B. Systolic elastance (Ees) is calculated by dividing the 
difference between estimated right ventricular isovolumic pressure (Piso) and mPAP with stroke volume. 
C. Diastolic elastance (Ed) is calculated with an exponential curve through three pressure points: 1) end-
diastolic pressure (EDP), 2) begin-diastolic pressure (BDP), and 3) zero pressure-zero volume point. End-
diastolic and end-systolic volume (EDV and ESV respectively) are drawn for clarity and are not used in the 
calculations. 
 
RV pressure-volume analysis allows the derivation of parameters that describe load-
independent RV systolic function (end-systolic elastance, Ees), load-independent RV 
diastolic function (diastolic elastance or stiffness, Ed) and RV afterload (arterial 
elastance, Ea) (Fig. 1). The ratio of RV end-systolic elastance and arterial elastance, 
Ees/Ea i.e. RV-arterial coupling, quantifies the matching of RV systolic function to the 
increased RV load. For example, an increase in arterial elastance will reduce RV-arterial 
coupling unless the RV adapts by increasing its systolic function. Similarly, when 
arterial elastance decreases, RV-arterial coupling will increase unless the RV reduces in 
systolic function. Use of pressure-volume analysis may provide a tool to discriminate 
between stable and progressive PAH patients and to evaluate direct treatment effects 
on heart function.  
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Therefore, the aim of the current study is:  
1) investigate in a large cohort of idiopathic and hereditary PAH (I/HPAH) patients: 

a) the distribution of RV function and adaptation  
b) the effects of age and sex on RV function and adaptation 

2) determine the effect of a reduction in afterload on RV function and adaptation 
3) assess whether a reduced RV-arterial coupling indicates clinical progression. 
 
METHODS 
 
Subjects 
The study was conducted at the VU University Medical Center. All patients diagnosed 
with I/HPAH from August 10 1989 until January 15 2013 (n=254) were evaluated for 
inclusion in the current study. Only patients with digitally stored, good quality RV 
pressure recordings were selected for this study. Details regarding the selection of 
patients can be observed in Figure 2 and the supplemental data. 
 
Due to the retrospective character of the study using data obtained for clinical 
purposes the Medical Ethics Review Committee of the VU University Medical Center did 
not consider this study to fall within the scope of the Medical Research Involving 
Human Subjects Act. Therefore, no additional approval was acquired. 
 
Pressure-volume analyses 
Right heart catheterization and pressure-volume analyses were performed as 
previously described.6,7 A detailed description can be found in the online data 
supplement. 
 
Statistical analysis 
The data are presented as mean ± SEM unless stated otherwise. A p-value < 0.05 was 
considered significant. Details on the statistical analysis can be found in the online data 
supplement. 
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Figure 2 - Inclusion flowchart 

 
  
In total 254 I/HPAH-patients were assessed for inclusion for both part I, II and III of the study. *Six out of 
ten patients were not included in the follow-up analysis because the follow-up measurement did not fall 
within the time range. **Ten of these patients were not included because they were also included in the 
stable group (n=6) or due to poor pressure curve quality (n=4). 
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Table 1 - General characteristics, hemodynamics and treatment  
 

Baseline population (n=88) Follow-up population (n=45) 

General characteristics 

Age (y) 58 (38-73) 49 (30-64) - 

Sex (n, female %) 58 (66%) 35 (78%) - 

BSA (m2) 1.9 (1.7-2.1) 1.9 (1.7-2.1) - 

Follow-up (y) 2.0 (1.0-7.2) 1.9 (1.4-3.5) - 

Hemodynamics Baseline Follow-up 

mPAP (mmHg) 50 (42-58) 52 (44-65) 45 (37-59)# 

CO (L/min/m2) 4.4 (3.6-5.5) 4.3 (3.5-5.2) 6.2 (4.9-6.9)# 

HR (bpm) 77 (68-90) 74 (69-90) 76 (68-89) 

PVR(dyn•s•cm-5) 944 (645-1248) 964 (665-1447) 629 (454-951)# 

mRAP (mmHg) 6 (4-11) 8 (5-12) 5 (4-8)* 

SvO2 (%) 64 (54-68) 62 (55-68) 69 (63-75)# 

Treatment 1st line Follow-up 

ERAs - 16 (36%) 10 (22%) 

Prostanoids - 6 (13%) 4 (9%) 

PDE-5 inh. - 11 (24%) 9 (20%) 

Ca ch. blockers - 1 (2%) 1 (2%) 

Combination - 11 (24%) 21 (47%) 
Data presented as median (25-75%) or n (%). *p<0.05 vs. Follow-up population – baseline, #p<0.01 vs. 
Follow-up population – baseline. mPAP: mean pulmonary artery pressure; CO: cardiac output; HR: heart 
rate; TPVR: total pulmonary vascular resistance; mRAP: mean right atrial pressure; SvO2: mixed venous 
oxygen saturation; ERA: endothelin receptor antagonists; PDE-5: phosphodiesterase type-5. 
 
RESULTS 
 
Part I – Distribution and the effect of sex and age 
To determine the distribution of pressure-volume parameters in a general I/HPAH 
population we included a total of 88 treatment naive I/HPAH-patients.  
General characteristics and hemodynamics are shown in table 1. Figure 3 shows the 
frequency distributions of Ees, Ed, Ea and the coupling parameter Ees/Ea of both 
controls and I/HPAH-patients. All parameters show a wide range in values. 
Ees, Ea, and Ed were higher and Ees/Ea was reduced in I/HPAH compared to controls 
(Ees, 1.26±0.07 vs. 0.26±0.02 mmHg/ml in controls; Ea, 1.01±0.06 vs. 0.15±0.01 
mmHg/ml; Ed, β 0.04±0.002 vs. 0.02±0.001; Ees/Ea, 1.35±0.05 vs. 1.95±0.15, p<0.05 
for all). 
 
Table 2 - Clinical characteristics and treatment of different 396 IPAH groups 
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 I/HPAH 

Controls (n=17) Stable  (n=17) Progressive 
(n=17) 

General characteristics 

Age (y) 49 (45-64) 42 (34-56) 53 (41-67) 

Sex (n, female %) 10 (59%) 23 (89%) 17 (61%)# 

BSA (m2) 1.9 (1.7-2.0) 1.7 (1.7-2.0) 1.8 (1.7-1.9) 

Hemodynamics Baseline Follow-up 

mPAP (mmHg) 15 (13-17) 50 (38-59) 53 (42-61)* 

CO (L/min/m2) 7.0 (6.7-9.0) 5.2 (4.2-6.4) 6.4 (3.9-5.4)* 

HR (bpm) 77 (68-89) 75 (63-88) 89 (62-88)# 

PVR(dyn•s•cm-5) 156 (130-183) 721 (541-1099) 880 (672-1213)* 

mRAP (mmHg) 3 (2-4) 6 (3-9) 9 (4-13)* 

SvO2 (%) 74 (71-78) 67 (60-71) 61 (55-65)*# 

Treatment 1st line Follow-up 

 ERAs - 8 (31%) 4 (14%) 

Prostanoids - 6 (23%) 5 (18%) 

PDE-5 inh. - 0 (0%) 3 (11%) 

Ca ch. blockers - 4 (15%) 0 (0%)# 

Combination - 8 (31%) 16 (57%) 
Data presented as median (25-75%) or n (%). *p<0.05 vs. Follow-up population – baseline, #p-value < 0.05 
vs. stable I/HPAH. I/HPAH: idiopathic and hereditary pulmonary arterial hypertension patients; BSA: body 
surface area; mPAP: mean pulmonary artery pressure; CO: cardiac output; HR: heart rate; PVR: total 
pulmonary vascular resistance; mRAP: mean right atrial pressure; SvO2: mixed venous oxygen 
 
To describe the effect of sex and age on RV function and adaptation we compared the 
baseline pressure-volume parameters between male and female patients and between 
young (<58 years) and older (>58 years) patients. Young and older patients were 
divided by median age. Baseline characteristics of the groups are shown in 
supplemental table 1 and 2, see online data supplement. I/HPAH-patients >58 years of 
age had a lower Ea and Ees compared to I/HPAH ≤58 years. Although Ees/Ea was not 
different between the two age groups, age was found to be a confounder in the analysis 
of sex differences. Out of the total baseline population 34% (n=30) was male. Male 
patients were older at presentation (64±18 vs. 50±19 years, p<0.01). No differences in 
hemodynamic parameters could be observed between male and female patients (see 
supplemental data – table 2). Among the pressure-volume parameters, only Ees/Ea 
was lower in male patients when corrected for age (Fig. 4). 
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Figure 3 - Frequency distributions of RV function and adaptation 
 

 
 Shown are Ea, Ees, Ed, and Ees/Ea in healthy subjects (clear bars) and I/HPAH-patients (hatched bars). 
I/HPAH: idiopathic/hereditary pulmonary arterial hypertension. 
 
Part II – Effect of afterload reduction 
To assess the effect of a reduction in afterload on RV function and adaptation we 
determined pressure-volume parameters at baseline and after treatment in 45 
patients. General characteristics and baseline hemodynamics were similar in the 
follow-up population compared to the total population (table 1).  
Median follow-up time was 0.8 years (interquartile range 0.4-1.0). Ees, Ea and Ed all 
decreased under treatment (Fig. 5). Baseline Ees/Ea was lower compared to controls 
(Ees/Ea 1.95±0.63 in controls vs. 1.28±0.38 in I/HPAH, p=0.01).  
Despite the decrease in Ees during follow-up, the Ees/Ea–ratio almost normalized after 
treatment (Ees/Ea follow-up 1.58±0.55, p=0.37 vs. controls) indicating that the 
decrease in Ea was larger than the decrease in Ees. Figure 6 shows the % change in Ea 
versus the percentage change in Ees.  
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Figure 4 – RV function and adaptation according to age and sex 
 

 
 Baseline arterial elastance (A), end systolic elastance (B), diastolic stiffness (C), and RV-arterial coupling 
(D) in two I/HPAH age groups and according to sex. *RV-arterial coupling was lower in male patients when 
corrected for the confounding factor age. 
 
In the majority of patients a reduction in Ea was observed, with an increase in RV-
arterial coupling. However, an increase in RV-arterial coupling during follow-up did 
also occur in patients with an increase in Ea, suggesting that changes in RV arterial 
coupling are not only influenced by afterload changes. This lack of influence of 
afterload alterations on RV-arterial coupling was additionally supported by a 
correlation analysis between percentage change of Ea and RV-arterial coupling 
(Spearman’s rank correlation coefficient -0.08, p>0.05). 
 
Survival analysis 
To assess whether a reduced RV-arterial coupling is an indicator of clinical 
progression, we performed a Kaplan-Meier analysis using baseline data. Median follow-
up was 2.4 years (interquartile range 1.3-7.5). During follow-up, 27 patients died or 
underwent lung transplantation. Figure 7 shows the Kaplan Meier curves of I/HPAH 
patient groups. No differences in age-corrected survival were observed between 
I/HPAH patient groups when differentiated based on Ees or Ea alone. However, when 
the coupling parameter Ees/Ea was used to divide I/HPAH-patients, a reduced survival 
was observed in I/HPAH-patients with a baseline Ees/Ea≤1.24 (Fig. 7C). 
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Figure 5 - Changes in RV function and adaptation during follow-up 

 
Arterial elastance (A), end systolic elastance (B), diastolic stiffness (C) and RV-arterial coupling (D) 
changed with treatment in a group of I/HPAH-patients. Also plotted are as mean ±SEM.  
 
Stable vs. progressive IPAH-patients 
To further assess whether a reduced RV-arterial coupling is an indicator of clinical 
progression we subsequently compared pressure-volume parameters of stable and 
progressive I/HPAH-patients. Table 2 shows general characteristics, hemodynamics 
and treatment of the two I/HPAH groups and controls. Ees, and Ea were significantly 
increased compared to controls in stable and progressive I/HPAH (Fig. 8A-B). Ees/Ea 
was similar to control values in stable I/HPAH, but reduced in progressive I/HPAH 
(Fig. 8C). Sex-corrected analysis of differencesbetween stable and progressive I/HPAH 
showed no difference between Ees (p=0.31) or Ea (p=0.09), but a lower Ees/Ea in 
progressive I/HPAH (p=0.003). ROC analysis revealed that a cut-off value of Ees/Ea 
1.39 discriminated between stable and progressive I/HPAH-patients (Ees/Ea: area 
under the curve 0.79, p<0.001; sensitivity 92%, specificity 68%) (Fig. 8D). 
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Part III – RV-arterial coupling as an indicator of clinical progression 
 
Figure 6 - Percentage change during follow-up in Ees and Ea 

  
Change in arterial elastance versus RV systolic elastance under treatment in I/HPAH-patients. 
 
This finding was not affected by age (age-adjusted Cox-regression analysis: Ees/Ea, 
p=0.01). Age-adjusted Cox-regression analysis based on mRAP, CO or SvO2 revealed 
that only mRAP and SvO2 were discriminative for survival. Patients with mRAP≤12.5 
mmHg had a better survival (age-adjusted HR 0.30, CI 0.12-0.70, p=0.006) and patients 
with a SvO2≤65.5% had worse survival (age-adjusted HR 4.31, CI 1.28-14.45, p=0.018). 
No difference was observed between patients with a CO≤4.35 or CO>4.35 L/min (age-
adjusted HR 1.52, CI 0.69-3.37, p=0.30). 
 
DISCUSSION 
 
In the present study we used pressure-volume analysis in incident and prevalent 
I/HPAH-patients, as well as in treated stable and progressive patients and were able to 
show that:  
1) Baseline RV function and adaptation as measured by single (Ea, Ees, Ed) and 

coupled pressure volume parameters (Ees/Ea) show a wide range in I/HPAH-
patients and are either increased (Ea, Ees, Ed) or reduced (Ees/Ea) compared to 
control values  

2) Male sex is associated with a lower RV-arterial coupling ratio at baseline  
3) RV systolic and diastolic elastance decrease and RV-arterial coupling increases 

under treatment independent of the magnitude of afterload reduction  
4) Reduced RV-arterial coupling is an indicator of clinical progression 
 
Several authors have argued that measuring RV-arterial coupling is the best way to 
assess RV function and adaptation in pulmonary hypertension.8 In comparison with 
load-dependent measures of RV function, such as RV ejection fraction and tricuspid 
annular plane systolic excursion, RV-arterial coupling reflects intrinsic RV myocardial 
adaptation to the arterial load more closely. 
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Figure 7 - Survival according to pressure-volume parameters 
 

 
  
Kaplan-Meier curves of the total baseline study population (n=88) based on Ea, Ees, and Ees/Ea cut-off 
values determined with ROC analysis. HR, uncorrected hazard-ratio. HR*, hazard-ratio corrected for age. 
 
However, the clinical value of RV-arterial coupling has not yet been tested in a large 
cohort of PAH patients. Therefore, we assessed RV-arterial coupling invasively in a 
large I/HPAH patient cohort and showed that RV-arterial coupling was on average 
reduced. This is in line with the findings of Kuehne et al. who determined RV-arterial 
coupling in a small subset of six IPAH-patients.5 However, considerable overlap 
between controls and I/HPAH-patients was seen, suggesting that at baseline a 
substantial amount of patients have an RV systolic function that is well matched to the 
increased arterial load. This heterogeneity could explain why Tedford et al. found a 
normal RV-arterial coupling ratio in 5 IPAH-patients.9 Heterogeneity in RV-arterial 
coupling was also observed in control subjects. The RV-arterial coupling ratio normally 
is between 1.5-2.0, reflecting optimal cardiac efficiency with regards to oxygen use and 
power output.2 The wide range we observed in our control subjects could be caused by 
a selection bias. Although only control subjects without significant co-morbidities were 
included in the analysis, possible subtle influences on cardiac function cannot be 
excluded and might explain the lower RV-arterial coupling values. Another possible 
explanation may be the use of the single-beat analysis for the estimation of RV systolic 
elastance. This validated method, however, has been shown to give a good 
approximation of RV isovolumic pressure and thus RV systolic elastance.3 RV systolic 
and diastolic elastance were both increased in the great majority of PAH-patients at 

 96 



Right ventricular-arterial coupling in patients with pulmonary arterial hypertension_____________ 
 
baseline. This finding could be the consequence of an increase in RV mass, an altered 
intrinsic RV systolic and diastolic myocardial stiffness or both. 
 
The influence of sex on RV adaptation to its increased load in patients with PAH 
became also apparent in our study.10-12 The effects of sex on RV function have been 
investigated by several study groups. In healthy subjects, RV ejection fraction is lower 
in male subjects.10 In IPAH, the negative association between RV ejection fraction and 
male sex was first described by Kawut et al.11 However, more recently a direct 
comparison of baseline RV ejection fraction of male and female IPAH-patients has been 
performed by Jacobs et al. who showed similar values at baseline for both sexes, but a 
smaller improvement to treatment in males.12 Here, we demonstrate that sex 
differences in RV systolic adaptation to the increased arterial load are already present 
at baseline, RV systolic adaptation being inferior in male patients. RV-arterial coupling 
may thus be a more sensitive marker for differences in RV systolic adaptation in PAH. 
 
The effect of afterload reduction 
We found that a low RV-arterial coupling was associated with clinical progression. 
Therefore, aiming to preserve RV-arterial coupling as long as possible might be 
beneficial in patients with PAH. In our study, we observed an increased RV-arterial 
coupling under treatment in most PAH-patients. Interestingly, the improvement in RV-
arterial coupling was unrelated to the degree of afterload reduction, indicating that RV 
adaptation does not necessarily improve when afterload is reduced or worsens when 
afterload increases despite of treatment. Whether PAH therapies have a direct effect on 
the RV cannot be determined based on our results. 
 
RV-arterial coupling and clinical progression 
We observed that in newly diagnosed and treated patients alike, RV-arterial 
uncoupling was associated with clinical progression. The fact that RV afterload was not 
indicative for clinical progression in our patient cohort is not surprising since multiple 
PAH studies have demonstrated that pulmonary vascular resistance is not a factor that 
determines disease progression, unless a high cut off value is considered.13,14 Indeed, 
RV function parameters have been shown to determine prognosis instead.15 Thus far, 
the RV function parameters that have been investigated were all load-dependent or 
were indirect reflections of RV function (right ventricular ejection fraction, mean right 
atrial pressure). This means that these parameters are influenced not only by RV 
systolic or diastolic function, but also by RV afterload or preload.16 The present study 
demonstrates that load-independent RV systolic function alone is not enough to 
explain differences in clinical progression between I/HPAH-patients. Indeed, RV 
function and its relation to its load are more important, marking the relevance of good 
morphological and intrinsic RV adaptation in PAH-patients. Since the current study 
lacked power to make comparisons with known prognostic parameters such as mean 
right atrial pressure or cardiac output, the additive value of RV-arterial coupling 
remains to be established. 
 
 

 97 



Chapter 6___________________________________________________________________________________________________ 
 
Figure 8 - RV function and adaptation in treated stable and progressive patients 

 
*p-value <0.05 vs. controls, #p-value <0.05 vs. stable I/HPAH. Stable I/HPAH: measurement performed at 
least 5 years from death/lung transplantation or end of follow-up; progressive I/HPAH: measurement 
performed within years from death/lung transplantation. 
 
Limitations 
In the present study we assumed that mPAP can be taken as a surrogate for RV end-
systolic pressure (RVESP).17 While true in patients with low PA pressures, in a 
remodeled RV, RVESP could be closer to peak systolic RV pressure, leading to an 
overestimation of Ees and thus overestimation of RV arterial coupling.18,19 Despite of 
this possible overestimation in RV adaptation to arterial load in the more severe 
patient population, we were able to show that our calculation of RV-arterial coupling 
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can distinguish between clinical phenotypes. Furthermore, the single-beat estimation 
of RV Ees has not been validated in PAH-patients. However, in animals a wide range of 
measured maximal isovolumic pressures correlated well with predicted values, 
suggesting that maximal RV isovolumic pressure is acceptably predicted in overloaded 
right ventricles as well.3 
In the present study, we used fluid-filled catheters to measure RV pressures. We took 
special care to prevent under- and over-damping of the pressure signal. Before data 
analysis was performed, we excluded data showing RV pressure tracings with catheter 
artifacts. Kuehne et al. showed that data obtained in this way is in good agreement with 
data obtained by catheter-tip manometers.5 
  
CONCLUSIONS 
 
Pressure-volume analysis in PAH-patients allows the distinction of different clinical 
phenotypes and reveals that a decrease in RV afterload is not required for 
improvements in RV systolic adaptation. 
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SUPPLEMENTAL METHODS 
 
Subjects 
 
Part I – Treatment naïve patients 
For the assessment of the distribution and sex and age effect of RV systolic and 
diastolic function and RV-arterial coupling, patients with digitally stored good quality 
RV pressure recordings at baseline were included in the baseline analysis (see figure 2, 
n=88). Controls: Patients referred to the VU University Medical Center between 1 
January 2009 and 1 January 2012 for the evaluation of pulmonary hypertension 
(suspicion of I/HPAH due to dyspnea (n=15), chest pain (n=1), positive family history 
(n=1)), but who had normal pulmonary artery pressures (mean pulmonary artery 
pressure (mPAP) <20 mmHg) and normal pulmonary capillary wedge pressures 
(PCWP <15 mmHg) were included as control subjects (n=17). 
 
Supplemental table 1 – Clinical characteristics at baseline according to age 

 I/HPAH <58 years I/HPAH >58 years 

 n=44 n=44 

General characteristics 

Sex (n, female %) 36 (82%) 22 (50%)* 

BSA (m2) 1.95 (1.68-2.08) 1.91 (1.80-2.07) 

Hemodynamics 

mPAP (mmHg) 54 (46-66) 45 (41-53)* 

CO (L/min) 4.5 (3.5-5.5) 4.3 (3.8-5.5) 

HR (bpm) 80 (73-92) 73 (64-86) 

TPVR (dyn-sec-cm-5) 1007 (624-1482) 810 (646-1147) 

mRAP (mmHg) 8 (5-12) 6 (4-9) 

SvO2 (%) 65 (58-71) 62 (55-66) 
Data are presented as median (25-75%) or n (%). *p<0.05 vs. I/HPAH <58 years. BSA: body surface area; 
mPAP: mean pulmonary artery pressure; CO: cardiac output; HR: heart rate; TPVR: total pulmonary 
vascular resistance; mRAP: mean right atrial pressure; SvO2: mixed venous oxygen saturation. 
 
Part II – Follow-up patients  
To determine the effect of a reduction in RV afterload on RV systolic and diastolic 
function and RV-arterial coupling, patients with good quality RV pressure recordings at 
both baseline and follow-up (between 0.2-2.5 years after baseline) were included (45 
out of 88 treatment naive patients). 
 
Part III – Treated stable and progressive patients 
To assess whether a reduced RV-arterial coupling is an indicator of clinical 
progression, we compared stable and progressive treated patients. Stable I/HPAH was 
defined as survival without lung transplantation >5 years after a follow-up right heart 
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catheterization. Progressive I/HPAH was defined as all-cause death or lung 
transplantation occurring within 5 years of a follow-up right heart catheterization. 
 
Right heart catheterization and cardiac MRI 
Right heart catheterization was performed as previously described.1,2 Under local 
anesthesia and constant ECG monitoring, a balloon-tipped Swan-Ganz catheter 
(Edwards Lifesciences, LLC, Irvine, CA) was inserted via the jugular vein and 
pulmonary artery, right ventricular and right atrial pressures were measured. A 
Powerlab data acquisition system (AD Instruments, Sydney, Australia) was used to 
register pressure curves alongside the standard pressure recordings. To obtain high 
quality pressure curves without artifacts we used shielded pressure transducers with a 
resistance serially connected to increase damping and flushed the catheter repeatedly 
with heparin to avoid potential underdamping due to blood clots. Mean PAP was 
averaged over at least two respiratory cycles. 
 
Supplemental table 2 – Clinical characteristics at baseline according to age 

 Male I/HPAH Female I/HPAH 

 n=30 n=58 

General characteristics 

Age (years) 71 (56-76)  50 (30-67)* 

BSA (m2) 2.01 (1.86-2.10)  1.87 (1.66-2.03)* 

Hemodynamics 

mPAP (mmHg) 47 (41-55)  50 (44-59) 

CO (L/min) 44.4 (3.9-5.2)  4.3 (3.5-5.7) 

HR (bpm) 74 (65-88)  78 (69-91) 

TPVR (dyn-sec-cm-5) 811 (660-1182)  962 (611-1272) 

mRAP (mmHg) 6 (4-11)  7 (4-11) 

SvO2 (%) 61 (55-65)  65 (57-71) 
Data are presented as median (25-75%) or n (%). *p<0.05 vs. male patients. BSA: body surface area; 
mPAP: mean pulmonary artery pressure; CO: cardiac output; HR: heart rate; TPVR: total pulmonary 
vascular resistance; mRAP: mean right atrial pressure; SvO2: mixed venous oxygen saturation. 
 
Cardiac output (CO) was measured by either the direct Fick method or thermodilution. 
Stroke volume (SV) was calculated as CO divided by heart rate. Cardiac output and SV 
were indexed for body surface area (BSA). Total pulmonary vascular resistance was 
calculated as 80 times mPAP divided by CO. 
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Supplemental Figure 1 – RV adaptation in pulmonary arterial hypertension, a schematic overview 

  
 
 
Data analysis 
Ees, Ea and RV-arterial coupling 
Part of the data analysis has been previously described.1 The slope of the ESPVR (Ees) 
was calculated as follows: Ees = (Piso-mPAP)/SV. In this calculation mPAP is mean 
pulmonary artery pressure and taken as a surrogate of RV end-systolic pressure.3-5 RV 
isovolumic pressure (Piso) per beat was determined according the single-beat method 
of Sunagawa.6-8 With this method an inverted cosine wave was fitted over the RV 
pressure curve using the isovolumic contraction period (from end-diastole to the point 
of maximal rate of pressure rise (dP/dtmax)) and the isovolumic relaxation period 
(from minimal dP/dt to start diastole) by a semi-automatic Matlab R2008a program 
(The MathWorks, Natick, MA).  
 
The point of end-diastole was identified using the R-wave of the ECG, and when needed 
manually shifted to the point before the upslope of the ascending limb. To compensate 
for beat-to-beat variations, the so calculated RV isovolumic pressures were averaged 
over at least five heartbeats. Stroke volume was calculated by dividing CO by heart rate.  
Diastolic elastance was assessed by a non-linear single-beat diastolic PV relation using 
the following formula: P=α (eVβ -1) where P: pressure; α: curve-fitting constant; β: 
diastolic stiffness constant; V: volume.  
The exponential term β was further used to quantify RV diastolic stiffness. The three 
pressure points used to construct the PV relation were recorded at:  
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1) the minimal pressure decrease of the beginning of the filling phase: begin diastolic 

pressure (BDP) 
2) the maximal pressure rise of the filling phase: end diastolic pressure (EDP) 
3) the 0pressure, point  
 
The three volume points used were as follows:  
1) end systolic volume (ESV) was calculated by: EDV-SV, where SV was determined 

from CO divided by HR   
2) end diastolic volume (EDV) was set at an arbitrary value of 260 ml as described 

previously  
3) the 0volume point  
 
The exponential pressure-volume relation was constructed using:  
1) BDP-ESV point 
2) EDP-EDV point  
3) 0pressure-0volume point.2  
Arterial elastance (Ea) was calculated by dividing mPAP by SV. RV-arterial coupling 
was then calculated as the ratio between Ees and Ea. 
  
Statistical analysis 
 
Part I & II - Baseline and treatment analysis  
An independent T-test or Mann-Whitney test was used to compare controls with 
I/HPAH-patients at baseline, to compare I/HPAH age groups (division based on median 
age), and to compare the follow-up I/HPAH population with the total baseline 
population. A chi-squared test was used to compare categorical variables. Linear 
regression analysis was used to assess differences between sexes with correction for 
age as confounding factor. A paired T-test or Wilcoxon signed rank test was used to 
compare baseline and follow-up measurements. 
 
Part III - Survival analysis  
Follow-up was until 31 October 2013 and survival was calculated from time of 
diagnosis with all-cause mortality or lung transplantation as end point. Optimal cut-off 
values were determined by ROC analysis. A Kaplan-Meier analysis was subsequently 
performed for dichotomized Ees, Ea, and Ees/Ea-values and compared by the log-rank 
test. The association between these parameters and survival was further explored by 
Cox-regression analysis with correction for age differences.   
  
Stable vs. progressive I/HPAH 
One-way ANOVA or Kruskal-Wallis test with post-hoc Bonferroni analysis was used to 
compare continuous variables of controls and I/HPAH patient groups. A chi-squared 
test was used to compare categorical variables. Differences between stable and 
progressive I/HPAH were further tested with linear regression analysis with correction 
for the difference in sex distribution. ROC analysis was additionally used to determine 
the discriminative value of Ees/Ea in stable and progressive I/HPAH. 
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ABSTRACT  
 
Background – Right ventricular (RV) diastolic-stiffness is increased in pulmonary 
arterial hypertension (PAH) patients. We investigated whether RV diastolic-stiffness is 
associated with clinical progression and assessed the contribution of RV wall-thickness 
to RV systolic and diastolic-stiffness.  
 
Methods and Results – Using single-beat pressure-volume-analyses, we determined 
RV end-systolic-elastance (Ees), arterial-elastance (Ea), RV-arterial-coupling (Ees/Ea), 
and RV end-diastolic-elastance (stiffness, Eed) in controls (n=15), baseline PAH (n=63) 
and treated PAH-patients (survival>5 years, n=22, and survival<5 years, n=23). We 
observed an association between Eed and clinical progression, with baseline Eed>0.53 
mmHg/ml associated with worse prognosis (age-corrected hazard-ratio 0.27, p=0.02). 
In treated patients, Eed was higher in patients with survival<5 years (0.91±0.50 vs. 
0.53±0.33 mmHg/ml in patients with survival>5 years, p<0.01). Wall-thickness-
corrected Eed-values in PAH-patients with survival>5 years were not different from 
control values (0.76±0.47 vs. controls 0.60±0.41 mmHg/ml, ns), whereas in patients 
with survival<5 years, values were significantly higher (1.52±0.91 mmHg/ml, p<0.05 
vs. controls).  
 
Conclusions – RV diastolic-stiffness is related to clinical progression in both baseline 
and treated PAH-patients. RV diastolic-stiffness is explained by the increased wall-
thickness in patients with >5years survival, but not in <5years survival patients. This 
suggests that intrinsic myocardial changes play a distinctive role in explaining RV 
diastolic-stiffness in different PAH stages. 
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INTRODUCTION 
 
In pulmonary arterial hypertension (PAH) pulmonary vascular remodeling leads to a 
typical fourfold increase in pulmonary artery pressure. The right ventricle (RV) copes 
with this increased pressure by converting from a low- to high-pressure pump. As long 
as this adaptation process is successful, cardiac output and oxygen supply to all organs 
are assured. Important mechanisms to adapt to an increase in pressure include 
increased muscle mass and enhanced intrinsic myocyte contractility. Both adaptations 
have been described in PAH-patients and explain the observed increase in RV systolic 
elastance (Ees, a measure of ventricular contractile function) in PAH-patients.1,4-6   
However, potential consequences of RV systolic adaptation are increased myocardial 
stiffness and impaired relaxation. Indeed, we recently showed impaired RV diastolic 
function in PAH-patients.1 Hypertrophy, fibrosis and stiffening of the RV 
cardiomyocytes all appeared to contribute to the observed RV diastolic stiffness.1 
However, this analysis was performed in end-stage PAH-patients. Therefore, it remains 
unclear whether RV diastolic impairment already plays a role at earlier stages of the 
disease, and whether it is associated with clinical progression. Because RV hypertrophy 
is already present at early stages of the disease, it could be hypothesized that the initial 
increase in RV diastolic stiffness is explained by the increase in wall thickness. This in 
contrast with end-stage PAH, in which further increases in diastolic stiffness may relate 
to intrinsic sarcomere stiffening.  
Therefore, the aim of this study is twofold:  
1. To investigate whether increased RV diastolic stiffness is associated with clinical 
progression in baseline and treated PAH-patients 
2. To assess the contribution of RV wall thickness to RV diastolic stiffness in different 
disease stages.  
 
METHODS 
 
Subjects: control, baseline and treated cases 
All patients diagnosed with idiopathic and heritable PAH at the VU University Medical 
Center from August 10 1989 until 25 February 2014 (n=267) were evaluated for 
inclusion in the current study.7 Part of the patient selection procedure has been 
described before.6  
 
Baseline patients  
For the assessment of the relation between diastolic stiffness and clinical progression 
and RV systolic adaptation, baseline treatment-naïve patients with digitally stored 
good quality RV pressure recordings and a cardiac MRI performed within four weeks 
from right heart catheterization were included (figure 1, n=63). Reasons for excluding 
patients were: no stored RV pressure curves at the time of diagnosis (n=48) and RV 
pressure curves that were of poor quality (n=15).  
 
Treated patients 
The association between a high diastolic stiffness and clinical progression was further 
assessed in treated patients. In addition, these patients were used to determine a) the 
relation between RV diastolic stiffness and RV systolic adaptation and b) the 
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interaction between RV wall thickness and RV systolic and diastolic function (Fig. 1). 
We retrospectively determined the availability of good quality RV pressure curves 
recorded during follow-up and within four weeks from a cardiac MRI in all idiopathic 
and heritable PAH patients seen in our hospital. We included patients with these 
measurements based on their survival time after their follow-up measurement. 
Patients who were alive and who had a follow-up time <5 years after the measurement 
were not included. The remaining patients either survived >5 years or died or 
underwent lung transplantation. These patients were divided into two groups, i.e. 
survival <5 and >5 years after the follow-up measurements (PAHsurvival<5yrs and 
PAHsurvival>5yrs). Of the latter group, only 2 out of 22 included patients had an event 
during follow-up.  
 
Controls 
Subjects referred to the VU University Medical Center between 1 January 2003 and 1 
January 2014 for the evaluation of pulmonary hypertension, but who had normal 
pulmonary artery pressures (mean pulmonary artery pressure (mPAP) <20 mmHg) 
were included as controls if RV pressure recordings with a concomitant cardiac MRI 
were available (n=15). Due to the retrospective character of this study using data 
obtained for clinical purposes, the Medical Ethics Review Committee of the VU 
University Medical Center did not consider this study to fall within the scope of the 
Medical Research Involving Human Subjects Act. Therefore, no additional approval was 
acquired. 
 
Figure 1 - Schematic overview of study populations and study aims  

 
 
PAH: idiopathic and heritable pulmonary arterial hypertension patients; Eed: end-diastolic elastance; Ees: 
end-systolic elastance.  
 
Right heart catheterization 
Right heart catheterization was performed as previously described.6 A detailed 
description can be found in the online data supplement. Mean PAP was averaged over 
at least two respiratory cycles. Cardiac output (CO) was measured by either the direct 
Fick method or thermodilution. Stroke volume (SV) was calculated as CO divided by 
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heart rate. CO and SV were indexed for body surface area (BSA). Total pulmonary 
vascular resistance (TPVR) was calculated as mPAP and divided by CO (Woods units, 
mmHg/min/L).  
 
Cardiac magnetic resonance imaging 
All MR images were acquired with a 1.5 Tesla Avanto or Sonata MRI system equipped 
with a 6-element phased array coil (Siemens Medical Solutions, Erlangen, Germany) as 
previously described.6 A stack of short-axis images was taken at breath-hold per slice, 
with a slice thickness and interslice gap of 5mm. RV volumes and mass were 
determined by manually drawing endocardial and epicardial borders at end-diastole 
and end-systole using Mass Analysis software (MEDIS Medical Imaging Systems, 
Leiden, The Netherlands). End-diastole was defined as the onset of the R-wave of the 
ECG. End-systole was determined visually as the smallest volume during the cardiac 
cycle. Relative wall thickness was calculated by dividing RV mass by RV end-diastolic 
volume. RV ejection fraction (RVEF) = (RVEDV-RVESV)/RVEDV*100%, where RVEDV is 
RV end-diastolic volume and RVESV is RV end-systolic volume.  
  
Data analysis 
Part of the data analysis has been previously described.1,6 A detailed description of the 
data analysis can be found in the online data supplement. The slope of the end-systolic 
pressure-volume relation (Ees, a measure of RV systolic function) was calculated as 
follows: Ees = (Piso-mPAP)/(EDV-ESV). RV isovolumic pressure (Piso) per beat was 
determined according to the single-beat method of Sunagawa.8,9 Arterial elastance (Ea, 
a measure of afterload) was calculated by dividing mPAP by SV. RV-arterial coupling 
(RV systolic adaptation to arterial load) was then calculated as the ratio between Ees 
and Ea. Diastolic stiffness was assessed by end-diastolic elastance (Eed).  
 
Statistical analysis 
The data are presented as means ± SEM unless stated otherwise. A p-value < 0.05 was 
considered significant. Survival was calculated from the time of diagnosis to death (all-
cause mortality) or lung transplantation. Follow-up was till March 1 2014. A Kaplan-
Meier analysis was performed for dichotomized Eed based on the median and ROC 
derived cut-off values (supplement). The association between these parameters and 
survival was further explored by Cox-regression analysis with correction for age 
differences. Patient characteristics of baseline patients divided in high and low Eed 
were tested using an independent T-test or Mann-Whitney test, depending on normal 
distribution. A chi-squared test was used to compare categorical variables. A one-way 
analysis of variance with Bonferroni’s multiple comparison test or a Kruskal-Wallis test 
with Dunn’s multiple comparison was performed, depending on normal distribution, to 
compare controls and treated PAH patient groups.  
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Table 1 - General characteristics and hemodynamics of the total cohort of baseline PAH-patients 
divided as low and high RV diastolic stiffness  

 Baseline  PAH - Low Eed PAH - High Eed 

Patient number n=63 N=32 n=31 

Age (years) 56 (35-71) 58 (40-73) 49 (30-67) 

Gender (n, %) 41 (65%) 21 (66%) 20 (65%) 

BSA (m2) 1.9 (1.7-2.1) 1.9 (1.7-2.1) 1.9 (1.7-2.1) 

Follow-up time (y)  2.7 (1.4-4.7) 2.7 (1.2-8.5) 2.4 (1.5-3.9) 

Events (n, %) 16 (25%) 5 (16%) 11 (36%) 
Hemodynamics 

mPAP (mmHg) 53 (46-59) 50 (45-54) 56 (47-67)* 

CI (L/min/m2) 2.3 (2.0-2.7) 2.5 (2.1-2.9) 2.2 (2.0-2.7) 

HR (bpm) 80 (71-91) 78 (68-87) 80 (74-97) 
TPVR 

(mmHg/min/L) 12.3 (8.3-15.2) 11.0 (7.6-12.9) 14.5 (9.5-19.5)* 

mRAP (mmHg) 6 (4-11) 5 (4-9) 8 (5-11)* 

SvO2 (%) 63 (56-68) 67 (58-70) 61 (55-65) 
Cardiac MRI 

RVEDV (ml) 142 (122-175) 149 (134-166) 140 (117-191) 

RVESV (ml) 93 (70-128) 91 (73-112) 99 (66-145) 

RVEF (%) 36 (23-45) 39 (35-47) 27 (18-38)* 

RV mass (g) 98 (78-118) 90 (77-113) 112 (81-132)* 

WT(g/ml) 0.65 (0.55-0.82) 0.59 (0.51-0.70) 0.76 (0.57-0.84)* 
Pressure-volume analysis 

Ees (mmHg/ml) 1.35 (0.99-1.94) 1.12 (0.87-1.49) 1.64 (1.18-2.59)* 

Ea (mmHg/ml) 1.14 (0.78-1.44) 0.86 (0.64-1.20) 1.38 (1.05-2.09)* 

Eed (mmHg/ml) 0.52 (0.37-0.86) 0.37 (0.27-0.45) 0.86 (0.62-1.22)* 

Ees/Ea 1.29 (0.99-1.57) 1.32 (1.00-1.66) 1.25 (0.90-1.56) 
Data are presented as median (25-75%) or n (%). *p<0.05 vs. PAH - Low Eed. PAH: idiopathic and heritable 
pulmonary arterial hypertension patients; Eed: end-diastolic elastance; BSA: body surface area; mPAP: 
mean pulmonary artery pressure; CI: cardiac index; HR: heart rate; WT: wall thickness; TPVR: total 
pulmonary vascular resistance; mRAP: mean right atrial pressure; SvO2: mixed venous oxygen saturation; 
RVEDV: right ventricular end-diastolic volume; RVESV: right ventricular end-systolic volume; RVEF: right 
ventricular ejection fraction; Piso: right ventricular isovolumic pressure; Ees: end-systolic elastance; Ea: 
arterial elastance. Eed was calculated as the slope of the diastolic pressure-volume relation at end-diastole, 
see online data supplement. The diastolic pressure-volume relation was determined as described 
previously.1  
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Table 2 - Clinical characteristics and right ventricular MRI parameters of controls and the cohort of 
treated PAH patients divided based on survival (<5 or >5 years) 

 Controls PAHsurvival>5yrs PAHsurvival<5yrs 
Patient number n=15 n=22 n=23 

General characteristics 

Age (years) 49 (34-59) 37 (31-51) 43 (36-54) 

Gender (n, %) 13 (87%) 18 (82%) 18 (78%) 

BSA (m2) 1.91 (1.70-2.04) 1.82 (1.68-2.04) 1.75 (1.62-1.92) 
Hemodynamics 

mPAP (mmHg) 14 (12-16) 50 (40-61)* 50 (43-60)* 

CI (L/min/m2) 3.6 (3.1-5.1) 3.1 (2.3-3.4)* 2.8 (2.2-3.5)* 

HR (bpm) 79 (72-87) 78 (68-90) 89 (77-100) 
TPVR 

(mmHg/min/L) 2.1 (1.5-2.5) 9.1 (6.6-13.8)* 10.2 (7.9-14.7)* 

mRAP (mmHg) 4 (3-5) 5 (2-8) 9 (4-13)* 

SvO2 (%) 75 (71-80) 67 (63-72)* 63 (56-69)* 
Cardiac MRI 

RVEDV (ml) 120 (94-135) 138 (118-159) 200 (136-269)*† 

RVESV (ml) 44 (37-50) 75 (66-114)* 143 (92-227)* 

RVEF (%) 63 (54-68) 42 (33-47)* 22 (14-33)*† 

RV mass (g) 37 (31-48) 96 (81-116)* 125 (86-149)* 

WT (g/ml) 0.33 (0.27-0.39) 0.70 (0.64-0.80)* 0.61 (0.47-0.80)* 
Data are presented as median (25-75%) or n (%). *p<0.05 vs. controls, †p<0.05 vs. PAHsurvival>5yrs. PAH: 
idiopathic and heritable pulmonary arterial hypertension patients; BSA: body surface area; WT: wall 
thickness; mPAP: mean pulmonary artery pressure; CI: cardiac index; HR: heart rate; TPVR: total 
pulmonary vascular resistance; mRAP: mean right atrial pressure; SvO2: mixed venous oxygen saturation.  
 
RESULTS 
 
Relation between RV diastolic stiffness and clinical progression 
To investigate whether RV diastolic stiffness is related to clinical progression, we first 
compared clinical characteristics of baseline patients with a low and high RV diastolic 
stiffness (median-based cut-off value 0.53 mmHg/ml). Table 1 shows that patients with 
a high diastolic stiffness had a higher mPAP, TPVR and mean right atrial pressure 
(mRAP) when compared to patients with a low diastolic stiffness. RV volumes were 
similar in the two groups, while patients with a high diastolic stiffness exhibited a 
lower RV ejection fraction and a higher RV mass and relative wall thickness. 
Interestingly, pressure-volume analysis revealed that despite of the higher afterload 
seen in patients with a higher diastolic stiffness, RV-arterial coupling was similar. A 
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survival analysis based on baseline values of RV diastolic stiffness showed that age-
corrected survival was worse for patients with a high diastolic stiffness (Fig. 2).  
 
Figure 2 - Survival of baseline patients according to low or high  
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Similar findings were observed when using an ROC analysis-based optimal Eed cut-off 
value as presented in the online supplement (supplemental figure 2).  
To further investigate the association between RV diastolic stiffness and clinical 
progression in PAH-patients, we divided treated patients into two groups  
1) survival >5 years after a follow-up right heart catheterization (PAHsurvival>5yrs) 
2) death occurring within 5 years of a follow-up right heart catheterization 
(PAHsurvival<5yrs).  
Table 2 shows general characteristics, hemodynamics and cardiac MRI measurements 
of PAHsurvival>5yrs and PAHsurvival<5yrs, as well as control subjects. As expected, 
PAHsurvival<5yrs had a higher RV end-diastolic volume and a lower RV ejection fraction in 
comparison to PAHsurvival>5yrs. No difference was observed between Ees en Ea in 
PAHsurvival>5yrs and PAHsurvival<5yrs, albeit that Ees, Ea and Eed were all increased in 
comparison to controls (Fig. 3). However, in PAHsurvival<5yrs but not in PAHsurvival>5yrs, the 
reduced RV-arterial coupling coincided with increased RV diastolic stiffness. Together, 
these data together suggest that RV diastolic stiffening is closely associated with 
clinical progression in both baseline as well as treated PAH-patients.  
 
Relative wall thickness and diastolic stiffness in different disease stages 
To investigate whether the increased Ees and Eed in PAHsurvival>5yrs and PAHsurvival<5yrs are 
a sole consequence of increased RV wall thickness, we subsequently calculated wall 
thickness corrected Ees and Eed values. As can be observed in Figure 4, Ees values 
remained increased after correction for RV wall thickness. In contrast, wall thickness-
corrected Eed values were normal in PAHsurvival>5yrs, whereas in PAHsurvival<5yrs wall 
thickness-corrected Eed values was significantly increased. These data suggest that 
diastolic stiffness in stable patients may be largely explained by hypertrophy, while in 
progressive patients additional intrinsic factors may play a role in increasing diastolic 
stiffness.   
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Relation between RV diastolic stiffness and systolic adaptation 
To assess whether diastolic stiffness is associated with impaired RV systolic 
adaptation, we investigated the relation between Eed and Ees/Ea in baseline and treated 
patients. In baseline patients, Eed showed no correlation with Ees/Ea (r2=0.01, p=0.53). 
In treated patients, only a weak correlation between Eed and Ees/Ea was observed 
(r2=0.17, p=0.005), suggesting that RV diastolic stiffening and systolic adaptation are 
largely independent processes.  
 
Figure 3 - Pressure-volume analysis  

 
Ees, Ea, Eed and Ees/Ea were performed in controls (n=15), treated PAHsurvival>5yrs (n=22) and 
PAHsurvival<5yrs (n=23). *p<0.05 vs. controls. #p<0.05 vs. PAHsurvival>5yrs. 
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Figure 4 - Right ventricular function corrected for wall-thickness  

 
Ees and Eed were corrected for  RV wall thickness in controls, and treated PAH-patients: PAHsurvival>5yrs 
and PAHsurvival<5yrs. 
 
DISCUSSION 
 
In the present study we assessed RV diastolic stiffness in a large cohort of baseline and 
treated PAH-patients and demonstrated that:  
1) diastolic stiffening is closely associated with clinical progression in both baseline as 
well as treated PAH-patients 
2) diastolic stiffness in treated PAH-patients with a survival >5 years is largely 
explained by increased RV wall thickness, whereas in PAH-patients RV with a survival 
<5 years diastolic stiffness remains increased after correction for RV wall thickness 
3) RV diastolic stiffness is only weakly associated with impaired RV systolic adaptation 
in treated PAH-patients, while no relation exists in baseline PAH-patients. 
 
The clinical importance of RV diastolic stiffness  
Previous large PAH-patient cohort studies have demonstrated the clinical importance 
of load-dependent measures of RV diastolic stiffening such as RA pressure, increased 
atrium-dependent RV filling, and prolonged RV isovolumic relaxation.10-14 Especially RA 
pressure is one of the parameters that is frequently identified as predictor of survival 
in multivariate survival analyses.10 We have recently introduced a novel method to 
assess RV diastolic stiffness in a load-independent fashion using a single-beat, diastolic 
pressure-volume analysis.1 Load-independent assessment of RV diastolic stiffness is 
scientifically important, as it provides insight in the intrinsic alterations of the RV 
myocardium independently from the degree of pressure overload. However, what 
remained unanswered is whether load-independent RV diastolic stiffness is related to 
clinical progression and development of right heart failure. Therefore, we investigated 
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the association between clinical progression and RV diastolic stiffness and observed a 
close association in both treated as well as baseline PAH-patients.   
Subsequently, we were interested in the relation between RV diastolic stiffness and RV 
systolic adaptation. Both systolic and diastolic function are closely modulated on a 
cellular level by calcium flux and sarcomeric function, and on ventricular level by wall 
mass.12,15 Recently, we identified in tissue samples from end-stage PAH-patients, 
changes in protein expression of important calcium handling proteins indicating 
prolonged diastolic calcium clearance.16 Furthermore, increased calcium sensitivity of 
the sarcomeric proteins may add to RV systolic adaptation as less calcium would be 
needed to obtain a similar force development.1,16 However, at the same time increased 
calcium sensitivity will affect relaxation of the RV cardiomyocytes, thereby inducing 
diastolic stiffening of the RV. Therefore, we recently proposed that in early stages of 
PAH, RV diastolic stiffness may result from the adaptation mechanisms that are 
induced to preserve RV systolic adaptation as long as possible, such as ventricular wall 
mass and increased calcium sensitivity.17 In later stages, RV diastolic stiffness will 
become more prevalent due to stiffening of the RV cardiomyocytes itself, which will 
eventually hamper RV systolic adaptation in end-stage PAH.14,17,18 In this study, support 
for this hypothesis was provided by finding increased RV diastolic stiffness in baseline 
PAH-patients in whom RV systolic adaptation was relatively preserved. Moreover, only 
in treated PAH-patients, RV diastolic stiffness coincided with impaired RV systolic 
adaptation.  
 
Possible mechanisms of RV diastolic stiffness in PAH 
To obtain more insight into the mechanism of RV diastolic stiffness and systolic 
function in different stages of PAH, we calculated systolic elastance corrected for wall 
thickness. After correction for wall thickness, RV systolic function was increased in all 
PAH-patients in comparison to controls. This indicates that in addition to the increased 
RV wall mass, intrinsic alterations in the cardiac muscle are important in determining 
increased systolic function of the RV in PAH. RV diastolic stiffness corrected for wall-
thickness was not different from control subjects in PAH-patients with a survival >5 
years. This may indicate that RV diastolic stiffness in early or stable PAH is a mere 
consequence of RV systolic adaptation. In PAH-patients with a survival <5 years, RV 
diastolic stiffness is increased out of proportion to the increase in wall thickness, which 
indicates that intrinsic cardiac muscle alterations play an additional role in 
determining diastolic stiffness in more advanced PAH. One such intrinsic alteration 
could be RV cardiomyocyte stiffening due to hypo-phosphorylation of the giant 
sarcomeric protein titin, which we recently showed in RV samples of end-stage PAH-
patients.16 Another possible mechanism of RV diastolic stiffness may be increased 
collagen deposition, although until now only modest increases in RV fibrosis have been 
reported in clinical PAH.1  
 
Clinical implications 
With the present study we show that in a large baseline and treated PAH patient cohort 
RV diastolic stiffness is associated with clinical progression. A high diastolic stiffness 
has little relationship to a reduced RV systolic adaptation, indicating that the relation 
between diastolic stiffness and clinical progression in PAH is not mediated through 
influences on RV systolic function. This finding further marks the importance of RV 
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diastolic function in PAH and underscores the need to further explore the additive 
value of the determination of diastolic stiffness in predicting patient outcome. 
Moreover, future studies are needed to provide tools to noninvasively assess RV 
diastolic function. Currently, the available noninvasive techniques have significant 
drawbacks which limits the clinical applicability of noninvasive RV diastolic 
evaluation.19-21 However, studies on the assessment of diastolic wall strain in patients 
with left ventricular diastolic dysfunction have shown promising results, making 
diastolic wall strain a possible future evaluation tool for RV diastolic dysfunction in 
PAH.2, 22-24 
 
CONCLUSIONS 
 
With the present study we demonstrate that RV diastolic stiffening is closely associated 
to clinical progression in both baseline as well as treated PAH-patients. We additionally 
show that RV diastolic stiffness in treated PAH-patients with a survival >5 years is 
largely explained by increased RV wall thickness, whereas in PAH-patients with a 
survival <5 years the further increase in RV diastolic stiffness is most likely related to 
additional intrinsic alterations of the myocardium. Furthermore, RV diastolic stiffness 
is only weakly associated with impaired RV systolic adaptation in treated PAH-patients, 
while no relation exists in baseline PAH-patients. 
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SUPPLEMENTAL METHODS 

Right heart catheterization and cardiac MRI 
Right heart catheterization was performed as previously described.1,2 Under local 
anesthesia and constant ECG monitoring, a balloon-tipped Swan-Ganz catheter 
(Edwards Lifesciences, LLC, Irvine, CA) was inserted via the jugular vein and 
pulmonary artery, right ventricular and right atrial pressures were measured. A 
Powerlab data acquisition system (AD Instruments, Sydney, Australia) was used to 
register pressure curves alongside the standard pressure recordings. To obtain high 
quality pressure curves without artifacts we used shielded pressure transducers with a 
resistance serially connected to increase damping and flushed the catheter repeatedly 
with heparin to avoid potential underdamping due to blood clots. Mean PAP was 
averaged over at least two respiratory cycles. Cardiac output (CO) was measured by 
either the direct Fick method or thermodilution. Stroke volume (SV) was calculated as 
CO divided by heart rate. Cardiac output and SV were indexed for body surface area 
(BSA). Total pulmonary vascular resistance was calculated as mPAP divided by CO 
(Woods units, mmHg/min/L). 

Supplemental Figure 1 – Two methods to calculate diastolic stiffness 
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A. β (dotted line) has been used in previous studies and describes only part of the end-diastolic pressure-
volume relation. Eed (end-diastolic elastance) is used in the present study and describes the slope of the 
end-diastolic pressure-volume relation at end-diastole (continuous line).2 B. Correlation between the 
previously used measure of diastolic stiffness β and Eed in baseline PAH-patients.  

Data analysis 

Ees, Ea and RV-arterial coupling 

Part of the data analysis has been previously described [1]. The slope of the ESPVR 
(Ees) was calculated as follows: Ees = (Piso-mPAP)/(EDV-ESV). In this calculation mPAP 
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is mean pulmonary artery pressure and taken as a surrogate of RV end-systolic 
pressure.3-5  

Supplemental Figure 2 – Baseline survival  

0 5 10
0

50

100

HR* 0.21 (0.07-0.63), p=0.01
HR  0.25 (0.09-0.73), p=0.01 Eed > 0.62

Eed ≤ 0.62

n=39

n=24

Follow-up time (years)

Pe
rc

en
t s

ur
viv

al

 
Survival of baseline patients according to low or high Eed based on an Eed cut-off value determined with 
ROC analysis. *age-corrected.   

RV isovolumic pressure (Piso) per beat was determined according the single-beat 
method of Sunagawa.6-8 With this method an inverted cosine wave was fitted over the 
RV pressure curve using the isovolumic contraction period (from end-diastole to the 
point of maximal rate of pressure rise (dP/dtmax)) and the isovolumic relaxation period 
(from minimal dP/dt to start diastole) by a semi-automatic Matlab R2008a program 
(The MathWorks, Natick, MA). The point of end-diastole was identified using the R-
wave of the ECG, and when needed manually shifted to the point before the upslope of 
the ascending limb. To compensate for beat-to-beat variations, the so calculated RV 
isovolumic pressures were averaged over at least five heartbeats. End-diastolic volume 
(EDV) and end-systolic volume (ESV) were determined with cardiac MRI. Arterial 
elastance (Ea) was calculated by dividing mPAP by EDV-ESV. RV-arterial coupling was 
then calculated as the ratio between Ees and Ea. A non-linear single-beat diastolic 
pressure-volume relation was determined using the following formula: P=α (eVβ -1) 
where P: pressure; α: curve-fitting constant; β: diastolic stiffness constant; V: volume. 
The three pressure points used to construct the PV relation were recorded at: 1) the 
minimal pressure decrease of the beginning of the filling phase:  begin diastolic 
pressure (BDP) 2) the maximal pressure rise of the filling phase: end diastolic pressure 
(EDP) 3) the 0pressure, point  

To avoid measurement errors caused by the positioning of the catheter, BDP was 
normalized at 1 mm Hg, whereas the EDP was calculated with the following formula: 
EDPnormalized=1+EDPinitial-BDPinitial.2 The three volume points used were as follows:   

1) end systolic volume (ESV) 

2) end diastolic volume (EDV) 

3) the 0volume point . 
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The exponential pressure-volume relation was constructed using:  

1) BDPnormalized-ESV point  

2) EDPnormalized-EDV point  

3) 0pressure-0volume point.2  

Subsequently, end-diastolic elastance (Eed) was determined at end-diastolic volume 
using α and β in the following formula: α∙β∙e(β∙EDV).  

 122 



Clinical Relevance of Right Ventricular Diastolic Stiffness in Pulmonary Hypertension_____________ 

REFERENCES 

1. Trip P et al. Accurate assessment of load-independent right ventricular systolic function in patients with 
pulmonary hypertension. J Heart Lung Transplant. 2013; 32:50-5. 
2. Rain S et al. Right Ventricular Diastolic Impairment in Patients with Pulmonary Arterial Hypertension. 
Circulation. 2013; 128:2016-25. 
3. Chemla D et al. Matching dicrotic notch and mean pulmonary artery pressures: implications for effective 
arterial elastance. Am J Physiol. 1996; 271:H1287-95. 
4. Curtiss EI et al. Alterations of right ventricular systolic time intervals by chronic pressure and volume 
overloading. Circulation. 1976; 53:997-1003. 
5. Dell'Italia LJ et al. Can indices of left ventricular function be applied to the right ventricle? Prog 
Cardiovasc Dis. 1998; 40:309-24. 
6. Brimioulle S et al.  Single-beat estimation of right ventricular end-systolic pressure-volume relationship. 
Am J Physiol Heart Circ Physiol. 2003; 284:H1625-30. 
7. Sunagawa K et al. Estimation of the hydromotive source pressure from ejecting beats of the left 
ventricle. IEEE Trans Biomed Eng. 1980; 27:299-305. 
8. Takeuchi M et al. Single-beat estimation of the slope of the end-systolic pressure-volume relation in the 
human left ventricle. Circulation. 1991; 83:202-12 
 

 123 



 

 

 

 

 

 124 



Chapter 8 
 
 

 
Conclusions and future 

perspectives 
 
 
 
 
 
    

 



Chapter 8_____       ________________________________ 
 
CONCLUSIONS 
 
Part 1 – Molecular pathways associated with RV diastolic impairment 
 
In figure 1 the most important molecular mechanisms underlying RV diastolic 
dysfunction in PAH are summarized. Based on the findings in this thesis we propose 
that altered neurohormonal signaling is at the origin of diastolic dysfunction in PAH 
patients. An overactive noradrenergic (NA) system is known to induce a protective 
downregulation of cardiomyocyte membrane-bound β-adrenergic receptors (β-AR), 
with a net downstream effect of reduced protein kinase A (PKA)-mediated 
phosphorylation of target proteins.  
 
Figure 1 – Molecular mechanisms of RV diastolic dysfunction. 

 
PAH: pulmonary arterial hypertension; PKA-P: protein kinase A phosphorylation; cTnI: cardiac troponin I; 
PLN: phospholamban; SERCA2a: sarcoplastmic reticulum calcium ATPase 2a (cardiac isoform); β-AR: β-
adrenergic receptors; NA: noradrenalin; RAAS: renin-angiotensin-aldosterone system; AngTII: angiotensin 
II; TGF-β: transforming growth factor; MMPs: matrix metalloproteinases; ERK1/2: extracellular signal-
regulated kinases; MAPKs: mitogen-activated protein kinases 
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In our studies we show that a series of key-proteins regulating cardiomyocyte 
relaxation are insufficiently phosphorylated by PKA and contribute to increased 
cardiomyocyte stiffness in the failing RV of PAH patients. 
 
In addition to the NA system, the exacerbated renin-angiotensin-aldosterone (RAAS) 
system may also play an important part in altering the diastolic function of the right 
ventricle by increasing extracellular fibrosis. Increased levels of angiotensin II could 
lead to the activation of TGF-β in the RV fibroblasts, which would 1) increase collagen 
fiber secretion, 2) decrease MMPs and increase TIMPS, with a net effect of enhancing 
collagen production and deposition. Furthermore, via the aldosterone signaling 
pathways the activation of mitogen-activated protein kinases (MAPKs) and 
extracellular signal-regulated kinases (ERK1/2) could lead to an increase in the mRNA 
levels of type I collagen, which is the stiff collagen isoform.   
 
Part 2 – Clinical relevance of RV diastolic impairment 
 
In figure 2 we give an overview of the clinical relevance of RV diastolic dysfunction in 
patients with PAH. The presence of RV diastolic dysfunction in treated PAH patients 
was associated with worse clinical and hemodynamic parameters and shorter survival. 
At baseline diastolic dysfunction is an independent predictor of survival. Therefore we 
believe that in PAH patients an altered diastolic function contributes to the severity of 
disease and is not solely a benign phenomenon which accompanies the systolic 
impairment.  
 
Figure 2 – Clinical relevance of RV diastolic dysfunction. 

 
PAH: pulmonary arterial hypertension; 6MWD: 6 minutes walk distance test; mRAP: mean right atrial 
pressure; NTproBNP: N-terminal prohormone of brain natriuretic peptide 
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FUTURE PERSPECTIVES 
 
Titin and RV hypertrophy 
 
Background 
The survival in PAH patients is related to the capacity of the RV to preserve its function. 
Regardless of pulmonary arterial pressure, patients who present with a relatively 
hypertrophied RV tend to preserve the pump function and cope better with the high 
afterload.  Nevertheless, in most patients this initial hypertrophic step is quickly 
followed by extensive RV dilation and failure. 
 
Figure 3 – Titin and the transition from a stable RV function to RV failure 

 
 
The transition from an adaptive RV hypertrophic response to the inability of the RV to 
maintain hypertrophy is crucial for the progression of cardiac disease. However, the 
molecular mechanisms which govern this process are not understood, despite their 
prognostic importance. A clear understanding of the molecular steps involved in the 
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remodeling of the RV could further lead to appropriate medical treatment to preserve 
RV hypertrophy and stop the progression towards failure.    
Titin plays a major role in determining the diastolic stiffness of RV cardiomyocytes. 
However titin also plays a central function in cellular-extracellular mechano-sensing.1-4 
The relation between cardiac cells and the surrounding extracellular matrix involves 
not only the close contact between the two, but also a continuous bidirectional 
communication which is dependent on adequate sensing and responding to the local 
mechanical stimuli.  
 
Hypothesis 
We believe that as the afterload increases, titin function is altered with two important 
functional consequences 1) increased diastolic stiffness and 2) altered mechano-
sensing. The incapacity of titin to correctly sense the extracellular strain may underlie 
cessation of the transmission of hypertrophic stimuli to the nucleus. Eventually, 
myocardial hypertrophy stops and the progression to RV dilation and failure occurs. 
(Figure 3)  
 
 
Figure 4 – Titin and mechano-sensing associated proteins 

 
 
The mechanisms by which titin may incorrectly sense the myocardial mechanical 
stretch could be diverse. In figure 4 we describe what is currently known about titin 
and its sarcomeric protein partners involved in the mechano-sensory process.5-8 
Furthermore the newly discovered titin-kinase was shown to be activated by increased 
myocardial strain and upon ATP binding and autophosphorylation to induce 
hypertrophic signaling helping cardiomyocytes to adapt to the loading conditions.9-11 
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Methods 
The progress from hypertrophic remodeling to RV dilation and failure is difficult to 
study in human material, since RV tissue samples are usually gathered after cardiac 
explanation and therefore are in the end-stage failing stage. Nevertheless, careful RV 
biopsy at different RV remodeling time-points may provide sufficient tissue to perform 
important molecular studies and determine the mechanisms involved in the transition 
to heart failure.  
Furthermore, PAH animal models of different severity stage are very useful on this 
perspective. The induction of PAH by pulmonary arterial banding (PAB) is suitable for 
the following reasons. Firstly, by PAB one can study exclusively the RV response to the 
afterload, without the pulmonary vascular remodeling as confounding factor. Secondly, 
by performing a PAB of variable diameter, the severity of the disease can be modulated 
and distinct RV remodeling (hypertrophic, dilative) can be induced.  Third, therapeutic 
options can be implemented and their effect solely attributed to the right ventricle. 
 
Future Aims 
We would like to determine whether the changes in titin and its mechano-sensory 
partner proteins are altered in PAH. If indeed the case, it is further important to 
understand 1) the initial molecular pathways which induce adaptive RV hypertrophy; 
2) the alterations in signaling pathways which eventually lead to the cessation of the 
hypertrophic response and 3) which therapy options could be applied to target these 
pathways.  
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Summary 
 
This thesis describes the diastolic function of the right ventricle in pulmonary arterial 
hypertension.  
  
Chapter 2: Right ventricular diastolic impairment in patients with pulmonary 
arterial hypertension 
 
We developed a load-independent method which estimates RV diastolic stiffness and is 
suitable for clinical practice. This is based on a modified end-diastolic elastance (Eed) 
estimation of the diastolic stiffness of the right ventricle. The classical Eed is only 
applicable for animal models since it requires preload reduction maneuvers. These can 
not be performed in PAH patients since they carry out risks associated with the 
hemodynamic instability of the patients. Nevertheless, the advantage of Eed over other 
estimates of RV diastolic function (right atrial pressure (RAP), E/A, E’/E, tau) is related 
to its load-independence and reflection of intrinsic RV properties. Therefore we 
developed a single-beat Ed method which circumvents the preload reduction 
maneuvers and measures load-independent intrinsic RV diastolic function in PAH 
patients. Furthermore, we observed that RV diastolic stiffness significantly associates 
with parameters of clinical worsening, such as RAP, stroke volume (SV), 6-minutes-
walk-distance (6MWD) and NT-proBNP levels. 
To understand the molecular mechanisms involved in the diastolic impairment of the 
right ventricle we assessed the passive properties of RV cardiomyocyte and the amount 
of myocardial fibrosis. RV cardiomyocytes were hypertrophied in PAH patients 
compared with controls and showed an increased sarcomeric stiffness and 
myofilament Ca2+-sensitivity. We indicated that the giant protein titin may be 
responsible for the increase in sarcomeric stiffness in PAH cardiomyocytes. 
Furthermore, we found a significant but small increase in the fibrotic content of the RV, 
which could also contribute to myocardial stiffness. 
 
Chapter 3: Protein changes contributing to right ventricular cardiomyocyte 
diastolic dysfunction 
 
Important proteins regulating RV cellular diastolic function were found to contribute to 
the increased cardiomyocyte stiffness. A decreased Protein Kinase A (PKA) -dependent 
phosphorylation was observed in: 1) titin N2B domain leading to an increase in 
sarcomere stiffness, 2) troponin I leading to increased myofilament Ca2+-sensitivity and 
3) phospholamban (PLN), which via SERCA2a inhibition alters diastolic Ca2+-clearance. 
We speculate that an abnormal adrenergic neurohormonal system is at the origin of the 
diastolic dysfunction of RV cardiomyocytes. The excessive neurohormonal activation 
present in heart failure ultimately leads to beta1-adrenergic receptor (β1-AR) 
downregulation on the RV cardiomyocyte membrane as a protective mechanism 
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against its apoptotic side-effects. However, reduced β1-AR signaling may also lead to a 
decrease in the adenylate-cyclase – PKA signaling pathway and an abnormal function of 
proteins modulated by PKA phosphorylation.  
 
Chapter 4: Fibrosis- and cardiomyocyte-mediated stiffness in pulmonary arterial 
hypertension 
 
Both the increase in cardiomyocyte diastolic stiffness and extracellular fibrosis 
contribute to the RV diastolic stiffness. However their relative contribution may be 
different in relation to the stage of the disease. Therefore we used two groups of rats 
with different PAH severity (mild RV dysfunction and severe RV dysfunction) to 
distinguish between the two components for diastolic stiffness. We found that RV 
myocardial stiffness is increased in rats with mild and severe RV dysfunction. In mild 
RV dysfunction, stiffness is mainly determined by increased cardiomyocyte stiffness. In 
severe RV dysfunction, both cardiomyocyte and fibrosis-mediated stiffness contribute 
to increased RV myocardial stiffness. 
 
Chapter 5: Pressure-overload-induced right heart failure 
 
In this review we discuss the integrative role of RV diastolic function in the progression 
of PAH to heart failure and give an overview of the mechanisms and molecular 
pathways incriminated in this process.  
 
Chapter 6: Right ventricular-arterial coupling in patients with pulmonary 
arterial hypertension 
 
A more pronounced diastolic impairment is associated with worse hemodynamic 
parameters and functional markers of disease severity (mean RAP, stroke volume, NT-
proBNP levels and 6MWD). In this chapter we investigated whether RV diastolic 
dysfunction contributes to worsening of the disease or is merely an epiphenomenon of 
disease progression. We found that diastolic stiffness is compromised from an early 
disease stage and further increases as disease progresses. Unlike diastolic stiffness, 
systolic parameters are impaired only in a late disease stage. RV diastolic stiffness can 
be significantly decreased by current PAH treatment, an effect which is most likely due 
to a reduction of RV afterload. 
 
Chapter 7: Clinical relevance of right ventricular diastolic stiffness in pulmonary 
hypertension 
 
We further investigated whether diastolic stiffness in idiopathic PAH (iPAH) patients 
was associated with disease progression and survival. Treatment naïve patients had a 
better survival if they presented with lower RV diastolic stiffness, while in treated 
patients, those who maintained a high diastolic stiffness had a significantly lower 
survival. Interestingly, RV hypertrophy was not responsible for the high diastolic 
stiffness in the low-survival iPAH group. Rather than the hypertrophic response of the 
right ventricle, intrinsic molecular wall changes may influence RV diastolic properties. 
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