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Brief historical perspective on the right ventricle

With his statement in 1616 “thus the right ventricle may be said to be made for the 
sake of transmitting blood through the lungs, not for nourishing them”, Sir William 
Harvey was the first to acknowledge that both ventricles are coupled in series and 
that the right ventricle (RV) has a key position in the human circulation.1 Despite this 
early recognition, for years attention in cardiovascular disease was primarily focused 
on the left ventricle (LV), and the RV was merely considered a bystander in most 
cardiovascular diseases. This has in part been attributed to experimental studies 
in the 1940s and 1950s, in which the need for the RV was questioned.2,3 Several 
decades later new experiments were conducted that contradicted prior observations, 
since these studies clearly demonstrated that a normal functioning RV is important 
for maintaining adequate blood flow.4 This renewed interest in the RV was followed 
by a large number of clinical studies in the 1980s and 1990s in which the presence 
of RV failure was linked to poor prognosis in all kinds of cardiovascular diseases.5,6 
However, the study on the RV was still considered far lagging behind compared 
to that of the LV. In 2006, a special report was published on behalf of the National 
Heart, Lung and Blood Institute, in which awareness and more research on the RV 
was encouraged.7

Clinical relevance of right ventricular failure

In normal conditions, the RV is coupled with a low resistant and highly compliant 
pulmonary vasculature.8 In the absence of intra-cardiac shunts, both ventricles 
produce the same stroke volume. However, the amount of workload of the RV in 
normal conditions is one fifth as compared to the LV, due to the lower vascular 
resistance in the pulmonary compared to the systemic circulation. Consequently, the 
normal pressure-volume relationship of the RV is more triangular shaped and RV 
output starts immediately during systole (Figure 1A).

The RV can be exposed to several stress conditions, such as ischemia and 
infarction, pressure or volume overload and pericardial disease.9 The RV is 
particularly vulnerable for acutely increased afterload such as pulmonary embolism, 
yet also longstanding pulmonary hypertension is seriously harmful for the RV. In 
response to increased pressure load, the characteristic RV pressure-volume relation 
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initially shifts to a more rectangular shape, with distinct isovolumetric contraction 
and relaxation phases, similar as for the LV (Figure 1B).8 This is accompanied by 
increased contractility of the RV, visualized by a leftward shift of the end-systolic 
elastance curve. 
 

 

Figure 1: Conceptual representation of pathophysiological changes of the pressure-loaded right 
ventricle. (A) Pressure-volume (PV) loops in normal hemodynamic conditions: rectangular PV-loop of the 
LV (red), illustrating distinct isovolumetric relaxation and contraction phases, and the triangular shaped PV-
loop of the RV (blue), with absence of clear isovolumetric phases and output starting immediately during 
systole. (B) In the setting of increased afterload, the PV-relation of the RV shifts to a more rectangular 
shape, similar as for the LV. The diagonal line, representing the end-systolic elastance (Ees), shifts to 
the left meaning that contractility of the RV is initially enhanced. (C) With chronically increased pressure 
load, the eventually RV dilates leading to increased wall tension and the RV is unable to maintain its 
contractility, visualized by a rightward shift of the end-systolic elastance. 

With longstanding pressure overload however, the RV is unable to maintain its 
contractility and the RV dilates, resulting in a rightward shift of the end-systolic 
elastance (Figure 1C).8 Increased afterload and RV dilatation eventually leads to 
increased wall stress, high metabolic demand, and oxygen-perfusion mismatch 
leading to myocardial ischemia. The RV is unable to maintain sufficient cardiac 
output leading to signs and symptoms of right heart failure and systemic congestion. 
If left untreated, progressive RV failure will ultimately lead to multi-organ failure and 
death.8

RV overload also directly affects the LV via ventricular interdependence. This 
phenomenon occurs because the size, shape and pressure-volume relationship of 
one ventricle affect those of the other ventricle. This is the result of both ventricles 
sharing an interventricular septum and both are situated within the same pericardial 
sac.10 Approximately 30-40% of LV diastolic pressure is caused by extrinsic forces, 
including RV pressure and pericardial restraint.11 When the RV pressure rises 
and the RV dilates, the interventricular septum shifts leftwards and because of 
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pericardial restraint, the LV is compromised (“D-shaped”), as seen in Figure 2. As 
a consequence, LV distensibility and pre-load are reduced leading to loss of Frank-
Starling recruitment and reduced cardiac output.

 

Figure 2: Ventricular interdependence in right heart overload. Volume or pressure overload of the 
right ventricle (RV) shifts the interventricular septum towards the left ventricle (LV), thereby changing LV 
geometry (‘D-shape’). RV distension also leads to increased pericardial constraint that further comprise 
the LV, leading to decreased LV distensibility and preload, and eventually to reduced cardiac output.

The right ventricle in left-sided heart failure with reduced or preserved ejection 
fraction

The RV was mainly considered to be of relevance in specific patient populations, 
such as those with congenital heart disease and pulmonary arterial hypertension. 
These conditions are not diseases of epidemic proportions, in contrast to left-sided 
heart failure and coronary artery disease. However, the increasing interest for the RV 
was also accompanied by clinical studies in which the importance of the RV in left-
sided heart failure was investigated. Ghio et al. previously demonstrated the reduced 
RV systolic function coupled with higher pulmonary pressures was associated with 
poor prognosis in patients with left-sided heart failure with reduced ejection fraction 
(HFrEF).5 The most important determinants for the development of RV dysfunction 
in HFrEF include myocardial ischemia and infarction, pulmonary hypertension and 
intrinsic myocardial disease.9 These and other studies reflect the growing recognition 
of the importance of the RV in left-sided heart failure.
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Today, the presence and prognostic value of RV dysfunction is also studied in 
patients with left-sided heart failure with preserved ejection fraction (HFpEF).12 
However, the mechanisms behind the development of RV dysfunction in HFpEF 
are less clear. Melenovsky et al. observed that RV dysfunction was present in 33% 
of patients with HFpEF and reduced RV function was the strongest determinant of 
mortality.13 Another community-based study reported similar observations regarding 
the RV in HFpEF.14 Both studies demonstrated that the presence of RV dysfunction 
was strongly associated with pulmonary hypertension, although the association with 
outcome was independent of pulmonary pressures.13,14 Moreover, several other 
factors than pulmonary hypertension, such as male sex, atrial fibrillation and coronary 
artery disease, were also associated with impaired RV function in HFpEF.13,14 

These recent observations regarding the prognostic value of RV dysfunction in 
HFpEF highlights the need for more pathophysiological insights. However, the study 
of the RV in HFpEF is not straightforward. While HFpEF is generally considered 
as a disease of the left heart, the classic signs and symptoms of left- and right-
sided heart failure are not mutually exclusive. The Framingham criteria used to 
clinically diagnose HFpEF include typical signs and symptoms related to right-
heart failure.15 This implies that the RV is important for the symptomatology in 
HFpEF. Unfortunately, signs and symptoms related to right-sided heart failure are 
also not unique and patients with e.g. chronic obstructive pulmonary disease may 
have similar symptoms without having true right-sided heart failure.16 Furthermore, 
although peripheral edema is a classic sign of chronic right-sided congestion, in the 
acute setting the causes of lower extremity edema are more complex and seem not 
entirely associated with central venous pressure and may therefore be misleading, 
at least in patients hospitalized for acute heart failure.17 

Moreover, the diagnosis of HFpEF is difficult, since HFpEF is considered a very 
heterogeneous disease.18 Next to signs and symptoms related to heart failure 
and in absence of a reduced LV ejection fraction, additional criteria are required.19 
However, these additional criteria are used separately from each other and are not 
specific for HFpEF. Plasma N-terminal pro-B-type natriuretic peptide (NT-proBNP) 
concentration are also elevated in patients with frequently associated comorbidities 
such as atrial fibrillation and renal dysfunction. In addition, NT-proBNP cannot 
accurately distinguish whether are not the RV is involved, because patients with 
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isolated pulmonary arterial hypertension may also present with elevated NT-proBNP 
levels and a normal LV ejection fraction.20 Furthermore, supportive echocardiographic 
criteria of HFpEF are non-specific, and left atrial enlargement is also present in atrial 
fibrillation and mitral valve regurgitation.

The heterogeneity of HFpEF in combination with the observation that RV dysfunction 
seems present in a significant number of patients with HFpEF led to the hypothesis 
that a distinct HFpEF sub-phenotype consists of right-heart-failure-predominant 
HFpEF.21,22 Currently, the clinical relevance and underlying mechanisms of the 
development of RV dysfunction and failure in HFpEF remain inaccurately defined. 
More pathophysiological insight may potentially lead to better treatment strategies. 
This is highly warranted for HFpEF, because in contrast to HFrEF, there are currently 
no specific drugs or devices identified that reduce mortality in HFpEF.19 Because 
of the heterogeneity of the disease, it has recently been suggested to design 
phenotype-specific therapies for HFpEF and the right heart failure-predominant 
HFpEF sub-phenotype might require specific treatments.23 Gaining insight into the 
development of RV dysfunction and failure in HFpEF may thus aid to: 1) unraveling 
the complex and heterogeneous pathophysiology of HFpEF; and 2) reveal potential 
effective treatment strategies by targeting the right side in HFpEF. 

Aims and outline of this thesis

The main aims of this thesis are:

1) Investigate the clinical relevance of RV dysfunction in HFpEF

2) Explore underlying mechanisms of RV dysfunction in HFpEF

3) Identify potential treatment strategies targeting the RV in HFpEF

In order to explore the clinical relevance of RV dysfunction in HFpEF, a systemic 
review and meta-analysis on the prevalence and prognostic value of RV dysfunction 
in HFpEF was conducted (Chapter 2). In this study, pooled data from individual 
studies that investigated RV function and/or pulmonary hypertension in HFpEF 
was used. Conventional measures of RV systolic dysfunction and pulmonary 
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hypertension were obtained and were related to outcome parameters (i.e. mortality 
and hospitalization for heart failure). A secondary aim of Chapter 2 was to identify 
clinical determinants of RV dysfunction in patients with HFpEF.

From recent studies, it has been suggested that RV dysfunction is associated with 
pulmonary hypertension in HFpEF. Chapters 3 and 4 were set up to investigate the 
relation between additional pulmonary vascular disease and RV dysfunction. Chapter 
3 concerned an invasive pulmonary hemodynamic study using simultaneous right 
heart catheterization and echocardiography at rest in patients with HFpEF. In this 
study we aimed to identify clinical and non-invasive functional parameters that can 
predict the presence of pulmonary vascular disease in HFpEF. It seemed important 
to identify these patients, because they may benefit from close-monitoring to prevent 
progressive RV failure and recurrent heart failure hospitalizations. Chapter 4 was an 
invasive exercise hemodynamic study performed in patients with HFpEF with and 
without pulmonary vascular disease, and in control subjects without heart failure. 
Many patients with HFpEF experience severe exercise intolerance and in this study 
we aimed to investigate the hemodynamic basis of exercise intolerance in HFpEF 
and pulmonary vascular disease.

Besides pulmonary hypertension, it has been suggested that several HFpEF-
predominant comorbidities are associated with RV dysfunction. It was speculated 
that these comorbidities may require specific treatment strategies. In Chapter 5 we 
studied the importance of atrial fibrillation for the development of RV dysfunction, with 
a special focus on right atrial function. Via mechanisms of systemic inflammation and 
endothelial dysfunction, diabetes mellitus was previously linked to LV myocardial 
remodeling and diastolic dysfunction in HFpEF. Because these mechanisms 
probably occur via circulating factors, we hypothesized that diabetes mellitus had 
similar impact on the RV. The association between diabetes mellitus and the RV 
systolic and diastolic dysfunction in patients with HFpEF was further explored in 
Chapter 6.

Chapter 7 concerned a position paper that we have written on behalf of the 
Heart Failure Association of the European Society of Cardiology. In this chapter, 
we reviewed the latest insights regarding etiology and pathophysiology of right 
heart dysfunction and failure in HFpEF. In addition, we have a particular focus for 
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(potential) treatment strategies targeting the right heart in HFpEF. One potential 
tool that may aid to improved treatment in HFpEF is further discussed in detail in 
Chapter 8. This chapter was published as an editorial in which we discuss the use of 
continuous monitoring of pulmonary pressures in order to timely adjust medications 
and thereby reducing the number of recurrent hospitalizations in patients with heart 
failure, including HFpEF. Finally, in Chapter 9 the main findings of this thesis were 
summarized and future directions regarding the RV in HFpEF were described. 
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Abstract

Aims: Right ventricular (RV) dysfunction and pulmonary hypertension (PH) are 
increasingly recognized in heart failure with preserved ejection fraction (HFpEF). The 
prevalence and prognostic value of RV dysfunction in HFpEF have been widely but 
variably reported. We therefore conducted a systematic review and meta-analysis 
according to Preferred Reporting Items for Systematic Reviews and Meta-Analyses. 

Methods and Results: English literature until May 2016 was evaluated for 
prevalence of RV dysfunction (i.e. tricuspid annular plane systolic excursion [TAPSE] 
<16mm, fractional area change [FAC] <35%, or tricuspid annular systolic velocity 
[RV S’] <9.5cm/s) and PH (i.e. mean pulmonary artery pressure [MPAP] ≥25mmHg 
or pulmonary artery systolic pressure [PASP] ≥35mmHg). Combined hazard ratios 
(HR) for outcomes were calculated. A total of 38 studies was included. In studies with 
stringent HFpEF criteria, prevalence of RV dysfunction was 28% for TAPSE, 18% for 
FAC and 21% for RV S’. Prevalence of PH was 68% for both increased MPAP and 
PASP. TAPSE (HR 1.26/5mm decrease; p<0.0001), FAC (HR 1.15/5% decrease; 
p<0.0001), MPAP (HR 1.26/5mmHg increase; p<0.0001) and PASP (1.16/5mmHg 
increase; p<0.0001) were all univariably associated with mortality. HRs for RV S’ 
were not reported.

Conclusion: RV dysfunction and PH are highly prevalent and are both associated 
with poor outcome in patients with HFpEF.
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Introduction

Heart failure with preserved ejection fraction (HFpEF) is an increasingly large medical 
problem which is present in around half of all heart failure (HF) patients and which 
has a poor outcome.1-3 In contrast to HF with reduced ejection fraction (HFrEF), the 
treatment options for patients with HFpEF are still very limited. Increasing knowledge 
of the pathophysiology of HFpEF and the exploration of its heterogeneous nature will 
aid to the development of future therapies. 

One of the key defining features in HFpEF is left ventricular (LV) diastolic 
dysfunction and contractile dysfunction, despite the preservation of global ejection 
fraction.4 Right ventricular (RV) dysfunction is frequently found in HFpEF as well, 
although the reported prevalence of RV dysfunction widely varies from 4 to 48% 
in individual studies.5,6 Although RV dysfunction in HFpEF has mainly been linked 
to the development of pulmonary hypertension (PH),6,7 RV remodelling in HFpEF 
may also occur in other conditions, independent from pulmonary pressures, such as 
shared risk factors for combined RV and LV dysfunction.8 It has been demonstrated 
that RV dysfunction is associated with poor prognosis,9,10 yet other studies were 
not able to observe such association.11-13 Given the variability of prior reports, and 
the importance of understanding right-sided cardiovascular function in HFpEF as 
potential therapeutic target,14-16 we aimed to systematically evaluate the current 
literature and conducted a meta-analysis of studies investigating RV dysfunction 
and PH in HFpEF.

Methods

This systematic review and meta-analysis was performed in accordance with the 
Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) 
statement.17

Literature search strategy
We conducted a systematic search in the EMBASE and MEDLINE databases 
from inception to 18th May 2016. The search strategy composed the DDO-method 
(Domain= patients with HFpEF, Determinant= right ventricular function and/or 
pulmonary hypertension, Outcome= mortality and/or HF hospitalization). Indexing 
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terms “diastolic heart failure”, “heart failure with preserved/normal ejection fraction”, 
“right ventricular function” and “pulmonary hypertension” were used to design the 
search strategy, detailed in the Supplementary File.

Study selection
Studies were eligible when: 1) they were performed in a clearly defined (sub)
group of patients with HFpEF and 2) a measure of RV dysfunction and/or PH was 
reported. Our search was limited to studies conducted in humans, published in peer-
reviewed journals and written in English. After removal of duplicates, all items were 
independently reviewed by two observers (T.M.G. and J.P.M.), and studies were 
subsequently excluded at title, abstract or full text level. Disagreement was resolved 
by consensus. Reference lists of included articles were reviewed for relevant 
publications, not identified by our initial search. If studies were performed in the 
same study population, the study with the most complete data on RV dysfunction 
and/or PH was included.

Data extraction
The following data were extracted: 1) study characteristics (i.e. publication year and 
number, sex and age of study subjects, setting [e.g. acute or chronic HF] and design 
[e.g. clinical trial or prospective cohort study]), 2) HFpEF criteria as stated in the 
new 2016 ESC guidelines18 (i.e. natriuretic peptides elevation, evidence of structural 
heart disease and/or diastolic dysfunction, and/or increased LV filling pressures), and 
3) comorbidities (i.e. hypertension, coronary artery disease [CAD], atrial fibrillation 
[AF], diabetes mellitus, body mass index [BMI] and chronic obstructive pulmonary 
disease [COPD]). When studies reported outcome, follow-up time in months, 
outcome measure and adjustment variables were also documented. Unadjusted and 
adjusted hazard ratios (HR) for the association between measures of RV dysfunction 
and/or PH with outcome, were denoted. 

If a study reported RV dysfunction and/or PH, but no absolute values of these indices 
were reported, the corresponding author was contacted by email to request for 
additional data. Two reminder emails were sent.

Quality assessment
Two reviewers (T.M.G. and J.P.M.) independently assessed the risk of bias according 
to the Joanna Briggs Institute critical appraisal checklist for studies reporting 
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prevalence data.19 Agreement for the methodological quality assessment between 
both observers was tested, and disagreement was resolved by consensus.

Definitions
The HFpEF criteria used for study selection were any (sub)group of patients with 
signs and/or symptoms of heart failure (HF) or HF hospitalization <12 months; in 
combination with normal or mildly reduced LVEF, for which in the present study the 
LVEF cut-off ≥45% was used. Sensitivity analyses were performed in the studies 
with stringent HFpEF criteria according to the 2012 ESC guidelines versus studies 
with lenient HFpEF criteria.20 Stringent criteria were present if least 1 of the following 
criteria is used: 1) relevant structural heart disease, 2) LV diastolic dysfunction and 
3) increased LV filling pressures during hemodynamic testing. Studies with lenient 
HFpEF criteria were defined when no additional criteria, besides symptomatic HF, 
LVEF ≥45% and elevated natriuretic peptides, were used for patient inclusion.

RV dysfunction was considered present when RV fractional area change (FAC) was 
<35% or tricuspid annular systolic velocity (RV S’) was <9.5 cm/s.21 According to 
the current recommendations, tricuspid annular plane systolic excursion (TAPSE) 
<17 mm is considered the cut-off for RV dysfunction.21 However, the majority of 
studies was performed before the publication of the new recommendations and 
consequently, they reported according to the previous recommended cut-off of <16 
mm.22 Therefore, in the present study TAPSE <16 mm was used. Since no definite 
cut-offs for RV longitudinal strain are currently available, this measure was not 
included in the present study. Because only one included study reported RV function 
with cardiac magnetic resonance imaging (MRI),13 RV function with MRI was also not 
included in the meta-analysis.

RV dilatation was considered present when RV end-diastolic basal diameter 
(RVEDD) was >41 mm or when RV end-diastolic area index (RVEDAi) was >12.1 
cm2/m2 (i.e. mean in upper normal value between males and females).21

PH is present when invasively measured mean pulmonary artery pressure (MPAP) 
was ≥25 mmHg.23 In the absence of invasive haemodynamic measurements, PH 
was considered present when pulmonary artery systolic pressure (PASP) was ≥35 
mmHg on echocardiography.22
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Statistical analysis
Continuous variables were reported as mean ± standard deviation and categorical 
data as number or percentage. Reported medians and interquartile ranges (i.e. first 
quartile [q1] and third quartile [q3]) were translated to means and standard deviations 
using the following formulas, according to previous recommendation:24 

mean = (q1 + median + q3) / 3
standard deviation = (q3 – q1) / 1.35

If prevalence rates of RV dysfunction and PH were reported by authors, the reported 
values were obtained. When only means and standard deviations were denoted by 
authors, prevalence rates of values below or above the cut-offs for RV dysfunction 
and PH were estimated by calculating the Z-value and subsequently by calculating 
the area under the standard normal distribution curve up to Z for RV dysfunction 
and from Z onwards for PH. Sensitivity analysis was performed by correlating the 
self-reported prevalence rates with the estimated prevalence rates. The reliability 
of estimating prevalence rates of RV dysfunction and PH was calculated using the 
Two-way mixed Intraclass Correlation Coefficient. 

The summary and pooled analyses of RV dysfunction and PH among the included 
studies were depicted in forest plots. Pooled values were calculated by the weighted 
average according to number of patients.

Pooled hazard ratios for the relation between RV dysfunction and PH with outcome 
were calculated by inverse variance weighted averaging. Hazard ratios of each study 
were converted to reflect a five unit change. 
Inter-rater agreement for the quality assessment was tested using Cohen’s kappa 
coefficient. Statistical analyses were performed using SPSS (Version 20, 2011). 

Results

Search results and eligible studies
The search strategy retrieved 759 individual titles. After study selection, a total of 
38 studies were included in the qualitative analysis (Figure 1).17 Characteristics of 
these studies are detailed in Table 1. Mean percentage females was 54.3%, mean 
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age 71.7 years and mean BMI was 30.7 kg/m2. The prevalence of hypertension was 
on average 82%, AF 36%, CAD 47%, diabetes 36% and the prevalence of COPD 
was 24%. The corresponding authors of eight studies were contacted to request 
for additional data on PASP of whom four responded and delivered the requested 
data. These studies could therefore be added to the quantitative analysis, which 
harboured 4,835 patients in 34 studies.

Quality assessment
The summary of the quality assessment is illustrated in Figure S2 in the Supplementary 
File. Risk of bias was highest in the items sample size and confounding factors. The 
inter-rater agreement on the methodological quality assessment was substantial: 
overall agreement 83% (316/380); Cohen’s kappa 0.65.

Prevalence of right ventricular dysfunction and dilatation in HFpEF
Pooled mean TAPSE was 18.5 mm and the mean prevalence of RV dysfunction, 
as determined by TAPSE, was 31% in 2,797 patients (Figure 2A). Mean FAC was 
45.6% and the prevalence of RV dysfunction according to FAC was 13% in 2,467 

Figure 1: Flow chart of study selection. HF heart failure; HFpEF heart failure with preserved ejection 
fraction; PH pulmonary hypertension; RVD right ventricular dysfunction.
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patients (Figure 2B). In Figure 2C, RV S’ measurements are illustrated, and 26% of 
the 1,065 patients had reduced RV S’ with mean RV S’ of 11.3 cm/s.

Prevalence of RV dysfunction reported by authors varied widely (Table 1). The 
prevalence of TAPSE <16 mm ranged from 26 to 49%,10,12,28,36,39,49 and the prevalence 
of FAC <35% from 4 to 33%.9,28,49,50,56 Several studies used >1 echocardiographic 
methods for the assessment of RV dysfunction and a summary is depicted in Table 
S3 in the Supplementary File.

Pooled mean RVEDD was 36.8 mm and 29% of 1,212 patients had RVEDD >41 
mm.9,26-28,33,41,49,50,61 Pooled mean RVEDAi was 12.4 cm2/m2 and 44% of 832 patients 
had RV dilatation according to RVEDAi >12.1 cm2/m2.12,28,40

Prevalence of pulmonary hypertension in HFpEF
Pooled mean MPAP was 32.0 mmHg and 70% of 623 patients had MPAP ≥25 mmHg 
(Figure 3A). The prevalence of PASP ≥35 mmHg was 53%, with mean PASP of 38.2 
mmHg in 3,542 patients (Figure 3B).

Correlates of right ventricular dysfunction in HFpEF
A summary of clinical correlates of RV dysfunction is depicted in Table S4 in the 
Supplementary File. RV dysfunction in HFpEF is primarily associated with increased 
pulmonary pressures, reduced LVEF and AF; and is also reported to be more 
prevalent in males and with more severe LV diastolic dysfunction, CAD and higher 
BMI.

Right ventricular dysfunction and prognosis in HFpEF
The prognostic value of TAPSE was reported in six studies, FAC in five studies 
and RV dilatation in three studies (Table 2). The prognostic value of RV S’ was not 
reported.
Pooled unadjusted HR for the relation between TAPSE and mortality was 1.26 per 5 
mm decrease (95% CI 1.16-1.38, p<0.0001, n=1,156) (Figure 4A). The pooled HR 
per 5 mm decrease in TAPSE, in relation to HF hospitalization, was 1.38 (95% CI 
1.21-1.58, p<0.0001, n=919).10,28 

The pooled unadjusted HR of FAC in relation to mortality was 1.16 per 5% decrease 
in FAC (95% CI 1.08-1.1.24, p<0.0001, n=965) (Figure 4B). The pooled unadjusted 
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Figure 2: Prevalence of right ventricular dysfunction in HFpEF. Dotted lines represent the cut-offs for 
RV dysfunction. *Estimated prevalence rates. 
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Figure 3: Prevalence of pulmonary hypertension in HFpEF. Dotted line represents the cut-off for 
increased pulmonary pressures. *Estimated prevalence; †PASP measured without estimate of right atrial 
pressure. Mean systemic blood pressure (SBP) was denoted if simultaneously measured with pulmonary 
pressures. If reported, the percentage of included patients in whom tricuspid regurgitation (TR) was 
present for measuring PASP was obtained for each study.
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HR per 5% decrease in FAC in relation to HF hospitalization was 1.09 (95% CI 1.00-
1.19, p=0.07, n=869).11,28 

Pooled unadjusted HR for RVEDD in relation to mortality was 1.14 per 5 mm increase 
in RVEDD (95% CI 1.07-1.23, p=0.0002, n=590).27,28

Several studies also reported adjusted HRs for the relation between RV function 
and dilatation with outcome (Table 2). However, adjustment variables varied widely 
among these studies and thus it was not possible to perform pooled analyses.

Pulmonary hypertension and prognosis in HFpEF
Two studies reported the prognostic value of MPAP and ten studies reported for 
PASP (Table 2). The pooled unadjusted HR for mortality was 1.26 per 5 mmHg 
increase in MPAP (95% CI 1.15-1.38, p<0.0001, n=288) (Figure 5A). The pooled 
unadjusted HR for the association between PASP and mortality was 1.15 (95% CI 
1.12-1.18, p<0.0001, n=1,368) per 5 mmHg increase in PASP (Figure 5B). The 
pooled unadjusted HR for the relation between PASP and HF hospitalization was 
1.13 per 5 mmHg increase in PASP (95% CI 1.09-1.17, p<0.0001, n=1,369).10,11,28

Figure 4: Predictive value of right ventricular dysfunction for mortality in HFpEF.
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Adjustment variables for MPAP and PASP in relation to outcome also varied widely 
among reporting studies thus performing pooled analyses using adjusted HRs was 
not possible.

Sensitivity analysis
The results of the sensitivity analyses in studies with stringent HFpEF criteria versus 
studies with lenient criteria are summarized in the Supplemental File (Table S5-9). 
Overall, the prevalence rates of RV dysfunction according to TAPSE, FAC and RV S’ 
are more comparable in the studies with stringent criteria (i.e. 28% for TAPSE <16 
mm, 18% for FAC <35% and 21% for RV S’ <9.5 cm/s). The same is demonstrated 
for the prevalence of PH in the studies with stringent criteria (i.e. both a prevalence 
of 68% for increased MPAP and increased PASP). Only one study included in the 
analysis on RV dilatation used less stringent HFpEF criteria, thus these values did 
not change importantly in.

In the sensitivity analysis, TAPSE (HR 1.16, 95% CI 1.02-1.32, p=0.04), FAC (HR 
1.29, 95% CI 1.18-1.41, p<0.0001) and RVEDD (HR 1.45, 95% CI 1.07-1.23, 
p=0.0002) remained predictive of mortality in the studies with stringent criteria.

For PH in relation to outcome, both MPAP (HR 1.26, 95% CI 1.15-1.38, p<0.0001) 
and PASP (HR 1.13, 95% CI 1.08-1.19, p<0.0001) remained predictive of mortality 
in the sensitivity analysis.

The intraclass correlation between the reported and estimated prevalence rates of 
RV dysfunction and PH was 0.96 (95% CI 0.91-0.99), p<0.001.

Discussion

To our knowledge, this is the first systematic evaluation of RV dysfunction and 
PH in HFpEF. In the studies with stringent HFpEF criteria, the prevalence of RV 
dysfunction is 28% for TAPSE, 18% for FAC and 21% for RV S’. The prevalence 
of PH in HFpEF is 68% for both increased MPAP and PASP. The prevalence of 
RV dysfunction depends on the method used for its assessment. Finally, both RV 
dysfunction and PH are strongly predictive of outcome in HFpEF.
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Definition of HFpEF
The definition of HFpEF is crucial for patient selection, yet diagnosing HFpEF is 
challenging and definite criteria remain debated.62 The majority of studies included 
in the present meta-analysis was published after the publication of the ESC 2012 
guidelines and very recently, a new diagnostic algorithm for HFpEF was proposed 
in the 2016 update of the guidelines.18 Unfortunately, approximately half of studies 
included in the present analysis reported according to previously recommended 
criteria for patient selection, with either a structural heart disease and/or diastolic 
dysfunction, or the presence of elevated LV filling pressures. In the sensitivity 
analyses, performed in only those studies that used stringent HFpEF criteria, results 
regarding the prevalence of RV dysfunction and PH seemed more robust. Both RV 
dysfunction and PH also remained associated with outcome in this subset of studies.
 

Figure 5: Predictive value of pulmonary hypertension for mortality in HFpEF.
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Prevalence of right ventricular dysfunction in HFpEF
In the current study, RV dysfunction was primarily based on echocardiographic data. 
TAPSE and FAC are commonly used for this purpose and usually they strongly 
correlate with each other.21 However, we observed a different prevalence rate of 
RV dysfunction between TAPSE and FAC. There are several potential explanations 
for this discrepancy. First, RV systolic function is the sum of multiple contraction 
mechanisms of which the most important is longitudinal contraction due to the 
predominant longitudinal arrangement of RV muscle fibres.63 In response to increased 
afterload however, the RV increases its transverse contraction relative to decreased 
longitudinal shortening.64,65 Transverse RV wall motion may be a better reflection of 
RV systolic function in PH, compared with TAPSE.66 Consequently, as a result of 
increased afterload in HFpEF, TAPSE may be reduced while at the same time FAC 
is enhanced. RV function in HFpEF may therefore be overestimated with TAPSE 
or underestimated with FAC. However as previously mentioned, the recommended 
cut-offs for RV dysfunction are also frequently subject to change. Perhaps that the 
cut-off for RV dysfunction is more stringent for FAC compared with TAPSE. 

Another reasonable interpretation is that reliable assessment of FAC, more than 
TAPSE, requires sufficient acoustic window, which is rather challenging in such 
population with high prevalence of COPD and obesity. Although the RV S’-wave 
velocity may potentially be a more reliable measure of RV function,21 its prognostic 
value in HFpEF is currently unknown. Unfortunately, data on RV dysfunction in 
HFpEF using MRI are scarce. Very recently, Aschauer et al. demonstrated that RV 
dysfunction assessed with MRI was present in 19% of HFpEF patients and was also 
predictive of mortality, even after adjustment for pulmonary pressures.27 We believe 
that RV dysfunction is present in approximately 20-25% of patients with HFpEF.

RV dysfunction in HFpEF is primarily determined in resting conditions. However, 
it has recently been demonstrated that although RV systolic and diastolic function 
may be preserved at rest, patients with HFpEF display impaired RV reserve with 
exercise, similar to LV mechanics during exercise.67 These observations support the 
notion that RV dysfunction in HFpEF may occur in parallel to left-sided perturbations 
and also in the earliest stages of HFpEF, and is not only the result of worsening 
HF.67 RV function is also highly sensitive to alterations in afterload.66 Very recently, 
Hussain et al. demonstrated the importance of RV pulmonary arterial (PA) coupling 
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in HFpEF using the TAPSE/PASP ratio with echocardiography.39 Previously, Guazzi 
and co-workers observed that this ratio is predictive of outcome in heart failure.36 
For the present meta-analysis, we did not have access to individual patient data 
and published data on this topic in HFpEF is scarce. Further research is needed 
to investigate the importance of RV functional reserve and RV-PA coupling for our 
understanding of the pathophysiology and potential treatment strategies in HFpEF.

Prevalence of pulmonary hypertension in HFpEF
Elevated LV end-diastolic pressure (LVEDP) and increased pulmonary capillary wedge 
pressure (PCWP) are major determinants of PH in HFpEF. The diagnostic definition 
of PH is MPAP ≥25 mmHg measured with right heart catheterization.23 However 
for screening purposes for increased pulmonary pressures, echocardiography is 
widely used. Although echocardiography is inferior to right heart catheterization in 
measuring pulmonary pressures, we demonstrated similar rates of PH using both 
methods.

There are some important aspects in the interpretation of PH in relation to HFpEF 
that merit emphasis. The first regards to the applied inclusion criteria. For instance, 
Melenovsky et al. reported a PH prevalence of 81%, respectively.9 This rate is 
considerably higher than the 40% previously reported by the often cited study 
by Leung et al.68 However, the latter study was performed in a different patient 
population, i.e. increased LVEDP, yet only 22% of patients was diagnosed with HF. 
Consequently, this study was not included in the present analysis. Other studies 
included in the present meta-analysis also reported lower prevalence rates of PH. 
However, criteria for HFpEF were sometimes less stringent and for instance LV 
filling pressures were often not tested invasively. It therefore remains questioned 
whether these studies included all true HFpEF patients. The PH prevalence rates 
between right heart catheterization and echocardiography were especially similar 
in the studies with stringent criteria, possible reflected by the inclusion of more true 
HFpEF patients. Therefore, we believe that PH is present in around two-thirds of 
HFpEF patients.

Furthermore, PASP can only be derived in patients with sufficient TR and patients 
with TR are more likely to have higher pulmonary pressures than patients without 
TR.23 The prevalence of PH might be overestimated since patients with HFpEF and 
no TR were consequently not included in the analysis of PASP.
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Finally, the prevalence of 24% COPD in the current meta-analysis is an important 
contributor to increased pulmonary pressures,23 and both patients with HFpEF 
and COPD might display signs and symptoms of HF and a “preserved” LVEF.69 
For studying the right side in HFpEF, one should therefore take into account the 
possibility of an overlap in both diseases.

Comorbidities and right ventricular dysfunction in HFpEF
RV dysfunction in heart failure may occur secondary to PH or independent of 
pulmonary pressures, for instance due to intrinsic myocardial disease, myocardial 
ischemia and infarction or neurohormonal activation.70 Comorbidities frequently 
present in HFpEF are known to independently alter myocardial structure and 
function.71,72 Therefore, it may be questioned whether RV dysfunction in HFpEF 
is primarily the result of worsening HF and increased afterload in PH, or is also 
related to shared underlying pathophysiological mechanisms in HFpEF.73,74 In the 
current meta-analysis, we observed that RV dysfunction is indeed strongly related 
to increased pulmonary pressures, yet other factors such as male sex, AF, CAD and 
obesity also correlated with reduced RV function in several studies.

The role of AF in the development of RV dysfunction in HFpEF deserves further 
consideration. Chronic elevation of LV diastolic filling pressures in HFpEF results 
in structural and functional remodelling of the left atrium and thereby contributes to 
the development of AF.75 Melenovsky et al. observed that RV dysfunction was more 
strongly related to AF than to pulmonary pressures.9 AF seemed to contribute to RV 
dysfunction, yet in a partially pressure load independent manner. Interestingly, the 
same phenomenon was observed by Mohammed et al., both in patients with AF 
and permanent pacing.10 Load-independent factors such as rhythm irregularity and 
contractile dyssynchrony by pacing might contribute to RV dysfunction in HFpEF. It 
is presumable that AF directly affect RV systolic function via impaired longitudinal 
performance, since cardioversion for AF improves RV longitudinal contraction.76

CAD is another common finding in HFpEF, with 47% prevalence in the current 
analysis. Isolated RV infarctions are rare,77 and large myocardial infarctions more 
often lead to HFrEF instead of HFpEF. Although the amount of RV myocardial damage 
after myocardial infarctions is currently very limited,78 CAD seems independently 
associated with reduced RV function in HFpEF.9,10 
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Probably that the RV is more vulnerable to CAD in HFpEF, since there is less 
myocardial mass as compared with the LV.

Other comorbidities in HFpEF that may affect RV structure and function, independent 
from pulmonary pressures, includes hypertension,79,80 diabetes,81,82 COPD,83 and 
obesity.84,85 The remodelling effects on the RV are rather complex and also differ 
between sex.86 These observations suggest that RV dysfunction in HFpEF may be 
part of systematic inflammation and endothelial dysfunction, affecting both ventricles 
simultaneously (Figure 6).8

Outcomes in HFpEF
RV dysfunction and PH are strong predictors of adverse outcome in numerous 
cardiovascular diseases, including left-sided HF,87,88 and their presence may 
have deleterious consequences.89 The present review demonstrated that also 
in HFpEF, impaired right-sided cardiovascular function is a major determinant of 
poor prognosis. However as previously reported, also age and several non-cardiac 
comorbidities drive prognosis in HFpEF, independent of worsening HF.90 These 
comorbidities may directly provoke progressive decompensation via inflammation, 
microvascular obstruction and subendocardial ischemia.90 Unfortunately, we were 
not able to investigate adjusted associations between RV dysfunction and outcome. 
However, adjusted results remain variable in individual studies, as seen in Table 
2.9-11,27,28,52 Aforementioned considerations may possibly influence prognosis in 
HFpEF, independent from RV function. However, the relationship between these 
comorbidities and RV dysfunction, in relation to outcome in HFpEF, warrants further 
research. 

Limitations
An important limitation is the variation in HFpEF criteria used among included 
studies. In addition, only half of these studies included patients according to previous 
recommendations. Since definite criteria of HFpEF remain debated and have 
changed over time, it is rather challenging to include HFpEF studies with similar 
inclusion criteria in such meta-analysis. Sensitivity analyses in more true HFpEF 
patients demonstrated also more robust findings, indicating more true HFpEF 
populations. Differences in design and setting of included studies are also important 
for the interpretation of the present results. Unfortunately, we did not have access to 
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Figure 6: Proposed framework of right ventricular dysfunction in HFpEF. A) One of the key observation in 
HFpEF is structural remodelling in terms of left ventricular (LV) hypertrophy and left atrial (LA) dilatation, and 
reduced relaxation and compliance of the LV. LV end-diastolic pressure (LVEDP) and LA pressure (LAP) 
increases. LV filling pressures are transmitted to the pulmonary venous circulation. B) These pressures 
are the most important determinants of post-capillary pulmonary hypertension (PH) in HFpEF. A smaller 
subset of patients may develop combined post-capillary and pre-capillary PH. Concomitant pulmonary 
disease (e.g. chronic obstructive pulmonary disease [COPD] and obstructive sleep apnoea syndrome 
[OSAS]) in HFpEF may contribute to increased pulmonary pressures and often mimic symptoms of heart 
failure. C) The right ventricle (RV) adapts to this afterload with increased contractility and RV hypertrophy. 
When RV afterload progresses, RV remodelling may become maladaptive and RV dilatation and failure 
occurs. RV failure is an important determinant of peripheral venous congestion and backward failure may 
cause renal dysfunction. D) Renal dysfunction and other HFpEF predominant comorbidities are important 
load-independent factors that may cause the onset or progression of structural and functional remodelling 
of both ventricles simultaneously. E) Both atrial fibrillation (AF) and permanent pacing in HFpEF may also 
directly result in RV dysfunction (RVD) due to rhythm irregularity and contractile dyssynchrony.
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individual patient data and thus we were not able to sub-stratify according to study 
characteristics. Secondly, the methods used for the evaluation of RV dysfunction varied 
across studies and cut-off values for RV dysfunction may not be interchangeable. 
For the assessment of RV dysfunction with echocardiography, multiple indices are 
often used simultaneously. However, we were not able to use individual patient data 
to investigate the influence of multiple function indices. Combined measurements of 
RV dysfunction would certainly enhance the reliability of RV dysfunction detection. 
Studies that reported RV dysfunction and/or PH in relation to outcome also used 
different outcome measures and adjustment variables. Thus we were only able to 
report unadjusted relationships.

Conclusion

Both RV dysfunction and PH are highly prevalent in HFpEF. The prevalence of RV 
dysfunction, more than PH, is dependent on the method and cut-offs used for its 
assessment. RV dysfunction in HFpEF is strongly associated with PH and with 
comorbidities such as AF, and predicts poor outcome. More studies on interventions 
that aim to reduce RV afterload and to restore normal heart rhythm are needed to 
improve prognosis in patients with HFpEF.
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Supplementary material

S1: Search strategy

MEDLINE search strategy
(“Heart Failure, Diastolic”[Mesh] OR diastolic heart failure*[tw] OR (Heart failure[tw] 
AND (preserved*[tw] OR normal[tw]) AND (ejection fraction*[tw] OR systolic 
function*[tw])) OR hfpef[tw] OR hfnef[tw] OR hfnlef[tw] OR hfnlvef[tw]).
AND  
(“Ventricular Function, Right”[Mesh] OR “Ventricular Dysfunction, Right”[Mesh] OR 
“Hypertension, Pulmonary”[Mesh] OR right ventric*[tw] OR right heart*[tw] OR right 
cardiac*[tw] OR right myocard*[tw] OR pulmonary hypertens*[tw] OR pulmonary 
congest*[tw] OR pulmonary venous*[tw] OR pulmonary edema*[tw] OR pulmonary 
oedema*[tw] OR pulmonary pressure*[tw]).
AND
(“Cardiac Imaging Techniques”[Mesh] OR “Magnetic Resonance Imaging”[Mesh] 
OR “Imaging, Three-Dimensional”[Mesh] OR “Cardiac Catheterization”[Mesh] 
OR magnetic resonance imaging[tw] OR echocardiograph*[tw] OR 
ventriculography[tw]).

EMBASE search strategy
(‘diastolic heart failure’/exp OR ‘heart failure with preserved ejection fraction’/exp 
OR (‘heart failure’ NEXT/2 (preserved OR normal) NEXT/3 (‘ejection fraction’ OR 
‘ejection fractions’ OR ‘systolic function’)):de,ab,ti OR ‘diastolic heart failure’:de,ab,ti 
OR ‘hfpef’:de,ab,ti OR ‘hfnef’:de,ab,ti OR ‘hfnlef’:de,ab,ti OR ‘hfnlvef’:de,ab,ti).
AND  
(‘heart right ventricle’/exp OR ‘heart right ventricle function’/exp OR ‘heart right 
ventricle failure’/exp OR ‘heart right ventricle ejection fraction’/exp OR ‘heart right 
ventricle hypertrophy’/exp OR ‘heart right ventricle pressure’/exp OR ‘heart right 
ventricle overload’/exp OR ‘heart right ventricle performance’/exp OR ‘pulmonary 
hypertension’/exp OR ‘right heart’:de,ab,ti OR (right NEXT/1 ventric*):de,ab,ti OR 
(right NEXT/1 myocard*):de,ab,ti OR (pulmonary NEXT/1 (hypertens* OR edema 
OR oedema OR congest* OR venous*)):de,ab,ti).
AND
(‘cardiac imaging’/exp OR ‘cardiac gated imaging’/exp OR ‘cardiovascular 
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magnetic resonance’/exp OR ‘Doppler echocardiography’/exp OR ‘two dimensional 
echocardiography’/exp OR ‘three dimensional echocardiography’/exp OR ‘four 
dimensional echocardiography’/exp OR ‘transesophageal echocardiography’/exp 
OR ‘M mode echocardiography’/exp OR ‘transthoracic echocardiography’/exp OR 
‘intracardiac echocardiography’/exp OR ‘stress echocardiography’/exp OR ‘heart 
ventriculography’/exp OR ‘artery catheterization’/exp OR ‘heart catheterization’/
exp OR ‘pulmonary artery catheterization’/exp OR ‘central venous catheterization’/
exp OR ‘cardiac imaging’:de,ab,ti OR ‘cardiac gated imaging’:de,ab,ti OR 
‘cardiovascular magnetic resonance’:de,ab,ti OR ‘echocardiography’:de,ab,ti OR 
‘Heart ventriculography’:de,ab,ti OR ‘Heart catheterization’:de,ab,ti OR ‘Artery 
catheterization’:de,ab,ti OR ‘pulmonary artery catheterization’:de,ab,ti OR ‘central 
venous catheterization’:de,ab,ti).
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S2: Summary of the qualitative assessment for the risk of bias.1

1. Was the sample size representative of the target population?
2. Were study participants recruited in an appropriate way?
3. Was the sample size adequate?
4. Were the study subjects and the setting described in detail?
5. Was the data analysis conducted with sufficient coverage of the identified sample?
6. Were objective, standard criteria used for the measurement condition?
7. Was the condition measured reliably?
8. Was there appropriate statistical analysis?
9. Are all confounding factors/subgroups/differences identified and accounted for?
10. Were subpopulations identified using objective criteria?

S3: Prevalence of RV dysfunction in studies that used >1 echocardiographic method 
for this purpose.

Study TAPSE, % FAC, % RV S’, %
Aschauer-20162 1.7% 28.1.%
Burke-20143 28.0% 14.0%
Damy-20124 33.4% 15.8%
Donal-20155 42.1% 30.9%
Gupta-20086 41.7% 43.6%
Hasselberg-20157 37.1% 11.9% 51.2%
Maeder-20128 4.0% 1.5% 6.7%
Melenovsky-20149 33.0% 31.9%
Morris-201110 48.7% 28.3% 21.5%
Morris-201611 13.6% 5.0% 5.5%
Puwanant-200912 15.5% 14.6% 50.0%
Weeks-200813 41.7% 43.6%

Correlations between TAPSE and FAC (r=0.56, p=0.09), TAPSE and RV S’ (r=0.37, p=0.47) and between FAC and RV 
S’ (r=0.33, p=0.53) were all not significant.
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S5: Sensitivity analyses for TAPSE
Stringent HFpEF criteria Lenient HFpEF criteria

Study Mean TAPSE TAPSE <16 
mm Study Mean 

TAPSE
TAPSE 
<16 mm

Aschauer-20162 21.3 1.7 Damy-20124 19.6 33.4

Burke-20143 20.0 28.0 Donal-20155 17.0 42.1

Farrero-201416 16.7 45.2 Guazzi-201317 17.5 32.6

Hasselberg-20157 18.0 37.1 Gupta-20086 17.8 41.7

Hussain-201614 17.5 44.5 Maeder-20128 23.0 4.0

Morris-201110 16.5 48.7 Mohammed-201415 17.3 35.0

Morris-201611 19.2 13.6 Pellicori-201418 19.3 22.7

Puwanant-200912 17.0 15.5

Weeks-200813 17.8 41.7

Pooled 19.0 27.7 Pooled 18.0 33.9

S6: Sensitivity analyses for FAC
Stringent HFpEF criteria Lenient HFpEF criteria

Study Mean FAC FAC <35% Study Mean 
FAC

FAC 
<35%

Aschauer-20162 41.9 28.1 Damy-20124 46.0 15.8

Burke-20143 43.0 14.0 Gupta-20086 37.0 43.6

Hasselberg-20157 48.0 11.9 Maeder-20128 48.0 1.5

Melenovsky-20149 40.0 33.0 Puwanant-200912 54.0 14.6

Morris-201110 40.1 28.3 Shah-201419 48.8 4.0

Morris-201611 45.4 5.0 Weeks-200813 37.0 43.6

Pooled 42.7 18.4 Pooled 48.2 7.7

S7: Sensitivity analyses for RV S’
Stringent HFpEF criteria Lenient HFpEF criteria

Study Mean RV S’ RV S’ <9.5 
cm/s Study Mean 

RV S’
RV S’ 
<9.5 
cm/s

Andersen-201520 9.9 44.8 Donal-20155 11.0 30.9

Hasselberg-20157 9.4 51.2 Maeder-20128 12.7 6.7

Melenovsky-20149 11.0 31.9 Puwanant-200912 14.0 50.0

Morris-201110 11.0 21.5

Morris-201611 12.3 5.5

Pooled 11.3 20.7 Pooled 11.4 32.4
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S8: Sensitivity analyses for MPAP
Stringent HFpEF criteria Lenient HFpEF criteria

Study Mean MPAP MPAP ≥25 
mmHg Study Mean MPAP MPAP ≥25 

mmHg

Andersen-201520 28.0 21.8 Adamson-201421 27.4 61.0

Aschauer-20162 31.3 72.9 Maeder-20128 17.0 0.4

Freed-201622 33.0 78.8 Schwartzenberg-201223 41.0 94.5

Fujimoto-201324 24.0 40.1

Kasner-201225 11.0 0.0

Kurt-200926 24.0 46.0

Melenovsky-20149 36.0 81.0

Van Empel-201427 25.0 50.0

Pooled 31.4 67.9 Pooled 33.8 74.7

S9: Sensitivity analyses for PASP
Stringent HFpEF criteria Lenient HFpEF criteria

Study Mean PASP PASP ≥35 
mmHg Study Mean PASP PASP ≥35 

mmHg

Burke-20143 43.8 71.9 Dabbah-200628 45.0 91.2

Farrero-201416 68.3 78.0 Damy-20124 26.0 8.0

Hasselberg-20157 31.0 34.5 Ennezat-201329 60.2 93.9

Hussain-201614 43.0 69.3 Guazzi-201317 40.1 69.2

Kalogeropoulos-201430 35.7 42.3 Marechaux-201131 35.0 35

Morris-201110 40.9 71.2 Meluzin-201132 31.4 13.3

Orozco-201033 56.6 77.0 Merlos-201334 48.4 84.0

Rifaie-201035 43.4 73.2 Mohammed-201415 47.2 79.1

Pellicori-201418 29.5 32.3

Puwanant-200912 53.0 84.2

Shah-201419 30.0 30.2

Weeks-200813 28.2 18.9

Pooled 42.9 67.6 Pooled 36.2 46.5
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Abstract

Aims: Many patients with heart failure with preserved ejection fraction (HFpEF) 
develop post-capillary pulmonary hypertension (PH) due to increased left-sided 
filling pressures. However, a subset of patients develops combined post- and pre-
capillary PH. We studied the value of echocardiographic right-sided characterization 
for the discrimination between pre- versus post-capillary PH in HFpEF, using invasive 
haemodynamics as gold standard.

Methods and results: 102 consecutive HFpEF patients with simultaneous right heart 
catheterization and echocardiography were identified. Patients were divided into: ‘no 
PH’, ‘isolated post-capillary PH’ and ‘post- and pre-capillary PH’. Systolic pulmonary 
arterial pressure (SPAP), tricuspid valve annular plane systolic excursion (TAPSE), 
right ventricular-vascular coupling (TAPSE/SPAP) and VO2-max were assessed. 
Primary endpoint was all-cause mortality. A total of 97 patients were included: 22% 
no PH, 47% isolated post-capillary PH and 31% post- and pre-capillary PH. Patients 
with post- and pre-capillary PH had more often diabetes mellitus (47 vs. 24%, p=0.04), 
had more heart failure hospitalizations (57 vs. 26%, p=0.007) and lower VO2-max 
(10 vs. 13 ml/min/kg, p=0.008), compared to those with isolated post-capillary PH. 
Patients with post- and pre-capillary PH also had more reduced TAPSE (17 vs. 21 
mm, p=0.001) and TAPSE/SPAP (0.3 vs. 0.5, p<0.001). TAPSE/SPAP ratio <0.36 
had a good accuracy to identify patients with additional pre-capillary PH (C-statistic 
0.86, sensitivity 86% and specificity 79%). TAPSE/SPAP ratio was associated with 
increased mortality (HR 2.51 [95% CI 1.25-5.01], p=0.009).

Conclusion: Abnormal right ventricular-vascular coupling identifies patients with 
HFpEF and additional pre-capillary PH, and predicts poor outcome in HFpEF.
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Introduction

Heart failure with preserved ejection fraction (HFpEF) is associated with poor 
outcomes.1 Although the mechanisms behind HFpEF remain incompletely understood, 
reduced relaxation and compliance of the left ventricle (LV) play a dominant role.2 
In a recent meta-analysis, we have confirmed that pulmonary hypertension (PH) is 
common in HFpEF, and that PH-HFpEF is strongly related to RV failure and death.3,4

The majority of patients with PH-HFpEF have isolated post-capillary PH due to 
increased left-sided filling pressures and resulting pulmonary venous congestion.5 
However, a subset of HFpEF patients develops combined post- and pre-capillary 
PH, characterized by an increased pulmonary artery wedge pressure (PAWP) of 
≥15 mmHg in combination with an elevated diastolic pressure gradient (DPG) and/or 
increased pulmonary vascular resistance (PVR).6 Genetic predisposition, endothelial 
dysfunction and neurohormonal activation may all explain the development of pre-
capillary PH in HFpEF.6 Characterization of patients with additional pre-capillary 
PH is important, since this group possibly represents a distinct subtype within the 
HFpEF phenotypic spectrum, that might respond to pulmonary vasodilator therapy.7

In the present study, we aimed to investigate the clinical characteristics of combined 
post- and pre-capillary PH, and its association with RV failure and death, in patients with 
HFpEF. We then sought to identify non-invasive determinants for the discrimination 
of pre- versus post-capillary PH. For this purpose, we investigated HFpEF patients 
who underwent simultaneous right heart catheterization and echocardiography.

Methods

Study design
This observational cohort study was performed in consecutive outpatients who had 
a clinical diagnosis of HFpEF, based on heart failure symptoms (New York Heart 
Association [NYHA] functional class ≥ II) and LV ejection fraction ≥45%, who had 
suspected PH based on echocardiographic findings, and who were therefore 
referred for routine left and right-sided heart catheterization between October 2011 
and September 2014 at our clinic. Patients that did not had echocardiography 
simultaneously with right heart catheterization or patients with organic valvular heart 
disease were excluded. Additional inclusion criteria for the present study were LV 
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diastolic dysfunction (E/e’ ≥13 or mean e’ septal and lateral wall <9 cm/s) and/or 
left atrial (LA) dilatation (LA volume index ≥34 ml/m2 or LA parasternal diameter 
≥45 mm) and/or N-terminal of the prohormone brain natriuretic peptide (NT-proBNP) 
≥125 ng/l.8 The study conforms to the Declaration of Helsinki and the Medical 
Research Involving Human Subjects Act. The institutional review board and local 
ethic committee approved this study. All assessments that were used in the present 
study were performed in the context of regular care and the need for individual 
informed consent was waived.

Right catheterization protocol
All patients underwent right heart catheterization performed by a single cardiologist 
(E.S.H.) and simultaneous echocardiography by a single experienced ultrasound 
technician (Y.M.H.). Hemodynamic measurements were performed with patient 
in fasting state and in supine position. The system was zeroed and referenced at 
patients’ heart level as previously described.9 A 7F thermodilution balloon-tipped 
catheter was inserted through the femoral vein. The catheter was advanced into 
the right atrium and RV, and subsequently positioned in the pulmonary artery and 
wedge position. Right atrial pressure (RAP), pulmonary artery pressures (PAP) and 
PAWP were recorded at end-expiration. Cardiac output was obtained using the 
Fick equation. Pulmonary vascular resistance, cardiac index, stroke volume, pulse 
pressure and DPG were calculated using standard formulas. Pulmonary arterial 
compliance was determined as stroke volume / pulse pressure and expressed as 
ml/mmHg.

Patients were divided into subgroup: ‘no PH’ (i.e. mean PAP <25 mmHg), isolated 
post-capillary PH (i.e. mean PAP ≥25 mmHg, PAWP ≥15 mmHg, DPG <7 mmHg and 
PVR ≤3.0 Wood Unit [WU]), combined post- and pre-capillary PH (i.e. mean PAP 
≥25 mmHg and PAWP ≥15 mmHg with DPG ≥7 mmHg and/or PVR >3.0 WU) and 
pre-capillary PH (i.e. mean PAP ≥25 mmHg and PAWP <15 mmHg).10 The latter two 
groups were combined as one group with additional pre-capillary PH.

Echocardiographic protocol
Echocardiographic images were acquired using a Vivid S6 system (General 
Electric, Horton, Norway) with a 2.5- to 3.5-mHz probe. Analyses were performed 
independently by two blinded investigators (T.M.G. and Y.M.H.) using GE EchoPAC 
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version BT12. RV systolic function was assessed using multiple parameters. 
Tricuspid annular plane systolic excursion (TAPSE) was obtained in M-mode.11 In 
addition, the systolic annular tissue velocity of the lateral tricuspid annulus (RV 
S’) was measured.11 Furthermore, RV free wall longitudinal strain was measured 
as previously reported, with good inter- and intra-observer variability.12 Finally, RV 
fractional area change (FAC) was measured using the end-systolic and end-diastolic 
area of the RV in the apical four chamber view.11 Each parameter for RV systolic 
function was measured in duplicate and averaged.

Systolic PAP (SPAP) was estimated on echocardiography using the peak velocity 
of the tricuspid regurgitation (TR) jet derived from continuous-wave Doppler. The 
peak velocity was converted to a pressure gradient using the modified Bernoulli 
equation and was subsequently added to an estimation of RAP obtained from the 
diameter and collapsibility of the inferior vena cava (IVC).11 For an IVC with diameter 
<2.1 cm that collapses ≥50% with a sniff, the RAP value of 3 mmHg was used, an 
IVC with diameter ≥2.1 cm that collapses <50% suggests RAP of 15 mmHg. If IVC 
diameter and collapse did not fit this scenario, an intermediate value of 8 mmHg 
was used.11 Right ventricular-vascular coupling was approximated by calculating the 
ratio of TAPSE to echocardiographic derived SPAP (i.e. TAPSE/SPAP).13 TAPSE/
SPAP ratio was validated against TAPSE/SPAP with SPAP derived from right heart 
catheterization. The TAPSE/SPAP ratio was also compared with the TAPSE/TR 
velocity ratio. 

Exercise capacity test
Patients underwent a cardiopulmonary exercise test on a treadmill according to the 
Weber auto protocol. Patients were encouraged to provide a maximum exertion. 
Stop criteria that were considered included: patient reached plateau phase for one 
minute, patient cannot walk further or is unable to maintain walking speed, decrease 
in breathing reserve and O2 heart rate. Reaching the expected VO2 max value 
was not considered a stop criterion. Peak VO2 was expressed in ml/min/kg and as 
percentage of predicted.

Outcome
The primary outcome measure was defined as all-cause mortality, ascertained from 
the electronic medical records.
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Statistical analyses
Differences between groups were tested using Independent Samples T-tests 
for normally distributed continuous variables, Mann-Whitney U tests for skewed 
distributed continuous variables and Chi-squared tests for categorical variables. 
Accuracy for identifying pre-capillary PH was calculated using C-statistic and by 
plotting receiver operating characteristic (ROC) curves. Multivariable survival 
analyses were performed using Cox regression models. The maximum number of 
events per adjustment variable in the logistic regression analysis was set at 10, based 
on previous recommendations.14 Multicollinearity was tested using linear regression. 
In addition, survival was illustrated in Kaplan-Meier curves and tested using log-rank 
tests. Blant-Altman analysis was performed to analyse agreement between TAPSE/
SPAP ratio derived from Doppler echocardiography and TAPSE/SPAP obtained 
from right heart catheterization. Statistical significance was considered achieved 
with p-value <0.05. All statistical analyses were performed using SPSS (Version 22, 
2013). 

Results

A total of 102 HFpEF patients with suspected PH on a previous echocardiography 
who were referred for right heart catheterization were identified. Four patients 
who did not had a simultaneous echocardiography. Thus in total, 97 patients were 
included in the present analysis. Seventy-six patients (78.4%) had PH, defined as 
mean PAP ≥25 mmHg (Table 1). Of these, 46 (47.4%) had isolated post-capillary 
PH, 24 patients (24.7%) had combined post- and pre-capillary PH, and six patients 
(6.2%) had isolated pre-capillary PH according to the diagnostic definition. Fourteen 
patients (14%) did not undergo a conclusive exercise capacity test. In 79 (81.4%) 
patient, tricuspid regurgitation jet was sufficient to estimate SPAP. Patients with PH-
HFpEF were more symptomatic (i.e. higher NYHA functional class, more diuretic 
use and reduced exercise capacity), compared to patients without PH (Table 1). 
Permanent atrial fibrillation was also more prevalent in PH-HFpEF (43 versus 5%, 
p=0.004).

Characteristics of pre- versus post-capillary PH in HFpEF
As seen in Table 1, PAWP was comparable between patients with isolated  post-
capillary PH and additional pre-capillary PH. However, patients with additional pre-
capillary PH had more often diabetes mellitus, and there was a trend that these 
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Table 1: Baseline characteristics of the total study population and subgroups

No PH
(n=21)

PH
(n=76)

p-value
PH versus 

no PH

Isolated post-
capillary PH

(n=46)

PH (n=76) Additional 
pre-capillary PH

(n=30)

p-value
Post- versus 
pre-capillary 

PH

Demographics
Age (years) 70.8±8.1 74.5±8.8 0.09 74.7±7.3 74.2±10.8 0.83
Male sex 7 (33%) 23 (30%) 0.79 11 (24%) 12 (40%) 0.14
Body mass index (kg/m2) 27.5±4.7 28.7±6.0 0.39 28.1±5.8 29.6±6.3 0.29

Comorbidities
Hypertension 14 (67%) 50 (66%) 0.94 31 (67%) 19 (63%) 0.72
Coronary artery disease 7 (33%) 26 (34%) 0.94 14 (30%) 12 (40%) 0.39
Atrial fibrillation 0.004 0.17

Paroxysmal 5 (24%) 10 (13%) 7 (15%) 3 (10%)
Permanent 1 (5%) 33 (43%) 16 (35%) 17 (57%)

Diabetes mellitus 6 (29%) 25 (33%) 0.71 11 (24%) 14 (47%) 0.04
COPD 3 (14%) 13 (17%) 0.76 5 (11%) 8 (27%) 0.07

Heart failure characteristics
NYHA functional class <0.001 0.17
II 17 (81%) 22 (29%) 16 (35%) 6 (20%)
III 4 (19%) 54 (71%) 30 (65%) 24 (80%)
Diuretics use 13 (62%) 62 (82%) 0.04 37 (80%) 25 (83%) 0.52
Previous HF hospitalization 4 (19%) 29 (38%) 0.10 12 (26%) 17 (57%) 0.007

Haemodynamics
Heart rate (bpm) 67±14 72±12 0.07 72±11 73±14 0.65
Systolic blood pressure 
(mmHg) 149±23 150±25 0.93 155±21 141±28 0.02
Diastolic blood pressure 
(mmHg) 66±16 70±12 0.16 71±13 69±11 0.41
Cardiac output (l/min) 6.6±2.0 5.4±1.2 0.01 5.8±1.2 4.7±1.1 <0.001
Cardiac index (l/min/m2) 3.6±1.0 2.8±0.7 <0.001 3.1±0.6 2.5±0.6 <0.001
Mean PAWP (mmHg) 10±3 19±5 <0.001 20±4 18±6 0.09
Systolic PAP (mmHg) 31±6 55±14 <0.001 49±9 64±16 <0.001
Diastolic PAP (mmHg) 11±3 20±6 <0.001 18±4 24±6 <0.001
Mean PAP (mmHg) 18±3 35±8 <0.001 31±5 41±9 <0.001
Mean RAP (mmHg) 4±3 10±5 <0.001 8±4 11±5 0.005
PVR (WU) 1.3±0.4 3.1±2.1 <0.001 1.9±0.6 4.9±2.3 <0.001
PAC (ml/mmHg) 5.4±1.9 2.4±1.0 <0.001 2.8±0.8 1.9±1.0 <0.001

Echocardiography
LV ejection fraction (%) 57±5 57±5 0.72 57±5 56±5 0.29
LV mass index (kg/m2) 101±27 94±31 0.38 91±35 99±25 0.28
E/e’ 11.8 [8.3-14.1] 12.7 [10.1-16.5] 0.12 12.1 [9.9-15.5] 14.4 [10.1-21.4] 0.20
Mean e’ septal/lateral wall 7.8 [6.2-8.7] 7.5 [6.2-8.9] 0.90 7.6 [6.5-9.6] 7.0 [4.9-8.5] 0.12
LAVi (ml/m2) 42±18 48±16 0.18 49±18 47±14 0.67
TAPSE (mm) 22.9±6.1 19.6±4.8 0.01 21.2±4.5 17.1±4.3 0.001
RV S’ (cm/s) 9.6±2.4 9.1±2.8 0.56 9.9±2.7 7.7±2.4 0.001
FWLS (%) -21.5±6.2 -19.9±5.7 0.32 -21.8±5.7 -17.5±4.9 0.004
FAC (%) 51±12 45±13 0.13 50±11 39±12 <0.001
TR velocity (m/s) (n=79) 2.7±0.4 3.2±0.5 0.003 3.0±0.4 3.5±0.6 0.001
TAPSE/TR velocity ratio (n=74) 2.6±0.7 1.8±0.3 0.01 1.8±0.3 1.3±0.3 <0.001
TAPSE/SPAP ratio* (n=74) 0.6±0.2 0.4±0.2 0.01 0.5±0.2 0.3±0.1 <0.001

Exercise capacity (n=83)
Peak VO2-max (ml/min/kg) 14.8±3.5 11.6±3.6 0.001 12.5±3.8 10.1±2.8 0.008
Peak VO2-max of predicted (%) 70±17 60±18 0.04 65±18 51±15 0.003

Laboratory test
NT-proBNP (ng/l) 486 [216-1233] 1087 [497-2021] 0.01 840 [425-1816] 1548 [701-2340] 0.04

Data is reported as mean ± standard deviation, median [interquartile range] and n (%). COPD chronic obstructive 
pulmonary disease; FAC fractional area change; FWLS free wall longitudinal strain; HF heart failure; LAVi left atrial 
volume index; NT-proBNP N-terminal prohormone of brain natriuretic peptide; NYHA New York Heart Association; PAC 
pulmonary arterial compliance; PAP pulmonary arterial pressure; PAWP pulmonary artery wedge pressure; PH pulmonary 
hypertension; PVR pulmonary vascular resistance; RAP right atrial pressure; RV S’ systolic annular tissue velocity of the 
lateral tricuspid annulus; SPAP systolic pulmonary artery pressure; TAPSE tricuspid valve annular plane systolic excursion; 
TR tricuspid regurgitation; VO2-max maximal oxygen consumption. *Echocardiographic derived TAPSE/SPAP.
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patients more often had chronic obstructive pulmonary disease (COPD). HFpEF 
patients with pre-capillary PH had the highest NT-proBNP levels, were more often 
previously hospitalized for heart failure, and had the lowest exercise capacity. RV 
function and TAPSE/SPAP ratio was lower in patients with a pre-capillary component 
of PH, compared to isolated post-capillary PH.

Individual data of the six patients with isolated pre-capillary PH are depicted in 
Supplementary Table 1. Four of these patients had COPD, three had diabetes 
mellitus and PVR ranged from 5.3 to 9.3 WU.

Outcome of pre- versus post-capillary PH in HFpEF
During a median follow-up of 816 (547 – 1047) days, 20 patients (20.6%) died. The 
results of the Cox regression model for the prediction of death are depicted in Table 
2. In univariable analyses, diabetes mellitus, COPD, RV function, TAPSE/TR velocity 
and TAPSE/SPAP ratio, PAP, PVR and the presence of additional pre-capillary PH 
were all associated with mortality. The presence of PH per se was not associated 
with increased mortality. RV function according to TAPSE, RV S’ and FAC remained 
associated with mortality after adjustment of age and sex. Also reduced TAPSE/
SPAP ratio remained associated with death after adjustment for age and sex (Table 
2), and after adjustment for diabetes mellitus and COPD (Supplementary Table 
2). There was multicollinearity between TAPSE/SPAP ratio and other established 
echocardiographic measurements of RV function and with invasive pulmonary 
pressures (Supplementary Table 2).

Figure 1: Receiver operating characteristic 
curve for identification of pre-capillary 
pulmonary hypertension. TAPSE/SPAP 
ratio 0.36 had a sensitivity of 86% and 
specificity of 79% for identifying HFpEF 
patients with additional pre-capillary 
pulmonary hypertension.
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Identification of pre- versus post-capillary PH in HFpEF
The results of the C-statistics to discriminate between isolated post-capillary PH 
and additional pre-capillary PH are depicted in Table 3. The non-invasively derived 
TAPSE/SPAP ratio had a C-statistic of 0.86. The ROC-analysis for TAPSE/SPAP 
ratio demonstrates a good accuracy for the prediction of any pre-capillary PH in 
HFpEF, with a sensitivity of 87% and specificity of 79% for TAPSE/SPAP 0.36 
(Figure 1). Figure 2 illustrates the survival curve when patients were divided 
according to TAPSE/SPAP ratio <0.36 (Log-rank p=0.006). In Table 3 in the 
Supplementary Material, baseline characteristics are presented when patients were 
divided according to TAPSE/SPAP <0.36. Patients with low TAPSE/SPAP ratio had a 
higher prevalence of atrial fibrillation, more previous HF hospitalizations, higher PAP 
and PVR, lower pulmonary arterial compliance, more LV diastolic dysfunction, lower 
peak VO2-max and higher NT-proBNP. 

In a sub analysis, after exclusion of the six patients with isolated pre-capillary 
PH, echocardiographic TAPSE/SPAP ratio remained predictive of mortality, after 
adjustment for age and sex: HR 2.25 per standard deviation decrease (95% CI 1.09-
4.67), p=0.029 and Log-rank p=0.036 for TAPSE/SPAP <0.36.

Figure 2: Kaplan-Meier survival curve for the prediction of death.
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The non-invasive TAPSE/SPAP ratio correlated strongly with the invasively 
derived TAPSE/SPAP ratio (r=0.71, p<0.001), (Supplementary Figure). Blant-
Altman analysis for the comparison between TAPSE/SPAP derived from right heart 
catheterization and from echocardiography is also illustrated in the Supplementary 
Figure.

Discussion

In our study of HFpEF patients undergoing simultaneous right heart catheterization 
and echocardiography, we found that patients with a pre-capillary component of 
PH had significantly lower exercise capacity and were more at risk for RV failure, 
HF hospitalizations and death, compared to HFpEF patients without pre-capillary 
PH. Abnormal right ventricular-vascular coupling (i.e. reduced TAPSE/SPAP ratio) 
identified these HFpEF patients with a pre-capillary component of PH, and predicted 
poor outcomes.

Table 2: Cox regression model for the prediction of death in HFpEF
Unadjusted HR p-value Adjusted HR* p-value

Age 1.02 (0.97-1.08) 0.41
Male sex 0.83 (0.30-2.31) 0.73
Body mass index 0.98 (0.91-1.06) 0.98
Coronary artery disease 2.23 (0.91-5.48) 0.08
Atrial fibrillation 1.51 (0.62-3.65) 0.36
Diabetes mellitus 3.58 (1.46-8.77) 0.005 3.66 (1.48-9.06) 0.005
COPD 3.71 (1.49-9.24) 0.005 3.64 (1.43-9.26) 0.007
TAPSEǂ 1.78 (1.05-3.01) 0.03 1.81 (1.06-3.08) 0.03
RV S’ǂ 2.45 (1.34-4.48) 0.001 2.65 (1.43-4.92) 0.002
FWLS† 1.55 (0.96-2.50) 0.07
FACǂ 2.13 (1.33-3.40) 0.001 2.20 (1.35 (3.60) 0.002
TR velocity 1.42 (0.95-2.12) 0.09
TAPSE/TR velocity ratioǂ 2.16 (1.17-3.97) 0.01 2.19 (1.17-4.09) 0.01
TAPSE/SPAP ratio*ǂ 2.42 (1.24-4.70) 0.003 2.51 (1.25-5.01) 0.009
Mean PAWP† 0.81 (0.51-1.30) 0.38
Systolic PAP† 1.44 (1.05-1.98) 0.03 1.78 (1.16-2.73) 0.008
Mean PAP† 1.46 (1.03-2.08) 0.03 1.85 (1.15-2.99) 0.01
Cardiac index 1.36 (0.85-2.16) 0.20
PVR† 1.52 (1.14-2.03) 0.004 1.72 (1.24-2.38) 0.001
PACǂ 1.81 (0.99-3.30) 0.05
PH versus no-PH 1.49 (0.43-5.10) 0.53
Pre- versus post-capillary PH 3.91 (1.37-11.11) 0.01 4.35 (1.51-12.54) 0.006

Same abbreviations as in Table 1. *Echocardiographic derived TAPSE/SPAP. †Per standard deviation 
increase; ǂper standard deviation decrease. The multivariable analysis was adjusted for age and sex.
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It is increasingly evident that both PH and RV dysfunction are of major importance in 
HFpEF, given their high prevalence and strong association with adverse prognosis.3 
The development of additional pre-capillary PH in HFpEF is of particular concern 
given its strong prognostic impact.7 Identification of pre-capillary PH in HFpEF also 
potentially opens the door to the pulmonary vasculature as a potential treatment 
target in patients with PH-HFpEF, but currently no drugs that are approved for the 
treatment of pulmonary arterial hypertension (group 1 PH) have been proven safe 
and beneficial in patients with PH-HFpEF.7 Hence, in the latest European Society 
of Cardiology Guidelines for the Diagnosis and Treatment of PH, the use of such 
therapies has a class III recommendation for patients with PH due to left heart disease 
(group 2 PH).10 There are currently several on-going trials with other specific drugs 
to treat PH-HFpEF, including riociguat (NCT02744339), vericiguat (NCT01951638) 
and nitrite (NCT02742129).

Characteristics of pre- versus post-capillary PH in HFpEF
The present patient cohort was rigorously screened for HFpEF according to the 
current recommendations. We observed that 31% of the HFpEF patients referred 
for catheterization had a pre-capillary component of PH, of which six patients had 
isolated pre-capillary PH, with a PAWP less than 15 mmHg. One might argue whether 

Table 3: C-statistic of the identification of pre-capillary PH in HFpEF
Variable C-statistic
Mean PAP 0.91
PAC 0.86
Systolic PAP 0.86
TAPSE/SPAP ratio* 0.86
Cardiac index 0.79
FAC 0.77
TAPSE 0.76
Peak VO2-max % of predicted 0.76
RV S’ 0.73
Mean RAP 0.73
FWLS 0.70
TAPSE/TR velocity ratio 0.69
NT-proBNP 0.68
TR velocity 0.66
Diabetes mellitus 0.61
Age 0.57
Male sex 0.57
COPD 0.57

Same abbreviations as in Table 1. *Echocardiographic derived TAPSE/SPAP.
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the latter are true HFpEF patients. Although patients are divided into different PH 
groups by definition of hemodynamic measurements, LV filling pressures in HFpEF 
might be <15 mmHg at resting conditions, since filling pressures are highly variable 
over time and are also influenced by volume status and physical activity.15 In those 
patients, LV filling pressures may typically rise with exercise.16 Thus, HFpEF patients 
with optimal diuretic dose may demonstrate temporally lower or only borderline 
elevated LV filling pressures at rest, while mean PAP remains high in the setting 
of secondary vasculopathy. In the absence of invasive haemodynamics during 
exercise, we cannot exclude that some of these patients might still be misclassified 
as HFpEF. However, based on the current diagnostic work-up for HFpEF – in which 
echocardiography still is the first line bedside tool – our patients clearly had HFpEF 
according to the current definition. In the present study, none of the patients were on 
pulmonary vasodilator therapy at the time of hemodynamic assessment.

We did observe a trend that COPD was more prevalent in patients with (additional) 
pre-capillary PH. COPD is a common finding in HFpEF, with a previously reported 
prevalence rate of 24% in multiple HFpEF studies.3 We have to keep in mind that the 
diagnostic evaluation between COPD and HFpEF is challenging, since both patient 
groups may share signs and symptoms (e.g. dyspnea on exertion), the presence 
of a “preserved” LVEF, and the strong association with PH.10 Therefore, one should 
be aware of an overlap between both diseases and the present study demonstrates 
the need for hemodynamic testing in these patients, to better discriminate between 
group 2 and 3 PH.

Patients with a pre-capillary component of PH-HFpEF were characterized by 
severely depressed exercise capacity. The reduced exercise capacity in patients 
with pre-capillary PH could therefore be relate to reduced pulmonary vascular 
function, higher pulmonary pressures and resulting impaired RV function, which 
was clearly demonstrated in the combined post- and pre-capillary PH group. 
Recently, the prognostic value of tricuspid regurgitation recorded during exercise 
was demonstrated in HFpEF, which was independent of LV diastolic dysfunction.17 
Interestingly, Borlaug et al. also noticed that patients with HFpEF displayed impaired 
RV reserve with exercise, even in the early stages of the disease, suggesting the 
importance of biventricular dysfunction in HFpEF.16 
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Another characteristic of patients with additional pre-capillary PH was the presence 
of diabetes mellitus. This finding is consistent with a prior invasive study of HFpEF 
with pre-capillary PH, in which the presence of comorbidities distinguished these 
patients from those with idiopathic pulmonary arterial hypertension.18 This suggests 
that the development of pre-capillary PH in HFpEF is not solely the result of chronic 
backward transmission of left-sided filling pressures, but that other mechanisms 
might play a role. Indeed the multi-hit hypothesis, wherein endothelial dysfunction and 
systemic inflammation driven by a combination of comorbidities (such as diabetes 
and COPD), has been postulated to contribute to pulmonary vascular remodelling 
in HFpEF.19 

Identification of pre- versus post-capillary PH in HFpEF
The present study described the important value of pre-capillary PH in HFpEF. The 
definition of pre-capillary PH hinges on invasively derived measurements. However, 
it is rather impractical to routinely perform right heart catheterizations in all HFpEF 
patients. 

RV afterload is predominantly determined by increased PVR and elevated PAP.20 
However, since RV function is highly sensitive to alterations in afterload,21 it has 
recently been suggested that characterization of RV function in HFpEF may be best 
framed in relation to prevailing RV load.22 The relationship of RV function to afterload 
(i.e. right ventricular-vascular coupling) and cardiovascular outcome has been 
established for both PAH and heart failure.13,23 In the present study, we demonstrated 
that the non-invasive TAPSE/SPAP ratio <0.36 has a strong prognostic value and 
is also useful in discriminating HFpEF patients with additional pre-capillary PH from 
HFpEF patients without pre-capillary PH. While TAPSE/SPAP does not directly 
measure pulmonary vascular resistance, our results show that the presence of 
abnormal right ventricular-vascular coupling (reflected by the TAPSE/SPAP ratio) 
increased the probability that the patient may have a pre-capillary component of PH, 
although further verification is required. TAPSE/SPAP ratio may also be used as an 
endpoint in trials targeting PH-HFpEF.

We observed that patients with low TAPSE/SPAP ratio displayed some distinct 
characteristics, such as higher prevalence of atrial fibrillation, more severe LV 
diastolic dysfunction and higher NT-proBNP, compared with patients with higher 
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TAPSE/SPAP ratio. This finding is perhaps an indication of more advance staged 
heart failure in those patients with low right ventricular-vascular coupling. In a recent 
sub analysis from the RELAX trial, Hussain et al. demonstrated similar findings. 
In their study, HFpEF patients with RV dysfunction and impaired right ventricular-
vascular coupling also seemed to have more advanced heart failure.22

Limitations

Some limitations merit emphasis. First, patients with HFpEF and suspected PH on 
previous echocardiography were clinically referred for right heart catheterization and 
this might have introduced a selection bias. Second, the haemodynamic assessment 
was only performed at resting condition. Especially when the diagnosis of HFpEF 
is uncertain, as was the case for the six patients with PAWP <15 mmHg, availability 
of LV filling pressures obtained during exercise would have abled use to better 
discriminate between group 2 PH and other PH groups. In addition, the sample 
size was small and the study was also not powered to investigate multivariate 
associations with outcome using >2 adjustment variables. Furthermore, despite 
the high correlation with the invasively derived TAPSE/SPAP ratio, the non-invasive 
assessment of TAPSE/SPAP, measured with Doppler echocardiography, could only 
be assessed in those patients with sufficient tricuspid regurgitation, which may have 
introduced another selection bias.

Conclusion

Patients with HFpEF and an important pre-capillary component of PH are at 
increased risk for RV failure and death, compared to patients with HFpEF without 
additional pre-capillary PH. Impaired right ventricular-vascular coupling (reflected 
by reduced TAPSE/SPAP ratio) suggests more advanced heart failure and identifies 
these vulnerable HFpEF patients with additional pre-capillary PH. 
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Supplementary material

Supplementary Table 1: Individual data of the six patients with isolated pre-capillary 
pulmonary hypertension.

Subject Sex Age COPD DM PAWP (mmHg) MPAP (mmHg) PVR (WU)

1 M 62 No No 9 47 5.3

2 F 78 Yes Yes 12 43 8.5

3 F 79 No No 3 40 6.7

4 F 84 Yes No 13 31 5.5

5 M 74 Yes Yes 6 43 9.3

6 M 69 Yes Yes 9 47 8.2

COPD chronic obstructive pulmonary disease; DM diabetes mellitus; MPAP mean pulmonary artery 
pressure; PAWP pulmonary arterial wedge pressure; PVR pulmonary vascular resistance.

Supplementary Table 2: Prognostic value and multicollinearity of TAPSE/SPAP 
ratio compared to other prognosticators.

Bivariate adjustment variable
TAPSE/SPAP ratio*

HR (95% CI ) p-value R-square p-value

Diabetes mellitus 2.16 (1.16-4.01) 0.02 0.02 0.28

COPD 2.24 (1.16-4.32) 0.02 0.04 0.11

TAPSE 2.49 (1.02-6.06) 0.045 0.54 <0.001

RV S’ 1.97 (0.79-4.91) 0.15 0.30 <0.001

FAC 2.11 (0.86-5.13) 0.10 0.31 <0.001

Systolic PAP 1.86 (0.83-4.18) 0.13 0.37 <0.001

Mean PAP 1.87 (0.84-4.15) 0.12 0.34 <0.001

PVR 1.65 (0.79-3.45) 0.18 0.27 <0.001

Pre- versus post-capillary PH 2.47 (0.87-7.01) 0.09 0.28 <0.001

Data is reported as hazard ratio (HR) and 95% confidence interval (CI). COPD chronic obstructive 
pulmonary disease; FAC fractional area change; PAP pulmonary artery pressure; PH pulmonary 
hypertension; PVR pulmonary vascular resistance; RV S’ systolic annular tissue velocity of the lateral 
tricuspid annulus; SPAP systolic pulmonary artery pressure; TAPSE tricuspid valve annular plane systolic 
excursion. *Echocardiographic derived TAPSE/SPAP.
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Supplementary Table 3: Baseline characteristics according to TAPSE/SPAP <0.36.
TAPSE/SPAP ≥0.36

(n=46)
TAPSE/SPAP <0.36

(n=28) p-value

Demographics
Age (years) 74.1 ± 7.1 73.8 ± 11.4 0.88
Male sex 8 (17%) 9 (32%) 0.14
Body mass index (kg/m2) 28.0 ± 5.7 27.8 ± 5.6 0.89

Comorbidities
Hypertension 30 (65%) 16 (57%) 0.49
Coronary artery disease 12 (26%) 9 (32%) 0.58
Atrial fibrillation 0.01
Paroxysmal 6 (13%) 7 (25%)
Permanent 12 (26%) 14 (50%)
Diabetes mellitus 10 (22%) 11 (39%) 0.10
COPD 7 (15%) 6 (21%) 0.50

Heart failure characteristics
NYHA functional class

II 21 (46%) 8 (29%) 0.14
III 25 (54%) 20 (71%)

Diuretics use 34 (74%) 23 (82%) 0.41
Previous HF hospitalization 10 (22%) 17 (61%) 0.001

Haemodynamics
Cardiac index (l/min/m2) 3.2 ± 0.8 2.9 ± 0.8 0.25
Mean PAWP (mmHg) 16.4 ± 5.5 18.2 ± 5.8 0.20
Systolic PAP (mmHg) 42 ± 11 61 ± 14 <0.001
Diastolic PAP (mmHg) 15 ± 5 22 ± 6 <0.001
Mean PAP (mmHg) 27 ± 7 38 ± 8 <0.001
Mean RAP (mmHg) 7 ± 4 10 ± 5 0.02
PVR (WU) 1.8 ± 0.9 4.0 ± 2.3 <0.001
PAC (ml/mmHg) 3.5 ± 1.6 2.2 ± 1.1 <0.001

Echocardiography
LV ejection fraction (%) 57 ± 4.8 56 ± 5.5 0.63
LV mass index (kg/m2) 89 ± 25 94 ± 23 0.43
E/e’ 12.3 [8.9-14.9] 15.1 [10.8-24.2] 0.007
Mean e’ septal/lateral wall 8.1 [6.6-10.0) 7.0 [4.7-8.4] 0.03
LAVi (ml/m2) 46 ± 18 51 ± 18 0.36

Exercise capacity (n=73)
Peak VO2-max (ml/min/kg) 12.6 ± 3.2 10.0 ± 3.2 0.004
Peak VO2-max of predicted (%) 64 ± 13 51 ± 19 0.005

Laboratory test
NT-proBNP (ng/l) 513 [216-1420] 2250 [1327-3702] <0.001

Data is reported as mean ± standard deviation, median [interquartile range] and n (%). COPD chronic 
obstructive pulmonary disease; HF heart failure; LAVi left atrial volume index; NT-proBNP N-terminal 
prohormone of brain natriuretic peptide; NYHA New York Heart Association; PAC pulmonary arterial 
compliance; PAP pulmonary arterial pressure; PAWP pulmonary artery wedge pressure; PVR pulmonary 
vascular resistance; RAP right atrial pressure; VO2-max maximal oxygen consumption.
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Supplementary Figure: Validation of non-invasive TAPSE/SPAP ratio. Figure A: TAPSE/SPAP ratio 
derived from right heart catheterization is strongly correlated with the non-invasively determined TAPSE/
SPAP ratio with continuous-wave Doppler echocardiography. Figure B: Blant-Altman plot of the comparison 
between TAPSE/SPAP ratio derived from right heart catheterization and from echocardiography. A small 
bias is demonstrated for low TAPSE/SPAP ratio, but bias increases based on the magnitude of TAPSE/
SPAP ratio.
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Abstract

Aims: Pulmonary hypertension (PH) and pulmonary vascular disease (PVD) are 
common and associated with adverse outcomes in heart failure with preserved 
ejection (HFpEF). Little is known about the impact of PVD on the pathophysiology of 
exercise intolerance.

Methods and Results: HFpEF patients (n=161) and controls without heart failure 
or PH (n=53) underwent invasive hemodynamic exercise testing. HFpEF patients 
were classified into 3 groups: non-PH-HFpEF (n=21); PH but no PVD (isolated post-
capillary PH, IpcPH; n=95); and PH with PVD (combined post- and pre-capillary PH, 
CpcPH; n=45). At rest, CpcPH-HFpEF patients had more right ventricular dysfunction 
and lower pulmonary arterial (PA) compliance compared to all other groups. While 
right atrial pressure (RAP) and left ventricular transmural pressure (LVTMP) were 
similar in HFpEF with and without PH or PVD at rest, CpcPH-HFpEF patients 
demonstrated greater increase in RAP, enhanced ventricular interdependence, 
and paradoxical reduction in LVTMP during exercise, differing from all other groups 
(p<0.05). Lower PA compliance was correlated with greater increase in RAP with 
exercise. During exercise, CpcPHHFpEF patients displayed an inability to enhance 
cardiac output, reduction in forward stroke volume, and blunted augmentation in RV 
systolic performance, changes that were coupled with marked limitation in aerobic 
capacity.

Conclusion: HFpEF patients with pulmonary vascular disease demonstrate unique 
hemodynamic limitations during exercise that constrain aerobic capacity, including 
impaired recruitment of LV preload due to excessive right heart congestion and 
blunted right ventricular systolic reserve. Interventions targeted to this distinct 
pathophysiology require testing in patients with HFpEF and PVD.
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Introduction

Heart failure with preserved ejection (HFpEF) accounts for approximately half of 
all heart failure patients, affecting millions worldwide.1 Although there are features 
common to all HFpEF patients, there may be substantial pathophysiologic 
heterogeneity as well.2 HFpEF is initially defined by an elevation in left-sided filling 
pressures, but many patients progress to develop pulmonary vascular disease 
(PVD) secondary to chronic left heart congestion.3-14 This cohort experiences 
worse outcomes when compared to HFpEF patients with isolated left heart disease, 
but the mechanisms explaining this observation remain poorly understood.3-14

Patients with HFpEF universally complain of exertional intolerance, but the causes 
may differ between patients with different phenotypes. Exercise introduces an 
impressive stress to the right heart and lungs, where elevations in venous return 
increase pulmonary blood volume by 50% while increasing lung blood flow 300%.15 
The healthy pulmonary vasculature is a high compliance, low resistance circuit 
that can readily accommodate these marked increases in blood volume and flow.4, 

16 However, this reserve may be compromised in patients with HFpEF and PVD, 
which may lead to important differences compared to HFpEF patients with left heart 
disease and no PVD. 
We performed invasive hemodynamic exercise testing with expired gas analysis in 
a well-defined cohort of HFpEF patients with and without PVD, and then contrasted 
them to controls without heart failure or pulmonary hypertension. We hypothesized 
that the presence of PVD in HFpEF would compromise the ability of the right heart and 
lungs to accommodate increased blood flow during exercise, increasing ventricular 
interaction, limiting right ventricular (RV) reserve, and impairing aerobic capacity.

Methods

Consecutive patients who underwent invasive hemodynamic exercise testing at the 
Mayo Clinic in Rochester, MN between 2000 and 2016 were identified. The Mayo 
Clinic Institutional Review Board approved the study and all subjects provided written 
informed consent. All authors had full access to the data and take full responsibility 
for its integrity.
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HFpEF was defined by the presence of typical symptoms (exertional dyspnea and 
fatigue), left ventricular ejection fraction (LVEF) ≥50% and elevated left-sided filling 
pressures at rest (pulmonary capillary wedge pressure [PCWP] >15 mmHg). HFpEF 
patients with normal resting PCWP, but elevated PCWP on exercise were not 
included. To investigate exercise hemodynamics according to the presence of PVD, 
we divided HFpEF patients into pulmonary hypertension (PH) subgroups according 
to published recommendations: 1) non-PH (mean pulmonary artery pressure [PAP] 
<25 mmHg), 2) PH with no PVD (isolated post-capillary PH, IpcPH; mean PAP ≥25 
mmHg with PVR ≤3.0 WU and diastolic pressure gradient [DPG] <7 mmHg), and 3) 
PH with PVD (combined post- and pre-capillary PH, CpcPH; mean PAP ≥25 mmHg 
with PVR >3.0 and/or DPG ≥7 mmHg).17

Control subjects without HF or PH, with no evident cardiac cause of dyspnea, 
including normal left-sided filling pressures (PCWP ≤15 mmHg at rest and <25 
mmHg with exercise), and normal PA pressures (mean PAP <25 mmHg at rest 
and PAP <40 mmHg with exercise) were included as a comparator. Patients with 
LVEF <50%, primary right-sided HF, valvular heart disease (>moderate left-sided 
regurgitation and/or >mild stenosis), unstable coronary artery disease or recent 
revascularization, constrictive pericarditis, high-output heart failure, and infiltrative, 
restrictive or hypertrophic cardiomyopathy were excluded.

Echocardiography
Echocardiography was performed at rest according to the guidelines of the American 
Society of Echocardiography.18 Using RV-focused views, RV basal and mid-cavity 
dimensions were measured at end-diastole, and RV end-diastolic and end-systolic 
areas were traced to calculate fractional area change (FAC = [RV end-diastolic area 
– end-systolic area] / end-diastolic area x 100). Pericardial restraint and ventricular 
interaction were assessed by the LV eccentricity index as recently described.19 An 
LV eccentricity index >1.0 indicates a leftward septal shift due to right-sided overload 
and enhanced ventricular interdependence.

Cardiac catheterization protocol
Patients were assessed on chronic medications, in fasted state, after minimal sedation 
and in supine position, as previously described.19-23 Right heart catheterization was 
performed through a 9F sheath via the right internal jugular vein at both rest and with 
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exercise, with simultaneous directly measured oxygen consumption (VO2) using 
expired gas analysis (MedGraphic, St. Paul, MN). Right atrial pressure (RAP), PAP 
and PCWP were recorded at end-expiration, using the mean of ≥3 beats. Pressure 
tracings were digitized (240 Hz) and stored for offline analysis. The net distending 
pressure that determines LV preload volume, LV transmural pressure (LVTMP), was 
calculated as PCWP minus RAP,19, 24-27 with RAP taken as an estimate of pericardial 
pressure.24 

Arteriovenous oxygen difference (A-VO2diff) was determined from directly 
measured arterial and mixed venous O2 contents from blood sampling 
(saturation*hemoglobin*1.34*10). Cardiac output (CO) was determined by the direct 
Fick method (CO = VO2/A-VO2diff) and indexed for body surface area to calculated 
cardiac index (CI). Pulmonary vascular resistance (PVR= [mean PAP – PCWP]/
CO) and systemic vascular resistance (SVR= [mean arterial blood pressure – RAP]/
CO), stroke volume (SV=CO/heart rate), systemic and pulmonary pulse pressure, 
and diastolic pressure gradient (DPG=PA diastolic - PCWP) were calculated. 
Pulmonary arterial compliance (PAC) and total arterial compliance (TAC) were 
calculated (PAC=SV/pulmonary pulse pressure; TAC=SV/systemic pulse pressure, 
respectively). End systolic pressure (ESP) was taken as 0.9*systolic blood pressure. 
Systemic and pulmonary arterial elastance (Ea-S, Ea-P) were calculated as ESP/SV 
and PA systolic pressure/SV, respectively. 

Following rest measures, patients engaged in supine cycle ergometry starting at 
20 Watt workload and increasing in 10 to 20 Watt increments (3 minutes per stage) 
until subject-reported exhaustion. Hemodynamic data were again acquired at peak 
exercise in all participants using the same methods. 

Statistical analysis
Data are reported as mean _ standard deviation (SD), median (25th, 75th percentile) 
or numbers (percentages). Between-group differences were calculated using one-
way ANOVA, Kruskal-Wallis test, or χ2 test, as appropriate. The Tukey honestly-
significant-difference test or Steel-Dwass test were applied to adjust for multiple 
testing for the paired analyses. Correlations were calculated using Spearman’s or 
Pearson’s correlation, when appropriate. An interaction term was applied to calculate 
correlation differences between two groups.
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Results

Of patients with HFpEF (n=161), the vast majority (n=140, 87%) displayed PH (i.e. 
mean PA pressure≥25 mmHg) at rest. Of this group, 68% (n=95) displayed IpcPH 
and 32% (n=45) had CpcPH-HFpEF. All CpcPH patients displayed elevated PVR 
(>240 dynes/sec*cm5) but only 11 (24%) displayed elevated DPG. 
As compared to controls (n=53), patients with IpcPH-HFpEF were more obese and 
diabetic, and both PH-HFpEF groups were more likely to have atrial fibrillation (AF) 
and sleep apnea (Table 1). The prevalence of AF was higher in CpcPH-HFpEF 
than any other group (61%). HFpEF patients were more likely to be treated with HF 
medicines and had lower hemoglobin levels. Patients with HFpEF and any PH, in 
particular CpcPH, displayed higher NT-proBNP levels (Table 1). 

Cardiac structure, Function and Hemodynamics at rest
Left ventricular dimensions, mass and EF were similar in controls and HFpEF groups 
(Table 1). HFpEF patients with PH displayed increased left atrial volume and higher 
E/e’. Patients with CpcPH displayed more RV systolic dysfunction compared to all 
other groups, reflected by lower tricuspid annular s’ velocities and FAC (Figure 
1A). RV dimensions tended to be increased in CpcPH. The LV eccentricity index 
was increased in HFpEF patients with PH, indicating greater flattening of the 
interventricular septum towards the left ventricle at rest and thus greater ventricular 
interdependence (Table 1). 

There were no differences in heart rate or blood pressures between the groups (Table 
2). RAP was higher in HFpEF than in controls, but similar among HFpEF patients 
with and without PH at rest. The RAP/PCWP ratio and LV transmural pressure were 
also similar in all HFpEF groups at rest.

Patients with CpcPH-HFpEF displayed more deranged RV-PA coupling, with greater 
reduction in RV FAC and more RV dilatation as resting PVR increased (Figures 1B-
C). Patients with CpcPH-HFpEF also displayed increased Ea-P, lower PA compliance, 
and reduced stroke volume and cardiac index at rest, with a higher AVO2 difference 
(Table 2). Patients with HFpEF and PH (regardless of PVD) displayed increased RV 
stroke work index, reflecting the greater pressure-volume work needed to eject blood 
through the pulmonary vasculature in the setting of PH. CpcPH-HFpEF patients also 
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Figure 1: Right ventricular function and size at rest. (A) At rest, heart failure with preserved ejection 
fraction (HFpEF) patients with combined post- and pre-capillary pulmonary hypertension (CpcPH) 
displayed the lowest right ventricular fractional area change (RV FAC) compared to other groups. (B-C) 
Higher pulmonary vascular resistance (PVR) was associated with decreased FAC and with increased 
RV size in CpcPH-HFpEF, while these associations were absent in HFpEF patients with isolated post-
capillary PH (IpcPH). Error bars reflect SEM. *p<0.05 vs controls; †p<0.05 vs Non PH-HFpEF; and 
#p<0.05 vs IpcPH-HFpEF.
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Table 1: Baseline C
haracteristics

C
ontrols (n=53)

N
on-P 

H
FpEF (n=21)

IpcPH
H

FpEF (n=95)
C

pcPH
H

FpEF (n=45)
P

value
Age (years)

66±9
65±13

68±11
70±11

0.3
Fem

ale, n (%
)

33(62%
)

13 (62%
)

60 (63%
)

29 (64%
)

1.0
Body m

ass index (kg/m
2)

30±5
34±10

35±8 *
32±6

0.001
Body surface area (m

2)
1.94±0.26

2.02±0.32
2.05±0.29

1.99±0.22
0.1

C
om

orbidities
H

ypertension
43 (96%

)
17 (89%

)
82 (92%

)
36 (93%

)
0.8

C
oronary artery disease

17 (32%
)

6 (29%
)

32 (34%
)

13 (31%
)

1.0
Atrial fibrillation

6 (11%
)

2 (10%
)

30 (32%
) *†

27 (61%
) *†#

<0.0001
D

iabetes m
ellitus

9 (17%
)

2 (10%
)

31 (33%
) *†

11 (25%
)

0.04
Sleep apnea syndrom

e
6 (20%

)
6 (32%

)
37 (51%

) *
20 (59%

) *
0.004

M
edications
AC

EI or AR
B

17 (32%
)

10 (48%
)

42 (44%
)

20 (45%
)

0.4
Beta-blocker

14 (26%
)

11 (52%
) *

59 (62%
) *

25 (57%
) *

0.0004
D

iuretics
14 (26%

)
11 (52%

) *
56 (59%

) *
30 (68%

) *
0.0001

Laboratories
H

em
oglobin (gm

/dl)
13.0±1.2

12.3±1.5
12.1±1.6 *

12.1±1.7 *
0.006

N
T-proBN

P (pg/m
l)

103 (49, 213)
203 (60, 713)

809 (225, 1407) *
1056 (502, 2223) *†

<0.0001
Echocardiography

LV ejection fraction (%
)

63±5
63±4

62±6
62±6

0.8
LVED

D
 (m

m
)

48±5
48±5

48±5
49±6

0.6
LV m

ass index (g/m
2)

87±21
85±16

96±24
95±23

0.1
LA volum

e index (m
l/m

2)
31±9

38±23
40±12 *

45±17 *
<0.0001

E/e’
10.0 (7.5, 12.0)

10.0 (8.8, 11.5)
13.9 (10.0, 20.0) *

16.0 (13.0, 20.9) *†
<0.0001

TV s’ (cm
/s)

14±2
12±2

12±2 *
12±3 *

0.01
Fractional area change (%

)
53±6

51±5
49±9

44±11 *†#
0.0005

RV end-diastolic area (cm
/m

2)
7.3±2.1

6.8±1.3
7.3±2.1

8.3±3.1
0.3

RV basal diam
eter (m

m
)

33±8
33±5

34±8
37±8 *

0.1
RV m

id diam
eter (m

m
)

25±6
25±3

26±7
29±9

0.1
LV eccentricity index

0.97±0.11
1.05±0.13

1.05±0.18 *
1.08±0.16 *

0.02
D

ata are m
ean ± standard deviation, m

edian (25
th, 75

th percentile), or n (%
). Final colum

n reflects overall group differences.  
*p<0.05 vs controls; †p<0.05 vs non-PH

; and #p<0.05 vs IpcPH
.

AC
EI indicates angiotensin-converting enzym

e inhibitors; AR
B, angiotensin-receptor blockers; C

pcPH
 com

bined post- and pre-capillary pulm
onary hypertension; 

eG
FR

, estim
ated glom

erular filtration rate; IpcPH
 isolated post-capillary pulm

onary hypertension; LA left atrial; LV, left ventricular; LVED
D

, left ventricular end-
diastolic dim

ension; N
T-proBN

P, N
-term

inal pro-B-type natriuretic peptide; PH
, pulm

onary hypertension; RV, right ventricular; TV, tricuspid valve. 
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displayed increased systemic vascular stiffening, with higher SVR and Ea-S, and 
lower total arterial compliance (Table 2).

Exercise hemodynamics
Exercise capacity was reduced in HFpEF patients with PH, evidenced by lower 
work load achieved and decreased peak VO2 (Table 3). Cardiac output, which 
by definition is equal to venous return to the right heart at steady state, increased 
similarly with exercise in Non-PH and IpcPH-HFpEF, but was lower for any exercise 
workload in CpcPH-HFpEF (Figure 2A). The 3 HFpEF groups displayed similar 
absolute increases in PCWP with exercise, though PCWP elevation occurred at 
lesser cardiac output or venous return in CpcPH-HFpEF (Table 3, Figure 2B). 

Pulmonary artery pressures increased in all groups with exercise, but the greatest 
increases were observed in the CpcPH group, with higher pressures relative to blood 
flow (Table 3, Figure 2C). Patients in the CpcPH-HFpEF group experienced greater 

Figure 2: Changes in central pressures with exercise. (A) Baseline and peak exercise for cardiac 
output. (B-C) Pulmonary capillary wedge pressure (PCWP) and mean pulmonary artery pressure (PAP) 
and as a function of venous return. (D) As compared to both Non PH- and IpcPH-HFpEF, CpcPH-HFpEF 
displayed greater increase in pulmonary arterial elastance (Ea-P) during exercise. Error bars reflect SEM. 
†p<0.05 vs Non PH-HFpEF; and #p<0.05 vs IpcPH-HFpEF. Other abbreviations as in Figure 1.



Chapter 4

86

Table 2: Resting hemodynamics
Controls

(n=53)
Non-PH

HFpEF (n=21)
IpcPH

HFpEF (n=95)
CpcPH

HFpEF (n=45)
P

value
Vital signs

Heart rate (bpm) 67±13 65±12 63±11 62±14 0.2
Systolic BP (mmHg) 155±22 155±25 153±33 159±29 0.8
Mean BP (mmHg) 99±14 103±13 103±18 105±18 0.6

Central pressures
RA pressure (mmHg) 5±3 10±4 * 12±4 * 13±5 * <0.0001
PA systolic pressure (mmHg) 29±6 36±11 * 46±11 *† 60±12 *†# <0.0001
PA mean pressure (mmHg) 17±3 21±4 * 31±6 *† 39±6 *†# <0.0001
PCWP (mmHg) 9±3 18±4 * 21±5 *† 20±4 * <0.0001
RAP/PCWP ratio 0.60±0.22 0.56±0.19 0.59±0.17 0.63±0.18 0.5
LVTMP (mmHg) 3.6±2.5 8.2±4.2 * 8.9±4.5 * 7.6±3.9 * <0.0001

Vascular and ventricular function
SVR (dynes/sec*cm5) 1419±424 1441±446 1418±519 1809±713 *# 0.01
TAC (ml/mmHg) 1.1±0.4 1.1±0.3 1.2±1.0 0.9±0.3 *# 0.01
Ea-S (mmHg/ml) 1.7±0.5 1.8±0.4 1.7±0.7 2.3±0.9 *# 0.003
PVR (dynes/sec*cm5) 128±51 67±50 * 154±53 *† 356±103 *†# <0.0001
PAC (ml/mmHg) 4.6±1.9 3.9±1.1 4.0±3.0 2.2±0.8 *†# <0.0001
Ea-P (mmHg/ml) 0.34±0.11 0.40±0.09 0.50±0.19 *† 0.81±0.25 *†# <0.0001
RVSW index (g/m2*beat) 7.1±2.8 5.7±3.8 11.3±4.5 *† 12.8±5.6 *† <0.0001

Flow measures and metabolism
Stroke volume index (ml/m2) 43±12 40±11 44±13 36±11 *# 0.006
Cardiac index (l/min/m2) 2.9±0.8 2.6±0.7 2.7±0.6 2.2±0.6 *# <0.0001
O2 consumption (ml/min/kg) 2.7±0.6 2.6±0.8 2.5±0.6 2.4±0.5 0.1
A-V O2 difference (ml/dl) 4.2±0.7 4.7±0.9 4.5±1.2 5.2±1.2 *# 0.0002

Data are mean ± standard deviation. Final column reflects overall group differences.  
*p<0.05 vs controls; †p<0.05 vs non-PH; and #p<0.05 vs IpcPH.
BP, blood pressure; Ea, effective arterial elastance; LVTMP, left ventricular transmural pressure; PA, 
pulmonary artery; PAC pulmonary arterial compliance; PCWP, pulmonary capillary wedge pressure; PH, 
pulmonary hypertension; PVR, pulmonary vascular resistance; RA, right atrial; RAP right atrial pressure; 
RVSW right ventricular stroke work; SVR, systemic vascular resistance; and TAC, total arterial compliance.

reduction in PA compliance on exercise along with higher exercise PVR and Ea-P, in 
keeping with impaired pulmonary vascular reserve (Table 3, Figure 2D). 

Despite similar RAP at rest among the HFpEF subgroups, both PH-HFpEF groups 
developed greater increases in RAP during exercise, with CpcPH-HFpEF patients 
reaching the highest right heart filling pressures (Table 3). The intolerance of the 
right heart and pulmonary circulation to elevation in venous return during exercise 
was most dramatic in CpcPH-HFpEF (Figure 3A). 

Increases in right heart congestion may compromise left heart filling in the setting 
of ventricular interdependence. Patients with Non-PH HFpEF and IpcPH-HFpEF 
displayed an increase in LV transmural filling pressures, with stable RAP/PCWP ratio 
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Table 3: Exercise hemodynamics
Controls

(n=53)
Non-PH

HFpEF (n=21)
IpcPH

HFpEF (n=95)
CpcPH

HFpEF (n=45)
P

value
Work load (watts) 54±28 42±20 32±15 * 31±14 * <0.0001
O2 consumption (ml/min/kg) 10.6±3.9 10.5±4.6 8.2±2.5 *† 7.6±2.2 *† <0.0001
Vital signs

Heart rate (bpm) 110±22 102±25 93±20 * 101±23 0.0004
Systolic BP (mmHg) 192±32 195±33 182±39 177±43 0.3
Mean BP (mmHg) 120±20 124±19 118±24 114±25 0.6

Central pressures
RA pressure (mmHg) 9±4 17±6 * 22±6 *† 26±8 *†# <0.0001
PA systolic pressure (mmHg) 48±10 54±13 68±14 *† 82±19 *†# <0.0001
PA mean pressure (mmHg) 30±7 39±8 * 48±8 *† 59±11 *†# <0.0001
PCWP (mmHg) 17±5 30±5 * 34±6 * 32±7 * <0.0001
RAP/PCWP ratio 0.58±0.20 0.55±0.18 0.64±0.16 0.84±0.27 *†# <0.0001
LVTMP (mmHg) 7.3±4.1 13.1±5.1 * 12.6±6.5 * 6.2±9.0 †# <0.0001

Vascular and ventricular function
SVR (dynes/sec*cm5) 1016±517 1016±261 1041±366 1221±556 0.4
TAC (ml/mmHg) 0.9±0.6 0.9±0.5 1.0±0.5 0.4±0.9 *# 0.01
Ea-S (mmHg/ml) 2.2±1.0 2.1±0.9 2.1±0.9 2.7±1.1 # 0.1
PVR (dynes/sec*cm5) 117±73 106±74 158±90 * 356±158 *†# <0.0001
PAC (ml/mmHg) 2.7±1.3 2.9±1.2 2.3±1.0 1.4±0.5 *†# <0.0001
Ea-P (mmHg/ml) 0.55±0.24 0.63±0.32 0.77±0.32 * 1.30±0.55 *†# <0.0001
RVSW index (g/m2*beat) 12.2±5.0 15.2±4.8 16.3±7.7 * 14.4±6.4 0.03

Integrated function
Stroke volume index (ml/m2) 46±16 49±17 44±14 32±9 *†# <0.0001
Cardiac index (l/min/m2) 4.9±1.4 4.7±1.4 3.9±1.1 * 3.2±1.0 *†# <0.0001
A-V O2 difference (ml/dl) 9.7±1.9 9.5±2.1 9.8±2.6 10.6±2.1 0.3

Data are mean ± standard deviation. Final column reflects overall group differences.  
*p<0.05 vs controls; †p<0.05 vs non-PH; and #p<0.05 vs IpcPH.
BP, blood pressure; Ea, effective arterial elastance; LVTMP, left ventricular transmural pressure; PA, 
pulmonary artery; PAC pulmonary arterial compliance; PCWP, pulmonary capillary wedge pressure; PH, 
pulmonary hypertension; PVR, pulmonary vascular resistance; RA, right atrial; RAP right atrial pressure; 
RVSW right ventricular stroke work; SVR, systemic vascular resistance; and TAC, total arterial compliance.

during exercise, indicating that left heart congestion was the major pathophysiological 
driver (Figures 3B, 4B). In striking contrast, patients with CpcPH-HFpEF developed 
a paradoxical decrease in LV transmural pressure as venous return to the right heart 
increased during exercise (Figure 3B), with an increase in RAP/PCWP ratio (Figure 
4B). 

The reduction in LV transmural pressure was increased as exercise PVR and 
transpulmonary gradient increased, indicating that left heart underfilling was directly 
related to the severity of pulmonary vascular disease present (Figure 3C, 3D). This 
was likely related to greater increase in RAP, which were amplified to greater extent 
as PA compliance decreased in CpcPH-HFpEF (Figure 4A). 
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Figure 3: Ventricular interdependence with exercise in CpcPH-HFpEF. (A) Increase in venous return 
during exercise was associated with more dramatic increase in right atrial pressure (RAP) in CpcPC-
HFpEF compared to the other HFpEF groups. (B) While patients with Non PH-HFpEF and IpcPH-
HFpEF displayed an increase in left ventricular transmural pressure (LVTMP), CpcPH-HFpEF developed 
a paradoxical decrease in LVTMP as venous return to the right heart increased during exercise. (C-D) 
The reduction in LVTMP was increased as exercise PVR and transpulmonary gradient (TPG) increased, 
indicating that left heart underfilling was directly related to the severity of pulmonary vascular disease. 
Error bars reflect SEM. †p<0.05 vs Non PH-HFpEF; and #p<0.05 vs IpcPH-HFpEF. Other abbreviations 
as in Figure 1.

Thus, even as hydrostatic pressures in the pulmonary capillaries increased with 
exercise in CpcPH-HFpEF patients, there was effective under-distention of the LV. 
This reduction in LV transmural pressure was coupled with the impairment in cardiac 
output in CpcPH-HFpEF (Figure 2A), explained by a reduction in stroke volume, 
which actually decreased with exercise in CpcPH-HFpEF, even as PA pulse pressure 
increased, emphasizing the marked limitation in PA compliance (Figure 4C). Right 
ventricular systolic reserve was impaired in both of the PH-HFpEF groups, manifest 
by a blunted ability to augment RV stroke work index during exercise (Figure 4D).
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Figure 4: Stroke volume reserve and right ventricular stroke work in HFpEF. (A) Compared with IpcPH-
HFpEF, RAP was increased to greater extent as PA compliance decreased in CpcPH-HFpEF. (B) Patients 
with CpcPH developed a significant increase in RAP/PCWP ratio. (C) In CpcPH-HFpEF, stroke volume 
was decreased during exercise, coupled with an increase in PA pulse pressure. (D) RV systolic reserve 
was impaired in both of the PH-HFpEF groups, manifest by a blunted ability to augment RV stroke work 
index (RVSWi) during exercise. Error bars reflect SEM. †p<0.05 vs Non PH-HFpEF; and #p<0.05 vs 
IpcPH-HFpEF. Other abbreviations as in Figures 1, 2, and 3.

Discussion

This is the first comprehensive evaluation of exercise hemodynamics in a well-defined 
cohort of patients with invasively-verified HFpEF with and without pulmonary vascular 
disease (PVD). We demonstrate that HFpEF patients with CpcPH displayed multiple 
features consistent with more advanced HF, including greater RV dysfunction, higher 
natriuretic peptide levels, and greater burden of atrial fibrillation. CpcPH-HFpEF 
patients displayed more abnormal RV-PA arterial interaction at rest, with greater 
chamber dilation and dysfunction as pulmonary vascular resistance increased. 
Despite similar biventricular filling pressures at rest, patients with CpcPH-HFpEF 
developed more dramatic increases in right heart filling pressures as venous return 
increased during exercise, resulting in enhanced ventricular interdependence, which 
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compromised the transmural distending pressures that drive LV chamber filling. 
Together with reduced RV contractile reserve, this led to decreases in stroke volume 
and blunted ability to augment cardiac output with exercise in patients with CpcPH-
HFpEF, which was associated with profound impairment in aerobic capacity. These 
data show that HFpEF patients with PVD demonstrate unique pathophysiologic 
features brought about by the stress of exercise that distinguish them from HFpEF 
patients without PVD, including impaired ability to enhance blood flow through the 
lungs, greater right heart congestion, failure to optimally utilize Frank-Starling reserve 
in the LV due to ventricular interaction, and limited capacity to augment RV systolic 
performance (Summary Figure). These pathophysiologic insights have important 
implications for clinical care and for the design of novel therapies targeted to HFpEF 
patients with and without pulmonary vascular disease.

Pulmonary vascular disease in HFpEF
Accumulating evidence supports the idea that there may be pathophysiologically 
unique phenotypes within the broader population of patients with HFpEF.2 
The presence of PH and PVD appears to identify one such phenotype of 
importance.5-11 Prior studies have begun to characterize PVD in HFpEF clinically and 
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hemodynamically based upon resting data.10, 12, 14 Similar to the current data, these 
studies demonstrated that the presence of PVD in patients with HFpEF is associated 
with reduced exercise capacity, more severe RV dysfunction, and worse outcomes, 
but the mechanisms have remained unclear. 

We observed that PVD in HFpEF is associated with more severe systemic arterial 
disease, reflected by higher mean vascular resistance and arterial elastance and 
lower total arterial compliance in patients with CpcPH. This might be related in part to 
interdependence between the great vessels.28 Alternatively, combined systemic and 
PA stiffening may be related to widespread loss of NO bioavailability in both the lungs 
and systemic vasculature.29 Systemic vascular stiffening in HFpEF is correlated with 
abnormal more severe exercise-induced pulmonary hypertension, and this is partially 
reversible with acute administration of NO providing therapies.30 These data support 
the hypothesis that endothelial dysfunction and NO deficiency plays an important 
role in both the pulmonary and systemic vasculature in patients with HFpEF,31 and 
that therapies targeting NO metabolism may hold great promise for patients with 
HFpEF and PVD. Recent data also indicate that there may be substantial pulmonary 
vascular remodeling in patients with HFpEF, which may require additional anti-
proliferative therapies to restore pulmonary vascular reserve.32 

Exercise Unmasks a Unique Pathophysiology in HFpEF with PVD
We observed distinct hemodynamic responses to exercise in HFpEF patients that 
varied according to the presence or absence of PVD, many of which were related to 
the phenomenon of ventricular interdependence. We speculate that this was related 
to 2 key factors: an inability of the lung vasculature to accommodate increased blood 
volume and flow due to vasoconstriction and vascular remodeling, and impairments 
in right ventricular function that limited the ability to eject blood through the higher 
impedance pulmonary circulation as metabolic demand for systemic perfusion 
increases. 

The RV and LV are connected in series, so RV output affects LV filling in this direct 
way. However, the two ventricles also occupy the same space in the cardiac fossa 
and may also interact in parallel.24-26 Ventricular interdependence refers to the 
phenomenon whereby changes in pressure, filling and volume in one chamber 
influences these characteristics in the other chamber. Diastolic ventricular interaction 
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may be observed in patients with right heart failure due to acute pulmonary 
embolism, or severe isolated tricuspid regurgitation, where the dilated right ventricle 
out-competes the left ventricle for space, and the interventricular septum bows from 
right to left, leading to “underloading” of the LV.25, 27 A similar relationship is also 
observed in patients with the obese phenotype of HFpEF, where abnormal RV-PA 
interaction synergizes with volume overload and increased epicardial fat to amplify 
ventricular interaction.19 

Exercise poses a profound stress on the heart and lungs: blood is rapidly redistributed 
from the abdomen and extremities to the thorax, leading in a 50% increase in lung 
blood volume and 300% increase in pulmonary blood flow in the healthy adult.15 
Because patients with CpcPH-HFpEF display pulmonary vascular disease that 
may limit this reserve, we hypothesized that the increase in systemic venous return 
accompanying exercise might overwhelm the right heart and lungs, leading to 
more severe pulmonary hypertension, greater RV-PA uncoupling, and heightened 
right sided congestion, setting the stage for conditions that promote enhanced 
interdependence. 

Consistent with this hypothesis, we found that lower PA compliance was associated 
with more exuberant increases in RA pressures in CpcPH-HFpEF patients during 
exercise (Figure 4), while greater elevations in PVR and transpulmonary gradient 
were correlated with greater reduction in LV transmural pressure (Figure 3), 
which more accurately reflects the true LV distending pressure or preload.25, 26 The 
combination of a reduction in LV transmural distending pressure and blunted RV 
contractile reserve observed in the CpcPH-HFpEF group led to a striking reduction in 
stroke volume during exercise and impairment in cardiac output heightened venous 
return (Figure 4). 

Clinical implications
The common existence of PVD in HFpEF and its association with adverse 
prognosis has stimulated new interest in novel therapies targeting the pulmonary 
vasculature in this disorder.6, 7 The present data identifying unique features to the 
pathophysiology of PVD provide further support for conducting trials targeting 
pulmonary vascular structure and function in HFpEF. Multiple such trials targeting 
pulmonary vasoconstriction and remodeling are currently underway (NCT 03153111, 
02742129, 03043651, 02885636, 03015402, and 02744339). 
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The current data suggest that there may be other therapeutic targets in HFpEF-
PVD that merit study. The enhanced ventricular interdependence that occurs during 
exercise in HFpEF-PVD provides a theoretical basis for reducing pericardial restraint 
in order to preserve stroke volume reserve and improve cardiac output, similar to 
what is observed with pulmonary embolism.25, 33 In this regard, we have recently 
shown in animals without PVD that limited anterior pericardial resection abrogates 
the increase in cardiac filling pressures with volume loading, improving Frank-
Starling reserve.34 However, because pericardial resection can promote eccentric 
remodeling,35 and because we observed greater RV dilation with increasing PVR, it 
might be important to treat pulmonary vascular disease in tandem with interventions 
targeted to the pericardial restraint in patients with HFpEF and PVD. Right ventricular 
contractile reserve was also impaired with exercise in this study, in agreement with 
previous studies performed in HFpEF patients without substantial PVD,22, 36 and this 
also supports testing new therapies that can improve RV function and functional 
reserve to improve clinical status in CpcPH HFpEF. 

There is controversy on the best method to define the entity of CpcPH. Current 
guidelines recommend the use of either PVR or DPG criteria.17 We observed that 
all of the CpcPH patients displayed elevated PVR, yet only a minority demonstrated 
an elevated DPG. Prior studies have shown that DPG does not predict survival in 
HF,6 and the current data show that DPG is not superior to PVR to identify patients 
with this characteristic pathophysiology on exercise. Further research is needed 
to investigate whether other hemodynamic parameters such as PAC may provide 
added value in this regard.

Limitations

This study was single center and all patients were referred for right heart 
catheterization, introducing selection bias. Echocardiography was not performed 
during exercise. Although the control group was well-matched for age and sex, these 
subjects were also referred for invasive assessment and had similar comorbidities 
(e.g. hypertension, coronary artery disease, diabetes mellitus and obesity), so they 
cannot be considered to be truly normal. However, this would only bias our results 
toward the null as compared to rigorously-screened healthy volunteers.
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Conclusions

Pulmonary vascular disease in HFpEF leads to unique pathophysiologic 
consequences during the stress of exercise, including inadequate PA vasodilation, 
greater right heart congestion, left heart underfilling, heightened ventricular 
interdependence, and impaired right ventricular reserve. These limitations markedly 
sabotage the ability of the heart to increase stroke volume and cardiac output during 
exercise, leading to profound limitations in aerobic capacity. Interventions targeted to 
this distinct pathophysiology require testing in patients with HFpEF with PVD.
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Abstract

Background: Right ventricular (RV) dysfunction and atrial fibrillation (AF) frequently 
coexist in heart failure with preserved ejection fraction (HFpEF). The mechanisms 
underlying the association between AF and RV dysfunction are incompletely 
understood.

Methods and Results: 102 patients were identified. RV function was assessed using 
multiple echocardiographic parameters and dysfunction was present if ≥2 parameters 
were below the recommended cutoff. RV function, right atrial (RA) reservoir strain 
and RA emptying fraction, were compared between AF and sinus rhythm. 91 patients 
with sufficient echocardiographic quality were included: 45 (50%) had no history of 
AF; 14 (15%) had prior AF while in sinus rhythm; 32 (35%) had current AF. The 
prevalence of RV dysfunction varied across subgroups never AF, Earlier AF and 
current AF (20%, 43% and 63%, respectively, p=0.001). AF was associated with RV 
dysfunction (OR 4.70 [1.82-12.1], p=0.001) – independent of pulmonary pressures. 
In patients in sinus rhythm with Earlier AF, RA emptying fraction was lower compared 
to patients without AF history (41 vs. 60%, p=0.002). Earlier AF was also associated 
with reduced RA reservoir strain (OR 4.57 [1.05-19.9], p=0.04) – independent of RV 
end-diastolic pressure.

Conclusions: Atrial fibrillation is strongly related to reduced RV and RA function in 
HFpEF, independent of pulmonary pressures. 
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Introduction

Right ventricular (RV) dysfunction and atrial fibrillation (AF) are common in patients 
with heart failure with preserved ejection fraction (HFpEF), often coexist, and are 
independently associated with a poor prognosis.1-3 Recent studies have indicated 
a potential relation between AF and RV dysfunction in HFpEF.4-9 For instance, 
the prevalence of AF in patients without RV dysfunction ranges from 31 to 53%, 
against 65 to 73% of AF in HFpEF patients with RV dysfunction.4, 5, 7 Although these 
patients with RV dysfunction also had higher pulmonary pressures, the association 
between AF and RV dysfunction in HFpEF appeared to be unrelated to pulmonary 
pressures.4, 9 Whether these patients with higher prevalence of both RV dysfunction 
and AF represent the “sicker” HFpEF patient, is unknown. Possible load-independent 
factors associated with RV dysfunction in the setting of AF in HFpEF are incompletely 
understood and studies with the primary aim to investigate these associations have 
not been carried out. Furthermore, although left atrial remodeling in patients with 
HFpEF and AF is extensively investigated,10 the association between right atrial (RA) 
remodeling has so far not been studied and compared to simultaneous gold standard 
invasive hemodynamics in AF-HFpEF. In the present study, we therefore aimed to 
compare RV and RA function in AF versus sinus rhythm, among patients with HFpEF 
undergoing simultaneous right heart catheterization and echocardiography. We 
hypothesize that RA function is simultaneously impaired in HFpEF-AF and further 
contributes to RV dysfunction, independent of RV afterload.

Methods

The study population of this observational cohort study is recently described,8 and 
consisted of 102 symptomatic HFpEF patients with New York Heart Association 
(NYHA) functional class ≥II and left ventricular ejection fraction (LVEF) ≥45%, who 
had echocardiographic signs of elevated right-sided pressures and who therefore 
underwent routine left and right-sided heart catheterization for the evaluation 
of pulmonary hypertension. Patients without a simultaneous echocardiographic 
assessment were excluded. Patients were also excluded if RV systolic function 
could not be measured reliable using at least two recommended echocardiographic 
indices for RV systolic function (see further details in the methods section). 
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Baseline demographic and clinical characteristics, as well as heart rate during the 
assessment and atrial fibrillation/flutter history were obtained. Patients also underwent 
a physical examination and a laboratory test, including N-terminal prohormone of 
brain natriuretic peptide (NT-proBNP). Patients were divided into three subgroups: 
patients in sinus rhythm and without a history of AF (Never AF), patients in sinus 
rhythm during the assessment but a with previous diagnosis of AF (Earlier AF) and 
patients who were in AF during the assessment (Current AF).

Right heart catheterization protocol
All patients underwent a right heart catheterization in fasting state and in supine 
position as previously described in detail.11 The right heart catheterization was 
performed by a single experienced interventional cardiologist (E.S.H.). A 7F 
thermodilution balloon-tipped catheter was inserted through the femoral vein and 
was advanced into the right atrium and right ventricle. The catheter was subsequently 
positioned in the pulmonary artery and wedge position. Right atrial pressure, RV 
end-diastolic pressure (RVEDP), pulmonary artery pressure (PAP) and pulmonary 
capillary wedge pressure (PCWP) were obtained at end-expiration, Arteriovenous 
oxygen difference (A-VO2diff) was determined using the difference between directly 
measured arterial and mixed venous O2 contents from blood sampling. Cardiac 
output (CO) was calculated using the Fick equation with estimated O2 consumption 
(CO = VO2/A-VO2diff) and indexed for body surface area to calculate cardiac index 
(CI). Pulmonary vascular resistance (PVR) was calculated as [mean PAP – PCWP]/
CO.

Echocardiographic protocol
Echocardiographic images were acquired simultaneous with the right heart 
catheterization by a single experienced ultrasound technician (Y.M.H.) using a Vivid 
S6 system (General Electric, Horton, Norway) with a 2.5- to 3.5-mHz probe. Images 
were digitally stored for offline analyses. Analyses were independently performed 
by two experienced investigators (T.M.G. and Y.M.H.) using GE EchoPAC version 
BT12. All measurements were performed in duplicate on two time points and the 
average values were calculated. For patients in AF, measurements were averaged 
from the available heart beats (3-4 cycles).

RV-focused apical 4-chamber views were obtained and RV dysfunction was 
assessed using the tricuspid annular plane systolic excursion (TAPSE), the systolic 
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annular tissue velocity of the lateral tricuspid annulus (RV S’), RV fractional area 
change (FAC) and RV free wall longitudinal strain (FWLS), according to previous 
recommendations.12 RV dysfunction was considered present if ≥2 of the measures 
of RV function were below the lower limit of normal (i.e. TAPSE <17 mm, RV S’ 
<9.5 cm/s, FAC <35% and RV FWLS > -20%).12 Right ventricular myocardial 
performance index (RV Tei-index) was calculated using the tissue Doppler method 
(i.e. isovolumetric time minus isovolumetric relaxation time, divided by total RV 
ejection time), where larger values indicate poorer RV myocardial performance.12 
Right ventricular-vascular coupling was assessed by calculating the ratio of TAPSE 
with simultaneously derived invasive systolic pulmonary artery pressure (i.e. TAPSE/
SPAP).13

Furthermore, RA maximum (end-systolic) and minimum (end-diastolic) volumes were 
calculated using the summation of discs in the apical four-chamber view. Total RA 
emptying fraction was calculated as maximum volume - minimum volume, divided 
by maximum volume (Figure 1A). Using 2-D echocardiographic speckle tracking, 
RA endocardial contours were traced and RA reservoir strain was subsequently 
measured (Figure 1B). There is no established cutoff for value for reduced RA 
emptying fraction and/or RA reservoir strain. Therefore, RA emptying fraction and 
reservoir strain were dichotomized on the basis of the median value and reduced 
emptying fraction and reservoir strain were defined as the group below the median.
In addition, RA compliance was calculated as follows: RA stroke volume (i.e. 
maximum - minimum volume) divided by RA pulse pressure (RA maximum – minimum 
pressure), obtained from the invasive RA pressure waves.14 RA compliance was 
expressed as ml/mmHg. 

Statistical analyses
Data are summarized as mean ± standard deviation, median [interquartile range] 
or number (percentage). ANOVA was used to test between-group equality of the 
means of continuous variables. The Welch F-test was used when the assumption of 
homogeneity of variances was violated. In addition, multiple comparisons between 
subgroups were performed with Bonferroni correction. Chi-squared tests and 
Fisher’s exact tests were used to test for differences in distributions of categorical 
variables. Associations with the presence of RV and RA dysfunction were conducted 
using binary logistic regression. Unadjusted and adjusted odds ratios (OR), with their 



Chapter 5

102

95% confidence intervals (CI), were estimated. For continuous variables, ORs are 
presented per standard deviation change, to facilitate comparisons between ORs for 
different variables. The minimum number of events per adjustment variable in the 
logistic regression analysis was set at 10, based on previous recommendations.15, 

16 Statistical significance was considered achieved with p-value <0.05. All statistical 
analyses were performed using SPSS (Version 22, 2013).

Results

From the identified study sample, four patients were excluded because they did 
not undergo simultaneous echocardiography. In seven patients, RV systolic function 
could not be assessed reliably with at least two echocardiographic parameters and 
these patients were excluded as well. Thus in total, 91 HFpEF patients were included 
in the present study. 

Figure 1: Echocardiographic methods for the assessment of right atrial function. Figure 1A: 
Assessment of right atrial (RA) emptying fraction (RAEF) using the area-length method in the apical four-
chamber view and the assessment of RA reservoir strain using echocardiographic 2-D speckle tracking 
strain (Figure 1B).
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Of these, 45 patients (49.5%) had no history of AF; 14 patients (15.4%) had earlier 
AF and were currently in sinus rhythm; and 32 patients (35.2%) were currently in 
AF. Of the 14 patients with earlier AF, seven (7.7%) had paroxysmal AF, five (5.5%) 
persistent AF and two (2.2%) had prior atrial flutter. 

Patients with current AF had a median duration from first diagnosis of 7.5 [IQR 3.2-
11.1] years and for patients with earlier AF, this interval from first diagnosis until 
baseline assessment was 2.0 [IQR 0.6-4.0] years. Table 1 summarizes the baseline 
characteristics of the study population according to the three subgroups. Patients in 
AF were more symptomatic and had higher pulmonary wedge and pulmonary artery 
pressures, compared to patients who were in sinus rhythm.

Right ventricular function in atrial fibrillation versus sinus rhythm
A total of 35 patients (38.5%) had RV dysfunction. As seen in Table 1, the prevalence 
of RV dysfunction varied significantly across the three subgroups never AF, earlier 
AF and current AF, (20%, 43% and 63%, respectively, p=0.001).

Figure 2 illustrates the association between AF and echocardiographic parameters 
that reflect RV function. All measures of RV function were significantly lower in 
patients with current AF, compared to patients without any history of AF. Patients with 
current AF also had higher RV Tei-index and lower TAPSE/SPAP ratio. Furthermore, 
there was a significant difference observed for all RV parameters across the three 
subgroups, but there were no statistical significant differences in RV parameters 
between both subgroups in sinus rhythm (i.e. never AF vs. earlier AF).

Table 2 details the logistic regression model for the association with RV dysfunction 
in HFpEF. Atrial fibrillation, male sex, permanent pacing and reduced LV ejection 
fraction remained associated with RV dysfunction, after adjustment for mean PAP.

Right atrial function in atrial fibrillation versus sinus rhythm
RA reservoir strain could be measured in 70 (76.9%) patients, RA volume and 
emptying fraction in 72 (80.0%) and RA compliance in 56 (61.5%) of the patients. As 
seen in Figure 3, RA emptying fraction (16.2 vs. 28.5%, p<0.001) and RA reservoir 
strain (9.5 vs. 24.3%, p<0.001) were lower in AF compared to sinus rhythm. RA 
volume index (62.7 vs. 32.2 ml/m2, p<0.001) was higher in AF, compared to patients 



Chapter 5

104

Table 1: Baseline characteristics.

Variables Never AF
(n=45)

Earlier AF
(n=14)

Current AF
(n=32) p-value

Age (years) 73 ± 8 76 ± 5 75 ± 11 0.49
Male sex 11 (24%) 7 (50%) 10 (31%) 0.19
Body mass index (kg/m2) 28.3 ± 5.6 26.2 ± 2.8 29.1 ± 6.7 0.33
New York Heart Association functional class 
II/III 58% / 42% 43% / 57% 19% / 81% * 0.003

Hypertension 31 (69%) 9 (64%) 20 (63%) 0.84
Coronary artery disease 15 (33%) 6 (43%) 11 (34%) 0.80
Pacemaker 3 (7%) 4 (29%) 5 (16%) 0.09
Chronic obstructive pulmonary disease 8 (18%) 1 (7%) 5 (16%) 0.63
Right heart catheterization

Heart rate (bpm) 71 ± 11 68 ± 11 74 ± 15 0.35
LV end-diastolic pressure (mmHg) 17 ± 7 16 ± 6 18 ± 3 0.75
Pulmonary capillary wedge pressure 
(mmHg) 16 ± 7 17 ± 6 20 ± 4 * 0.01

Mean pulmonary artery pressure 
(mmHg) 29 ± 10 29 ± 11 34 ± 7 * 0.03

RV end-diastolic pressure (mmHg) 8 ± 4.0 8 ± 4.0 11 ± 4.0 * 0.008
Mean right atrial pressure (mmHg) 7 ± 4 7 ± 4 11 ± 5 * ‡ <0.001
Cardiac index (l/min/m2) 3.0 ± 0.6 3.3 ± 0.8 2.8 ± 0.8 ‡ 0.04
Pulmonary vascular resistance (WU) 2.5 ± 2.1 2.3 ± 1.9 3.0 ± 1.3 0.40

Echocardiography
LV ejection fraction (%) 57 ± 5 58 ± 4 56 ± 5 0.38
LV mass index (kg/m2) 93 ± 36 93 ± 23 98 ± 24 0.79
LV E/e’ 12.9 ± 4.5 19.7 ± 11.7 * 14.6 ± 7.2 0.01
Septal wall e’ (cm/s) 6.5 ± 2.0 4.9 ± 1.4 8.0 ± 3.2 * ‡ 0.001
Lateral wall e’ (cm/s) 8.2 ± 2.9 7.5 ± 2.4 11.0 ± 4.2 * ‡ 0.001
Deceleration time (ms) 204 ± 51 222 ± 70 179 ± 53 0.04
LA volume index (ml/m2) 40 ± 12 47 ± 20 57 ± 17 * <0.001
LA reservoir strain (%) 17.6 ± 7.2 13.0 ± 5.2 6.3 ± 2.5 * <0.001
RV dysfunction 9 (20%) 6 (43%) 20 (63%) * 0.001
≥ moderate tricuspid regurgitation 11 (24%) 5 (36%) 12 (38%) 0.43

Medication
Beta blockers 37 (82%) 10 (71%) 27 (84%) 0.57
Sotalol 0 2 (14%) 1 (3%) 0.03
Calcium channel blocker 2 (4%) 1 (7%) 2 (6%) 0.90
Amiodarone 0 0 2 (6%) 0.15
Digitalis 1 (2%) 0 7 (22%) * 0.005
Loop diuretics 34 (76%) 10 (71%) 27 (84%) 0.53

Laboratory test
NT-proBNP (ng/l) 481 [277-955] 1265 [485-2335] 1656 [1090-2567] * 0.05

Data is reported as mean ± standard deviation, median [interquartile range] and n (%). AF atrial fibrillation; 
LA left atrial; LV left ventricular; NT-proBNP N-terminal of B-type natriuretic peptide; RV right ventricular. 
Subgroups: 1) no history of atrial fibrillation (i.e. Never AF); 2) earlier atrial fibrillation and in sinus rhythm 
during the assessment (i.e. Earlier AF) and 3) atrial fibrillation during the assessment (i.e. Current AF). 
*p<0.05 vs. Never AF group (with Bonferroni correction). ‡p<0.05 vs. Earlier AF group (with Bonferroni 
correction).
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who were in sinus rhythm. For several RA parameters, there was a significant 
difference observed across the three subgroups. RA volume index increased across 
these subgroups (Figure 3A). On the other hand, RA emptying fraction and RA 
reservoir strain significantly decreased (Figure 3B-C). Patients with earlier AF who 
were currently in sinus rhythm had significant lower RA emptying fraction compared 
to sinus rhythm patients without history of AF (41 vs. 60%, p=0.002, respectively). 
Patients with any diagnosis of AF had lower RA compliance, compared to patients 
without any history of AF, p<0.001 (Figure 3D). 

The logistic regression models for the association with RA emptying fraction and 
reservoir strain below their medians are depicted in Table 3. Median RA emptying 
fraction was 42% (IQR 24 to 65%) and median reservoir strain was 18% (IQR 9 
to 28%). Atrial fibrillation and RV dysfunction were the strongest determinants of 

Figure 2: Association between atrial fibrillation and right ventricular function. AF atrial fibrillation; 
FAC fractional area change; FWLS free wall longitudinal strain; RV right ventricular; RV S’ systolic annular 
tissue velocity of the lateral tricuspid annulus; SPAP systolic pulmonary artery pressure; TAPSE tricuspid 
annular plane systolic excursion. *p<0.05 vs. Never AF group (with Bonferroni correction). ‡p<0.05 vs. 
Earlier AF group (with Bonferroni correction). Error bars reflect standard error of the mean.
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reduced RA emptying fraction and RA reservoir strain. In the patients in sinus rhythm, 
earlier AF was also significantly associated with lower reservoir strain, compared to 
patients without any history of AF, even after adjustment for RVEDP (Table 3).

Discussion

The present study demonstrates that in patients with HFpEF, RV and RA function 
are more depressed in patients with AF than in patients in sinus rhythm. This 
association was independent of afterload. Moreover, patients in sinus rhythm during 
the assessment but who had earlier AF, also displayed more RV and RA dysfunction, 
compared to patients without any history of AF. Furthermore, reduced RA function is 
strongly and independently related to RV dysfunction in HFpEF. 

The observation that RV dysfunction is more prevalent in patients with HFpEF who 
are in AF seems robust, since RV function was assessed using multiple parameters 
and all point into the same direction. The present study therefore confirms and 
extents previous reports regarding the association between AF and RV dysfunction 
in HFpEF.4-7, 9 However, the simultaneous availability of right heart catheterization 

Table 2: Correlates of right ventricular dysfunction.
Variables Univariable model PAP-adjusted model*

OR (95% CI) p-value OR (95% CI) p-value
Male sex 3.09 (1.23-7.76) 0.02 2.76 (1.07-7.11) 0.04
Any diagnosis of AF vs. Never AF 5.20 (2.04-13.2) 0.001 4.70 (1.82-12.1) 0.001
Earlier AF vs. Never AF 3.00 (0.83-10.9) 0.09 3.11 (0.83-11.6) 0.09
AF rhythm vs. sinus rhythm 4.89 (1.94-12.3) 0.001 4.18 (1.62-10.8) 0.003
Coronary artery disease 2.47 (0.78-7.86) 0.1 2.09 (0.84-5.16) 0.1
Pacemaker 3.85 (1.06-14.0) 0.04 4.26 (1.15-15.8) 0.03
Chronic obstructive pulmonary disease 2.62 (0.82-8.34) 0.1 2.11 (0.64-6.93) 0.2
LV ejection fraction 0.61 (0.39-0.94) 0.03 0.60 (0.38-0.94) 0.03
LV E/e’ 1.89 (1.16-3.08) 0.01 1.72 (1.03-2.87) 0.04
Mean right atrial pressure 2.13 (1.26-3.61) 0.005 1.91 (1.07-3.43) 0.03
RV end-diastolic pressure 1.87 (1.15-3.03) 0.01 1.59 (0.91-2.77) 0.1
Mean pulmonary artery pressure 1.72 (1.04-2.83) 0.03
Pulmonary vascular resistance 2.34 (1.28-4.29) 0.006 2.65 (1.08-6.49) 0.03
≥ moderate tricuspid regurgitation 2.00 (0.81-4.96) 0.1 1.73 (0.68-4.39) 0.3
RA reservoir strain 0.33 (0.17-0.63) 0.001 0.35 (0.18-0.68) 0.002
RA emptying fraction 0.35 (0.19-0.62) <0.001 0.37 (0.20-0.67) 0.001
RA compliance 0.40 (0.19-0.85) 0.02 0.41 (0.19-0.91) 0.03

Data is described as odds ratio (OR) with 95% confidence interval (CI). AF atrial fibrillation; LV left 
ventricular; RA right atrial. *Each parameter was adjusted for mean pulmonary artery pressure (PAP). 
Odd ratios for continuous variables represent a standard deviation change.
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and echocardiography in the present study, including RA functional parameters, as 
well as the identification of a third subgroup consisting of patients in sinus rhythm but 
with earlier AF, are novel and add to the current data of right heart performance in 
AF-HFpEF. Besides AF, reduced LVEF, LV diastolic dysfunction and pacing were also 
independently associated with RV dysfunction, similar to previous observations.4, 5, 9

Right ventricular function in atrial fibrillation versus sinus rhythm
In general, RV dysfunction in HFpEF is strongly related to increased pulmonary 
pressures.17 In the present study, patients with AF had higher pulmonary wedge 
and pulmonary artery pressures, compared with patients in sinus rhythm. Both AF 
and RV dysfunction may therefore relate to worsening HFpEF with increasing LV 
filling pressures, leading on the one hand to left atrial hypertension, stretch, fibrosis 
and subsequently AF;18 and further backward to pulmonary hypertension (PH) and 
RV dysfunction. However, the association between AF and RV dysfunction was 
independent of RV afterload, which is in line with two previous studies.4, 9 It was 
suggested that AF may directly contribute to RV dysfunction via impaired longitudinal 
performance, because it was demonstrated that cardioversion from AF to sinus 
rhythm was associated with an improvement of RV longitudinal contraction.19 This is 
supported by our finding that patients who were in AF had lower RV systolic tissue 
velocities than patients without any history of AF. However, the present observations 

Figure 3: Association between atrial fibrillation and right atrial function. AF atrial fibrillation; RA 
right atrial. *p<0.05 vs. Never AF group (with Bonferroni correction). ‡p<0.05 vs. Earlier AF group (with 
Bonferroni correction). Error bars reflect standard error of the mean.
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of reduced RV function in patients with AF may also be caused by uncertainties of 
the measure itself, in the setting of AF. For instance, LV ejection fraction is generally 
underestimated, and mitral regurgitation often overestimated, with AF.12 Furthermore, 
heart rate irregularity may also negatively affect biventricular function in heart failure,20 
a similar phenomenon occurring with permanent pacing in HFpEF.5, 9

On the contrary, RV dysfunction was also more prevalent in HFpEF patients with an 
earlier diagnosis of AF while currently in sinus rhythm, compared to patients without 
any history of AF. In addition, these patients with earlier AF also displayed more RA 
remodeling, compared to patients without a history of AF. To our knowledge, these 
findings – in HFpEF patients who were all in sinus rhythm – are novel and suggest 
that also other factors than heart rhythm play a role into the development of right-
sided remodeling in patients with HFpEF and AF. For instance, impaired RA function 
and loss of “atrial kick” limits Frank-Starling recruitment, which may further impair 
myocardial performance and might explain the close relation between RA remodeling 
and reduced RV function. Furthermore, the progression of AF is often an indication 
of worsening HFpEF.21 We therefore hypothesize that these observations might also 

Table 3: Correlates of right atrial dysfunction.
↓ RA emptying fraction ↓ RA reservoir strain

Unadjusted model* OR (95% CI) p-value OR (95% CI) p-value
Any diagnosis of AF vs. Never AF 17.33 (5.15-58.3) <0.001 14.50 (4.55-46.2) <0.001
Earlier AF vs. Never AF 3.86 (0.95-15.7) 0.06 4.46 (1.05-19.0) 0.04
LA volume index 2.94 (1.37-6.30) 0.006 4.31 (1.75-10.64) 0.002
LA reservoir strain 0.20 (0.07-0.54) 0.002 0.16 (0.05-0.53) 0.003
Mean right atrial pressure 3.75 (1.74-8.06) 0.001 3.30 (1.60-6.79) 0.001
Mean pulmonary artery pressure 2.18 (1.20-3.99) 0.01 1.91 (1.07-3.40) 0.03
Pulmonary vascular resistance 3.06 (1.37-6.85) 0.007 1.57 (0.87-2.83) 0.1
RV end-diastolic pressure 1.75 (1.02-3.00) 0.04 1.85 (1.07-3.20) 0.03
RV dysfunction 8.46 (2.78-25.8) <0.001 8.20 (2.68-24.9) <0.001
≥ moderate tricuspid regurgitation 3.12 (1.07-8.99) 0.04 1.30 (0.47-3.59) 0.6
RVEDP-adjusted model‡

Any diagnosis of AF vs. Never AF 13.28 (4.11-43.0) <0.001 16.35 (4.72-56.7) <0.001
Earlier AF vs. Never AF 3.86 (0.95-15.7) 0.06 4.57 (1.05-19.9) 0.04
LA volume index 2.94 (1.35-6.41) 0.006 4.81 (1.77-13.1) 0.002
LA reservoir strain 0.21 (0.07-0.60) 0.003 0.17 (0.05-0.58) 0.005
RV dysfunction 7.50 (2.42-23.2) <0.001 7.12 (2.29-22.2) 0.001
≥ moderate tricuspid regurgitation 3.18 (1.07-9.51) 0.04 1.25 (0.44-3.57) 0.7

Data is described as odds ratio (OR) with 95% confidence interval (CI).  AF atrial fibrillation; LA left atrial; 
RA right atrial; RV right ventricular. *Only significant associations with RA dysfunction are depicted in the 
table. ‡ Each parameter was adjusted for RV end-diastolic pressure (RVEDP). Odd ratios for continuous 
variables represent a standard deviation change.
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be an expression of the development of right-sided perturbations, simultaneous to 
left sided remodeling in the course of the disease, similar as recently described by 
Borlaug et al. in another HFpEF cohort.22

Right atrial function in atrial fibrillation versus sinus rhythm
HFpEF patients with AF had higher RA volumes and lower RA function and compliance. 
Interestingly, RA strain, emptying fraction and compliance were also lower in HFpEF 
patients with earlier AF, who were in sinus rhythm during the assessment. There are 
several potential explanations for these findings. 

Although there are some distinct differences in anatomy between both atria,23 atrial 
fibrillation and longstanding atrial dyssynchrony and stress in the setting of AF 
leads to structural remodeling changes in both atria simultaneously.24 Furthermore, 
systemic inflammation and endothelial dysfunction driven by HFpEF predominant 
comorbidities, such as renal dysfunction, diabetes mellitus and obesity, target 
both atria equally and may facilitate atrial remodeling and AF.25 In patients with 
paroxysmal AF, early signs of HFpEF with increased left atrial pressures at rest or 
during exercise are already prevalent and clinically relevant.26 The left atrium serves 
as a buffer between the LV and pulmonary circulation, prohibiting transmission of 
left-sided filling pressures to the pulmonary circulation. LA remodeling in HFpEF 
was therefore previously linked to increased LA pressure and PVR, and elevated RV 
afterload.10 Thus loss of compliance and buffering capacity of the LA in AF-HFpEF 
might result in enhanced backward transmission of left-sided pressures and may 
trigger RV and RA remodeling. 

On the contrary, RA enlargement, stretch and fibrosis in the setting of PH-HFpEF 
may perhaps also contribute to a right atrial predominant substrate for AF, because 
we observed that RV and RA atrial pressures were much higher in patients with AF, 
compared to patients without AF diagnosis, than was LV end-diastolic pressure and 
pulmonary capillary wedge pressure in AF versus no AF. In a retrospective cohort of 
239 patients with PH, primarily with idiopathic pulmonary arterial hypertension and 
chronic thromboembolic PH, the prevalence of AF was 20% and the presence of 
AF was associated with higher PVR and PAP.27 In another cohort, 58% of patients 
with PH due to left heart failure had AF, but AF was also present in 23% of patients 
with PH without left heart failure.28 The latter group of patients also had more RA 
dilatation and higher RA pressures, compared to PH patients without left heart failure 
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and without AF.28 Furthermore, the onset of supraventricular tacharrhythmias in 
pulmonary arterial hypertension might be a sign of further deterioration of right-sided 
cardiac function.29 The findings in the present study suggests that in some patients 
with HFpEF with high pulmonary pressures, AF might be triggered by RA overload 
rather than LA overload. Clearly, the present study cannot comment further on this 
hypothesis in the setting of HFpEF due to its cross-sectional design, but perhaps that 
in future studies – with continuous monitoring of pulmonary pressures30 – elevation 
of right-sided pressures can be linked to incident AF in patients with HFpEF.

Limitations

This is a small, observational cohort study that goes with inevitable limitations. First, 
patients with a previous echocardiography suspected for PH were referred for right 
heart catheterization, resulting in a selection bias. Second, although the duration of 
AF diagnosis was known, it was unknown how long the patients with earlier AF were 
currently in sinus rhythm. Right atrial function may still be impaired in sinus rhythm 
but with a very recent conversion, compared to patients who had much earlier 
conversion from AF to sinus rhythm prior to the assessment. In addition, although 
the echocardiographic assessments were performed using multiple heart beats, AF 
can cause uncertainty of the echocardiographic measurement itself due to variation 
in cardiac filling and load with irregular heart rate. However, this phenomenon is 
less applicable to patients with a history of AF who were in sinus rhythm during 
the assessment. Furthermore, the cross-sectional design of the study prohibits 
any conclusions regarding cause-effect relations between AF and RV dysfunction. 
Finally, because of the sample size, multivariable associations with adjustment for 
more than three parameters were not possible.

Conclusions

In patients with HFpEF, both RV and RA function were gradually more depressed in 
patients who were in AF, as well as in patients in sinus rhythm but who had earlier AF, 
compared to patients without any history of AF. These findings were independent of 
pulmonary pressures and suggest simultaneous right-sided remodeling in patients 
with HFpEF and AF. 
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Abstract

Diabetes mellitus is associated with left-sided myocardial remodeling in heart 
failure with preserved ejection fraction (HFpEF). Little is known about the impact of 
diabetes mellitus on right ventricular (RV) function in HFpEF. We therefore studied 
the relation between diabetes mellitus and RV dysfunction in HFpEF. We have 
examined HFpEF patients who underwent simultaneous right heart catheterization 
and echocardiography. RV systolic function was assessed using multiple established 
echocardiographic parameters and systolic dysfunction was present if ≥2 parameters 
were outside the normal range. RV diastolic function was assessed using the peak 
diastolic tricuspid annular tissue velocity (RV e’) and present if <8.0 cm/s. Diabetes 
mellitus was defined as documented history of diabetes, fasting glucose ≥7.0 
mmol/L, positive glucose intolerance test or glycated hemoglobin  ≥6.5%. A total of 
91 patients were studied; mean age 74±9 years; 69% women. A total of 37% had 
RV systolic dysfunction and 23% RV diastolic dysfunction. 37% of the patients had 
type 2 diabetes mellitus. These patients had higher pulmonary artery pressure (34 
vs. 29 mmHg, p=0.004), more RV systolic dysfunction (57 vs. 29%, p=0.009), more 
RV diastolic dysfunction (46 vs. 12%, p=0.001) and lower RV e’ (8.7 vs. 11.5 cm/s, 
p=0.006). The presence of diabetes mellitus was independently associated with RV 
systolic dysfunction [OR 2.84 (1.09-7.40) p=0.03] and with RV diastolic dysfunction 
[OR 4.33 (1.25-15.07) p=0.02], after adjustment for age, sex and pulmonary 
pressures. In conclusion, diabetes mellitus is strongly associated with RV systolic 
and diastolic dysfunction in patients with HFpEF, independent of RV afterload.
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Introduction

Diabetes mellitus is a common comorbidity in patients with heart failure with preserved 
ejection fraction (HFpEF),1,2 and is independently associated with increased morbidity 
and mortality.2,3 Right ventricular (RV) dysfunction is also highly prevalent in HFpEF, 
is associated with a poor prognosis and is an important target for therapy in patients 
with HFpEF.4-6 The exact mechanisms underlying the development of RV dysfunction 
in HFpEF are unclear and probably multifactorial, but an important determinant is 
pulmonary vascular disease resulting in pulmonary hypertension (PH).7-9 Previous 
studies in individuals without heart failure have demonstrated that diabetes mellitus 
was associated with structural and functional remodeling of the RV.10-12 Therefore, it 
can be speculated that in HFpEF the RV may also be affected by diabetes mellitus. 
More insight into these mechanisms may help to develop treatment strategies that 
target the right heart in HFpEF. We therefore sought to investigate the relation 
between diabetes mellitus and RV dysfunction in patients with HFpEF – with and 
without diabetes mellitus – who underwent simultaneous cardiac catheterization and 
echocardiography. 

Methods

The study cohort is previously described in detail.7 In brief, 102 patients with 
HFpEF with LV ejection fraction ≥45% and New York Heart Association (NYHA) 
functional class ≥II were identified. These patients had echocardiographic signs of 
increased right-sided pressures and were therefore referred for left and right heart 
catheterization for evaluation of PH. Additional inclusion criteria for the present 
study were LV diastolic dysfunction (E/e’ ≥13 or mean e’ septal and lateral wall <9 
cm/s) and/or left atrial (LA) dilatation (LA volume index ≥34mL/m2 or LA parasternal 
diameter ≥45mm) and/or N-terminal of the pro-hormone brain natriuretic peptide 
(NT-proBNP) ≥125 ng/L.13 Patients were excluded if there was no simultaneous 
echocardiographic assessment available. In addition, patients in whom RV function 
could not be assessed reliably on echocardiography using at least two recommended 
parameters reflecting RV systolic function,14 were excluded as well.

Patients underwent a physical examination and laboratory testing, including glycated 
hemoglobin (HbA1c), estimated glomerular filtration rate (eGFR) and N-terminal 
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of pro-B type natriuretic peptide (NT-proBNP). eGFR was calculated using the 
Modification of Diet in Renal Disease equation.

Diabetes mellitus was defined as a documented history of diabetes, fasting plasma 
glucose ≥7.0 mmol/L, plasma glucose ≥11.1 mmol/L two hours after the oral glucose 
dose or HbA1c ≥6.5% (≥48 mmol/L).15 Renal dysfunction was defined as eGFR <60 
ml/min/kg.

Study procedures
All patients included in the present study underwent left and right heart catheterization 
performed by a single experienced interventional cardiologist (E.S.H.). The invasive 
hemodynamic protocol used in our center is previously described in detail.16 In brief, 
invasive measurements were performed with the patient in fasting state and in supine 
position. First, the system was zeroed at patients’ heart level. A 7F thermodilution 
balloon-tipped catheter was inserted through the femoral vein and advanced through 
the right atrium and RV into the pulmonary artery and wedge position. RV end-
diastolic pressure, pulmonary artery pressures (PAP) and pulmonary capillary wedge 
pressure were obtained at end-expiration. Left heart catheterization was performed 
to exclude significant coronary artery disease or left-sided valve disease and LV 
end-diastolic pressure was measured. Cardiac output was calculated according to 
Fick. Pulmonary vascular resistance was subsequently calculated and expressed as 
dynes∙sec∙cm-5 and pulmonary arterial compliance was calculated using the volume 
method.17

Echocardiographic images were acquired simultaneous with the cardiac 
catheterization using a Vivid S6 system (General Electric, Horton, Norway) using 
a 2.5- to 3.5-mHz probe. Analyses were independently performed by two blinded 
experienced investigators using GE EchoPAC version BT12. Digitally stored images 
were used to measure the tricuspid annular plane systolic excursion (TAPSE) in 
M-mode on the apical 4-chamber view. In addition, both the peak systolic tissue 
velocity of the lateral tricuspid annulus (RV s’) and the peak diastolic tissue velocity 
of the lateral tricuspid annulus (RV e’) were assessed (Figure 1). RV fractional area 
change (FAC) using the apical 4-chamber view were assessed, according to current 
recommendations.14 Finally, RV free wall longitudinal speckle-tracking strain was 
assessed as previously described with good inter- and intra-observer variability.18 
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Each parameter was measured in duplicate at two time points and averaged to 
obtain one single value. Right ventricular systolic dysfunction was defined when at 
least two parameters for RV systolic function were below the lower recommended 
limit of normal (i.e. TAPSE <17 mm, RV s’ <9.5 cm/s, RV FAC <35% and/or RV 
free wall longitudinal strain > -20%).14 RV diastolic dysfunction was defined as 
RV e’ <8.0 cm/s.19 Finally, RV Tei-index (i.e. RV index of myocardial performance) 
was calculated using the tissue Doppler method (i.e. isovolumetric time minus 
isovolumetric relaxation time, divided by total RV ejection time), as illustrated in 
Figure 1.14

Statistical analysis
Data is described as mean ± standard deviation, median [25th-75th percentile] or 
numbers (percentages). Differences in continuous variables between two groups 
were tested using independent samples t-test or Mann-Whitney U-test, according 
to distribution. Differences in categorical variables between two groups were 

Figure 1: Echocardiographic assessment of right ventricular tissue velocities and Tei-index.
Right ventricular (RV) Tei-index is assessed using the tissue Doppler method by measuring the total 
tricuspid valve closure to opening time (Ta) and right ventricular ejection time (Tb).  Tissue Doppler 
echocardiography is also used to assess the peak systolic tissue velocity (RV s’) and peak diastolic tissue 
velocity (RV e’) of the lateral tricuspid annulus.
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calculated using Chi-squared tests. Linear regression models were performed to 
test correlations between continuous variables. Unadjusted and adjusted analyses 
for the association between diabetes mellitus with the presence of RV systolic and 
diastolic dysfunction were performed using binary logistic regression models. In 
multivariable logistic regression analyses, the association between diabetes mellitus 
and RV systolic and diastolic dysfunction was adjusted for relevant covariates (i.e. 
age, sex, comorbidities, mean PAP, PVR and LV systolic and diastolic function). Due 
to the small study sample, multiple logistic regression analyses were performed with 
no more than 3 adjustment variables each. In addition, HbA1c (%) was correlated 
with the presence of RV systolic and diastolic dysfunction using binary logistic 
regression and odds ratios (OR) were depicted per standard deviation increase in 
HbA1c. Statistical significance was considered achieved with p-value <0.05 and all 
analyses were performed using SPSS (Version 23, 2015).

Results

Of the initial population of 102 patients with HFpEF, 4 patients did not undergo 
simultaneous echocardiography and heart catheterization and were therefore 
excluded. Another 7 patients were excluded because echocardiographic quality was 
insufficient for reliable assessment of RV systolic function. Therefore, a total of 91 
patients were included in the present study. Characteristics of the population are 
described in Table 1. A total of 34 patients (37%) had type 2 diabetes mellitus and 6 of 
these patients had new onset diabetes with HbA1c ≥6.5% at the time of assessment. 
As seen in Table 1, patients with diabetes had higher body mass index and more 
often coronary artery disease, compared to HFpEF patients without diabetes. The 
former group of patients also had higher serum creatinine concentrations and 
lower eGFR. HFpEF patients with diabetes mellitus were also more symptomatic, 
as evidenced by more diuretic usage, higher NYHA functional class and lower 
percentage of predicted peak VO2. 

The echocardiographic and cardiac catheterization measurements are summarized 
in Tables 2 and 3. Right ventricular peak diastolic tissue velocity could be assessed 
in 83 patients (91%), and 19 of these (23%) had RV diastolic dysfunction (i.e. RV 
e’ <8.0 cm/s). Figure 2 illustrates the correlation between left- and right-sided peak 
diastolic tissue velocities. RV e’ was correlated with both LV lateral e’ (Figure 2A) 
and septal e’ (Figure 2B). 
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Patients with diabetes mellitus more often had RV systolic and diastolic dysfunction, 
compared to non-diabetic individuals (Table 2). In addition, RV end-diastolic pressure 
and mean PAP were higher in HFpEF patients with diabetes mellitus, compared 
to patients without diabetes mellitus, while PVR was not significantly different 
between both groups (Table 3). In non-ischemic HFpEF (with exclusion of patients 
with coronary artery disease), RV systolic dysfunction remained more prevalent in 

Table 1: Baseline characteristics by diabetes mellitus status.

Variable
Diabetes Mellitus

p-value
No (n=57) Yes (n=34)

Age (years) 73.3 ± 9.5 75.3 ± 7.0 0.29

Men 14 (25%) 14 (41%) 0.09

Body mass index (kg/m2) 27.0 ± 5.0 30.6 ± 6.2 0.006

Previous heart failure hospitalization 16 (28%) 16 (47%) 0.07

Coronary artery disease 15 (26%) 17 (50%) 0.02

Hypertension 35 (61%) 25 (74%) 0.24

Atrial fibrillation 19 (33%) 12 (35%) 0.85

Chronic obstructive pulmonary disease 6 (11%) 8 (24%) 0.10

Renal dysfunction 26 (49%) 20 (63%) 0.23

Laboratory values

Glycated hemoglobin  (mmol/L) 42 [38-43] 49 [46-61] <0.001

Glycated hemoglobin (%) 6.0 [5.7-6.1] 6.7 [6.4-7.7] <0.001

Hemoglobin (mmol/l) 8.1 [7.7-8.5] 8.3 [7.3-8.7] 0.83

Creatinine (µmol/l) 90 [68-109] 105 [86-153] 0.009
Estimated glomerular filtration rate 
(ml/min/1.73m2) 63 [46-76] 46 [30-65] 0.02
N-terminal pro-B type natriuretic 
peptide (ng/l) 884 [407-1619] 1381 [481-2671] 0.21

Exercise capacity
New York Heart Association 
functional class III/IV 28 (49%) 25 (74%) 0.02

Peak oxygen uptake (ml/min/kg) 12.9 ± 3.5 11.2 ± 4.5 0.07
Peak oxygen uptake (percentage 
of predicted) 66 ± 18 54 ± 16 0.006

Medication at enrollment

Beta blocker 47 (83%) 27 (79%) 0.72
Angiotensin converting enzyme 
inhibitors / angiotensin receptor 
blockers

40 (70%) 31 (91%) 0.02

Diuretics 38 (67%) 33 (97%) 0.001

Diabetes therapy

Insulin treated - 12 (35%) -

Oral medication alone - 14 (41%) -

Diet alone - 2 (6%) -

Values are mean ± standard deviation, median [25th-75th percentile] or numbers (%).
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patients with diabetes mellitus compared to those without (53 vs. 21%, respectively, 
p=0.02).

In the logistic regression model (Table 4), diabetes mellitus was significantly 
associated with the presence of both RV systolic and diastolic dysfunction, after 
adjustment for all relevant covariates. As seen in Table 4, diabetes mellitus was also 
associated with higher RV end-diastolic pressure, independent of these covariates, 
except for mean PAP. 

In addition, higher levels of HbA1c (%) were also associated with RV systolic 
dysfunction (OR 1.88 [1.12-3.18] p=0.02) and RV diastolic dysfunction (OR 1.81 
[1.06-3.10] p=0.03), although there was also a strong correlation between HbA1c 
and the presence of diabetes mellitus (β=0.61, p<0.001).

In the present cohort, 25 patients (27.5%) had PVR >240 dynes/s/cm-5 and 
13 (52%) of these patients had diabetes mellitus. In a secondary analysis in this 
subgroup of patients with high PVR, the patients with diabetes mellitus had more 
RV systolic dysfunction (85 vs. 42%, respectively, p=0.03), lower RV e’ (7.4 vs. 
11.5 cm/s, respectively, p<0.001) and more RV diastolic dysfunction (67 vs. 0%, 
p<0.001), compared to the 12 patients without diabetes mellitus. Pulmonary vascular 
resistance was comparable in this subgroup between patients with and without 
diabetes mellitus (331 vs. 347 dynes/s/cm-5, respectively, p=0.44).

Figure 2: Left and right ventricular diastolic dysfunction. Figure 2A: Correlation between peak 
diastolic tissue velocity near the lateral mitral valve annulus, with the peak diastolic tissue velocity near 
the lateral tricuspid valve annulus. Figure 2B: Correlation between peak diastolic tissue velocity of the 
basal septal wall, with the peak diastolic tissue velocity near the lateral tricuspid valve annulus.
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Discussion

The present study demonstrated that RV systolic dysfunction was present in 37%, 
and RV diastolic dysfunction in 23% of HFpEF patients. Diabetes mellitus was 
strongly associated with both RV systolic and RV diastolic dysfunction, independent 
of RV afterload. To our knowledge, these findings are novel and add to the knowledge 
about the development of RV dysfunction in patients with HFpEF.

The observation that RV systolic dysfunction is prevalent in HFpEF, is in line with a 
large number of previous studies performed in patients with HFpEF and is strongly 
related to PH-HFpEF.4,9 In a previous study, Gan et al. observed that RV diastolic 
function is impaired in patients with PH, and RV diastolic dysfunction could improve 
by reducing RV afterload with sildenafil.20 Thus, RV diastolic dysfunction in HFpEF 
may also be related to longstanding increased afterload in the setting of PH-HFpEF. 
Interestingly, we observed that the presence of diabetes mellitus was also associated 
with both RV systolic and diastolic dysfunction in patients with HFpEF. There is 

Table 2: Echocardiographic characteristics by diabetes mellitus status.

Variable
Diabetes Mellitus

p-value
No (n=57) Yes (n=34)

Left ventricular ejection fraction (%) 57 ± 5 56 ± 5 0.46

E/e’ 11.9 [9.9-15.3] 13.2 [9.7-20.5] 0.30

Mean left ventricular e’ septal/lateral wall (cm/s) 7.5 [6.2-8.8] 7.5 [6.1-9.3] 0.97

Left ventricular mass index (g/m2) 91 ± 24 101 ± 38 0.14

Left atrial volume index (ml/m2) 47 ± 18 46 ± 16 0.72

Right ventricular systolic dysfunction 15 (26%) 19 (56%) 0.005

Tricuspid annular plane systolic excursion (mm) 20.9 ± 5.2 19.5 ± 5.2 0.21
Peak systolic tissue velocity of the lateral tricuspid 
annulus (cm/s) 9.5 ± 2.5 8.7 ± 2.9 0.19

Fractional area change (%) 50 ± 12 42 ± 12 0.004

Free wall longitudinal strain (%) -20.5 ± 6.2 -19.8 ± 5.4 0.61

Right ventricular Tei-index 0.31 [0.27-0.37] 0.36 [0.31-0.44] 0.01

Right ventricular diastolic dysfunction 6 (12%) 13 (41%) 0.002
Peak diastolic tissue velocity of the lateral tricuspid 
annulus (cm/s) 11.5 [9.5-13.9] 8.7 [7.3-11.6] 0.006

Right ventricular end-diastolic dimension (mm) 42 ± 7 44 ± 7 0.07

Right ventricular end-diastolic area (cm2) 22.4 ± 5.6 24.9 ± 5.7 0.06

Tricuspid valve pressure gradient (mmHg) 37 ± 12 43 ± 15 0.08

Right atrial volume index (ml/m2) 43 ± 29 43 ± 25 0.94

Values are mean ± standard deviation or numbers (%). 
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Table 3: Cardiac catheterization characteristics by diabetes mellitus status.
Variable

Diabetes Mellitus
p-valueNo (n=57) Yes (n=34)

Mean right atrial pressure (mmHg) 7.8 ± 4.5 9.3 ± 4.7 0.15
Right ventricular systolic pressure (mmHg) 47 ± 13 55 ± 15 0.006
Right ventricular end-diastolic pressure (mmHg) 8.4 ± 4.0 10.6 ± 4.1 0.02
Systolic pulmonary artery pressure (mmHg) 46 ± 13 55 ± 16 0.006
Diastolic pulmonary artery pressure (mmHg) 17 ± 6 20 ± 6 0.01
Mean pulmonary artery pressure (mmHg) 29 ± 8 34 ± 10 0.004
Mean pulmonary capillary wedge pressure (mmHg) 17 ± 6 19 ± 6 0.09
Left ventricular systolic pressure (mmHg) 153 ± 20 151 ± 32 0.74
Left ventricular end-diastolic pressure (mmHg) 16 ± 6 18 ± 6 0.07
Aortic systolic pressure (mmHg) 151 ± 20 149 ± 31 0.68
Aortic diastolic pressure (mmHg) 69 ± 14 69 ± 13 0.95
Mean aortic pressure (mmHg) 101 ± 14 101 ± 18 0.92
Cardiac output - Fick (l/min) 5.6 ± 1.5 5.7 ± 1.4 0.73
Cardiac index (l/min/m2) 3.1 ± 0.8 2.9 ± 0.6 0.22
Pulmonary vascular resistance (dynes/s/cm-5) 158 [112-216] 208 [97-297] 0.28
Pulmonary arterial compliance (ml/mmHg) 3.2 ± 1.8 2.8 ± 1.6 0.22

Values are mean ± SD or median [25th-75th percentile]. 

Table 4: Association between diabetes mellitus and right ventricular systolic and 
diastolic dysfunction

Right ventricular systolic 
dysfunction

Right ventricular diastolic 
dysfunction

Right 
ventricular 

end-diastolic 
pressure  

(continuous)
Odds ratio 
(95% CI) p-value Odds ratio 

(95% CI) p-value β p-value

Unadjusted 3.55 (1.45-8.7) 0.006 5.13 (1.70-15.51) 0.004 0.25 0.02

Adjusted for

Age and sex 3.24 (1.28-8.16) 0.01 4.93 (1.53-15.96) 0.008 0.29 0.008

Age, sex and mean 
pulmonary artery 
pressure

2.84 (1.09-7.40) 0.03 4.33 (1.25-15.07) 0.02 0.14 0.14

Age, sex and pulmonary 
vascular resistance 2.88 (1.10-7.57) 0.03 4.18 (1.26-13.89) 0.02 0.24 0.02

Age, sex and coronary 
artery disease 3.11 (1.22-7.92) 0.02 4.99 (1.53-16.28) 0.008 0.28 0.01

Age, sex and atrial 
fibrillation 3.75 (1.39-10.17) 0.009 5.08 (1.52-16.97) 0.008 0.29 0.005

Age, sex and renal 
dysfunction 3.65 (1.37-9.69) 0.009 5.19 (1.50-17.99) 0.009 0.34 0.002

Age, sex and chronic 
obstructive pulmonary 
disease

2.96 (1.16-7.58) 0.02 4.80 (1.45-15.82) 0.01 0.30 0.007

Age, sex and obesity 3.92 (1.46-10.57) 0.007 6.23 (1.74-22.36) 0.005 0.25 0.03

Left ventricular ejection 
fraction and mean left 
ventricular e’ septal/
lateral wall

3.65 (1.41-9.44) 0.008 6.19 (1.77-21.58) 0.004 0.26 0.02
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evidence that comorbidities (including diabetes mellitus) contribute to endothelial 
dysfunction via release of inflammatory cytokines, increased levels of reactive 
oxygen species and decreased availability of nitric oxide.21 Longstanding exposure 
to this oxidative stress and systematic inflammation in the setting of comorbidities 
are important mechanisms of the development of adverse myocardial remodeling 
and left ventricular diastolic dysfunction is one of its first manifestations.21 Recently, 
Lindman et al. showed that HFpEF patients with diabetes mellitus indeed had a more 
severe phenotype of HFpEF, with increased risk of hospitalization, more advanced 
LV hypertrophy and higher concentrations of biomarkers that relate to oxidative 
stress, inflammation and fibrosis.2 In the present study, we observed that HFpEF 
patient with diabetes had a higher prevalence of ischemic heart disease, higher use 
of diuretics and lower glomerular filtration rate. Nephropathy is an ominous sign in 
patients with diabetes, and is strongly associated with cardiac ischemia and diabetic 
cardiomyopathy.22 Diabetic nephropathy may also have an important adverse impact 
on both ventricles simultaneously.

Previously, Karamitsos et al. investigated RV diastolic function in young individuals 
with type I diabetes mellitus. These individuals without heart failure and no evidence 
of coronary artery disease or hypertension had higher transtricuspid E/A ratio and 
lower tricuspid annular e’, compared to healthy controls.23 This suggests that, similar 
as for the LV, RV diastolic dysfunction seems also an early sign of myocardial 
remodeling in diabetes mellitus. Also in patients with pulmonary arterial hypertension, 
diabetes mellitus is associated with reduced RV work load and lower survival rate, 
compared to non-diabetic individuals with pulmonary arterial hypertension.24 In the 
present cohort in the subgroup of patients with high PVR, the patients with diabetes 
mellitus also had more RV systolic and diastolic dysfunction, while PVR was similar 
between both groups. 

Besides a direct myocardial effect, chronic hyperglycemia may also have an effect on 
pulmonary vascular remodeling ultimately resulting in right-sided pressure overload. 
For instance, Berthelot et al. included diabetes mellitus to a clinical risk model for 
the presence of PH in HFpEF.25 We have recently shown that diabetes mellitus is 
more prevalent in HFpEF patients with combined post- and pre-capillary PH than 
in HFpEF patients with isolated post-capillary PH.7 In these patients, diabetes 
mellitus might enhance adverse pulmonary vascular disease through increased 
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inflammation and reduced vasodilatation.26 This hypothesis is supported by the fact 
that acute hyperglycemia (to glucose levels of 16.7 mmol/l) impairs endothelium-
dependent vasodilation and lowers nitric oxide and prostacyclin in healthy, non-
diabetic individuals.27 

A hyperglycemic state could also be a plausible target for future treatment options. 
The phosphodiesterase type 5A inhibitor vardenafil, which enhances the vasodilator 
effects of cyclic guanosine monophosphate, was tested in Zucker diabetic fatty 
rats.28 In this animal model, vardenafil was reported to prevent the development 
of diabetes mellitus-associated myocardial remodeling, defined as increased 
myocardial stiffness and worsened diastolic dysfunction.28 Further studies are 
needed to investigate whether there is a role for such therapies to prevent the onset 
and/or worsening of RV dysfunction in diabetic HFpEF patients.

Limitations

There are several limitations that need to be addressed. First, the sample size was 
small, thus we were not able to investigate extensive multivariable associations of 
comorbidities with RV dysfunction. Second, patients with suspected PH on previous 
echocardiography were referred for invasive evaluation of PH. This resulted in a 
selection bias with potential overrepresentation of PH-HFpEF. The results may 
therefore not be applicable to the entire HFpEF population. Furthermore, established 
methods to investigate RV diastolic dysfunction are lacking. In the present study, 
invasive pressure-volume loops were not obtained and also transtricuspid inflow (i.e. 
E/A ratio) was not available. Therefore, we could only measure RV diastolic function 
using the tricuspid annular tissue velocity and RV end-diastolic pressure.  
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Abstract

There is an unmet need for effective treatment strategies to reduce morbidity and 
mortality in patients with heart failure with preserved ejection fraction (HFpEF). Until 
recently, attention in patients with HFpEF was almost exclusively focused on the 
left side. However, it is now increasingly recognized that right heart dysfunction is 
common and contributes importantly to poor prognosis in HFpEF. More insights 
into the development of right heart dysfunction in HFpEF may aid to our knowledge 
about this complex disease and may eventually lead to better treatments to improve 
outcomes in these patients. In this recommendation paper from the Heart Failure 
Association of the European Society of Cardiology, the Committee on Heart 
Failure with Preserved Ejection Fraction reviews the prevalence, diagnosis and 
pathophysiology of right heart dysfunction and failure in patients with HFpEF. Finally, 
potential treatment strategies, important knowledge gaps and future directions 
regarding the right side in HFpEF are discussed.
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Introduction

For many years, the right ventricle (RV) was largely neglected in the consideration of 
left-sided heart failure. In the last two decades however, several studies have clearly 
demonstrated that RV dysfunction (RVD) is not only common in left heart failure, 
its presence also strongly contributes to increased morbidity and mortality.1 The 
mechanisms behind the development of RVD in patients with left heart failure have 
been well established, but these data were, until recently, almost exclusively obtained 
in patients suffering from heart failure with reduced ejection fraction (HFrEF).2

It is now evident that RVD is highly prevalent and contributes to poor prognosis 
in patients with left-sided heart failure with preserved ejection fraction (HFpEF).3-5 
However, the underlying pathways that lead to RVD in HFpEF are less clear. In 
addition, patients with idiopathic pulmonary arterial hypertension (PAH) and chronic 
obstructive pulmonary disease (COPD) also present with signs and symptoms of 
heart failure with a preserved left ventricular (LV) ejection fraction. Better insight 
into the mechanisms causing the development of RVD and its clinical role in HFpEF 
may aid to 1) our understanding of this complex disease and 2) develop novel 
treatment strategies to improve outcomes. The present recommendation paper 
reviews the pathophysiology, potential treatment strategies, knowledge gaps and 
future directions regarding the right-side of the heart in HFpEF.

Prevalence and prognosis
Puwanant et al. were one of the first that investigated RV systolic dysfunction in 
HFpEF, demonstrating a prevalence of 33%, 40% and 50%, as categorized by 
reduced RV fractional area change (FAC), tricuspid annular plane systolic excursion 
(TAPSE) and tricuspid annular systolic velocity (RV S’), respectively.6 Reporting exact 
prevalence data for RVD is challenging, because HFpEF severity across different 
studies has varied, as well as the echocardiographic methods, criteria and cut-off 
values employed for the assessment of RVD.3,4,7-9 Some of these cut-off values for 
RVD are less well established or have also changed over time.10-12 Aschauer et al. 
used cardiac magnetic resonance (CMR) imaging, and RVD was present in 19% of 
the patients.8 

It is important to keep in mind that the prevalence of RVD may also be influenced 
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by inclusion criteria that are applied to define HFpEF. The classic signs of left- and 
right-sided heart failure are not mutually exclusive. For instance, the often used 
Framingham criteria for the diagnosis of HFpEF include signs consistent with right-
sided decompensation, such as hepatomegaly and peripheral oedema. Furthermore, 
the inclusion of patients with (concomitant) pulmonary vascular disease (PVD) 
caused by mechanisms other than left heart failure (e.g. COPD and PAH) may result 
in the overrepresentation of RVD unrelated to left-sided HF.13,14 Furthermore, the 
application of different exclusion criteria among individual studies may also affect 
the prevalence rate of RVD. For instance, renal dysfunction is strongly associated 
with pulmonary hypertension (PH) and RVD.15 The prevalence of RVD may therefore 
be relatively higher in community-based studies compared to clinical trials, because 
(severe) renal dysfunction is often an exclusion criterion in the latter. Because signs 
suggestive of RVD are used to diagnose heart failure in community studies, there 
may be a relatively higher identification of HFpEF patients with RVD compared to 
HFpEF patients without RVD in these studies compared to clinical trials, in which 
more often stringent HFpEF criteria are used.

Finally, it is challenging to define the prevalence of RVD considering the small 
number of patients among individual studies. In a recent, large meta-analysis, the 
prevalence of RVD was 18%, 28% and 21% using RV FAC, TAPSE and RV S’, 
respectively.5 Thus despite variable reports, methods and criteria, the best available 
current data indicate that RVD is present in at least one-fifth and potentially up to 
30-50% of patients with HFpEF.

Most cardiovascular deaths in HFpEF can be attributed to end-stage circulatory 
failure.16 It is now increasingly evident that RVD is also a major predictor of the 
clinical course of HFpEF.5 Melenovsky et al. reported a 2.2-fold increased risk for all-
cause mortality per 7% decrease in FAC, after adjustment for pulmonary pressures.3 
In the study by Aschauer et al., the hazard ratio for outcome was 4.9 for patients with 
RV ejection fraction <45% on CMR.8 Pooled data from individual studies recently 
showed that the risk of mortality increases with ~26% per 5 mm decrease in TAPSE 
and with ~16% per 5% decrease in FAC.5 In a recent prospective study, 55% of 
patients with HFpEF died with clinical signs of right heart failure.17 
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Diagnosis

Right heart dysfunction versus failure
The distinction between RVD and right heart failure may be likened to that between 
LV systolic dysfunction and left heart failure, in that the former is defined by abnormal 
values of functional parameters, whereas the latter is defined by haemodynamic 
decompensation with typical clinical signs and symptoms.

Right heart dysfunction is present when a measure of RV function falls outside the 
recommended range of normal (Table 1).11 In the absence of clear normal values, 
the range that is published varies and hinges on agreement to what defines normal 
and abnormal. Right ventricular dysfunction may be asymptomatic, but there may 
be evidence of adaptive RV remodelling in response to increased afterload such as 
RV hypertrophy, which seems present in ~22% of patients with HFpEF and ~45% 
of patients with PH-HFpEF.18 Preliminary evidence suggests that there may be 
increased reliance on a contraction pattern more suited for increased afterload to 
preserve global systolic function (e.g. reduced longitudinal shortening but enhanced 
transverse contraction), analogue to the LV.19 However, opposite results were 
observed in a prior echocardiographic study, demonstrating that reduced transverse 
RV function is rather a reliable indicator of the presence of high pulmonary artery 
pressure, whereas reduced RV longitudinal function was associated with overall 
impairment of cardiac function.20 This implies that impaired RV transverse function 
may be an early indicator of the presence of high pulmonary pressures, which is 
of interest in the screening for PH. On the other hand, reduced RV longitudinal 
function in the presence of high pulmonary pressures yields an important role in the 
follow-up of patients with known PH. Given these exemplary observations, multiple 
independent measurements that reflect RV systolic function are preferably used and 
we herein propose that RV systolic dysfunction is present in HFpEF if 1) at least two 
echocardiographic parameters for RV systolic function are below their recommended 
cut-off value (Table 1), or 2) if RV ejection fraction measured with CMR is <45%. Still, 
it must be noted that the majority of data regarding RVD is obtained from patients 
with HFrEF instead of HFpEF. 

Furthermore, while there remains large data available on cutoff values for RV 
dysfunction, from a clinical point of view it is also important to know which cut-off 
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Table 1: Right heart dysfunction and failure.
Right-sided structural and functional abnormalities on echocardiography
Presence of right ventricular systolic dysfunction
•        TAPSE <17 mm
•        RV FAC <35 %
•        RV S’ <9.5 cm/s
•        RV FWLS > -20% (<20 in magnitude with the negative sign)
•        RIMP (pulsed Doppler) >0.43 (pulsed Doppler) or >0.54 (tissue Doppler)
•        3D RV ejection fraction <45%
Signs of right-sided pressure/volume overload
•      Tricuspid regurgitation
•      RV basal end-diastolic diameter >41 mm
•      RVEDD/LVEDD
•      Septal shift or D-shaped LV in systole and/or diastole >1.0
•      RV wall thickness
•      Inferior vena cava diameter >5 mm

•      Inferior vena cava collapsibility >21 mm
•      Tricuspid regurgitation peak systolic velocity <50%
•      Right atrial end-systolic area >2.8 m/s

>18 cm2

Clinical evidence of right heart failure
•      Evidence of right-sided structural and/or functional abnormalities (see above), in combination with:

Symptoms, e.g.:
•      Exertional dyspnoea
•      Fatigue
•      Dizziness
•      Ankle swelling
•      Epigastric fullness
•      Right upper abdominal discomfort

Signs, e.g.:
•      Jugular venous distension
•      Peripheral oedema
•      Hepatomegaly
•      Ascites
•      Third heart sound

FAC fractional area change; FWLS free wall longitudinal strain; LV left ventricular; LVEDD left ventricular 
end-diastolic diameter; RIMP right ventricular index of myocardial performance; RV right ventricular; 
RVEDD right ventricular end-diastolic diameter; RV S’ systolic velocity of the lateral tricuspid valve 
annulus; TAPSE tricuspid valve annular plane systolic excursion. Echocardiographic cut-off values 
adapted from the ESC/AHA guidelines.11,12,99

values of individual functional parameters are associated with poor prognosis in 
HFpEF. In general, these cutoff values are lower than the ones used to only define 
dysfunction. For instance, Ghio et al. identified TAPSE <14mm to be strongly 
associated with adverse prognosis, both in HFrEF and HFpEF.9,21 However, data 
in this regard are scarce in HFpEF and reported values also vary widely. Additional 
prospective studies are needed to identify clear RVD cutoff values associated with 
prognosis, that have clinical relevance in HFpEF.
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Right heart failure is a clinical diagnosis with signs and symptoms of systemic 
congestion in combination with structural and/or functional abnormalities of the right 
heart.22 Right heart failure may be caused by RVD itself or RV remodelling including 
annular dilation causing tricuspid insufficiency and right atrial dysfunction. These 
changes ultimately cause symptoms of exertional dyspnoea and reduced exercise 
capacity and/or signs of right-sided decompensation such as jugular venous 

Figure 1: Graphic representation of echocardiographic parameters in the assessment of right 
ventricular dysfunction. Ao, aorta; DTI, Doppler tissue imaging; EF, ejection fraction; ET, ejection time; 
FAC, fractional area change; IVC, inferior vena cava; IVCT, isovolumic contraction time; IVRT, isovolumic 
relaxation time; LA, left atrium; LV, left ventricle; LVEDD, left ventricular end-diastolic diameter; RA, right 
atrium; RIMP, right ventricular index of myocardial performance; RV, right ventricle/ventricular; RVEDD, 
right ventricular end-diastolic diameter; TAPSE, tricuspid annular plane systolic excursion; TR, tricuspid 
regurgitation. Reproduced from Harjola et al99 with permission of the authors. Copyright © 2016.
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distension, hepatomegaly, ascites and peripheral oedema (Table 1).22 Ultimately 
after longstanding right-sided pressure and/or volume overload, the right heart is 
unable to provide adequate blood flow through the pulmonary circulation at a normal 
central venous pressure and cardiac output decreases which ultimately leads to 
death, if not treated adequately.22 

It is important to acknowledge that staging phases of RVD and right heart failure vary 
of time and some patients may not have RVD at rest, but rather during exercise. In 
contrast to left-sided heart failure, there is currently no clear staging of right heart 
failure, although attempts have been made to develop a staging system.2 For right 
heart failure in the setting of HFpEF, we herein propose a staging system of RVD and 
right heart failure (Table 2). However, the proposed staging system needs further 
validation in a prospective setting. 

Echocardiography
Right ventricular function can be assessed using several methods and 
echocardiography is generally the first-line tool (Figure 1). TAPSE is most frequently 
used and has an independent prognostic value in HFpEF.4,8,23-25 The currently 
recommended lower limit cut-off for TAPSE is <17mm,12 although prior studies 
frequently used <16 mm. Fractional area change (with a lower limit of normal 
<35%12) is also commonly used, and is predictive of all-cause mortality and heart 
failure hospitalisations in HFpEF.3,8,24,26 

Because, for TAPSE and FAC there is the most available evidence in relation to 
prognosis, these two measures should preferably be assessed, if possible, in all 
patients with HFpEF. Other echocardiographic indices related to RVD used in 
HFpEF include RV S’,3,6,7,27-29 and RV longitudinal strain (Table 1, Figure 1).7,29 
The latter has advantages because it is angle-independent and has the potential 

Table 2: Staging of right heart dysfunction and failure in HFpEF.
Stage 1 At risk for right heart failure without RV dysfunction and without signs/symptoms of right heart 

failure.

Stage 2 RV dysfunction without signs/symptoms of right heart failure.

Stage 3 RV dysfunction with prior or current signs/symptoms of right heart failure.

Stage 4 RV dysfunction with refractory signs/symptoms of right heart failure at rest (requiring specialized 
interventions).

RV right ventricular. Adapted from Haddad et al.2
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ability to detect subtle, regional myocardial changes in HFpEF, when conventional 
echocardiographic parameters remain within the normal range.29 In addition, TAPSE 
and RV S’ are sometimes falsely elevated when the LV is hyper-dynamic, due to 
tethering effects of the LV secondary to both ventricles sharing myocardial muscle 
fibres.30 RV strain may be lesser influenced by these tethering effects in this context. 
The association between RV strain and prognosis has been described in patients 
with HFpEF,26 but further evidence from other prospective HFpEF cohorts, using 
dedicated RV-focused strain imaging, is needed. 

The RV index of myocardial performance (RIMP) is an index of global RV function. 
Higher values of RIMP indicate impaired myocardial performance (Table 1, Figure 
1).12 Furthermore, 3D echocardiography is increasingly being used and RV ejection 
fraction <45% is recommended as cutoff value for RVD (Table 1, Figure 1),12 yet data 
on RV ejection fraction assessed with 3D echocardiography in HFpEF are scarce.

Assessment of pulsed-wave Doppler for tricuspid inflow (i.e. tricuspid E/A ratio) or 
hepatic vein diastolic flow, tissue Doppler for lateral tricuspid annular diastolic velocity 
(e’), and right atrial size, may all be useful to measure RV diastolic function.31 However, 
these diastolic indices are influenced by age, respiration, heart rate, pulmonary 
pressures and other covariates.31 Right ventricular diastolic function is not routinely 
assessed in clinical practice but dysfunction can be present, at least during exercise, 
early in the course of HFpEF and in parallel with LV diastolic dysfunction, probably 
due to combined myocardial processes that affect both ventricles simultaneously.32 
Of note, a correct and complete assessment of LV diastolic function (E/A, e’, E/e’ 
and left atrial size) is important to diagnose RVD in the setting of HFpEF, because in 
some cases there is a discrepancy between the severity of LV diastolic dysfunction 
and RVD.

Echocardiography is also the first-line tool for the evaluation of increased right-sided 
pressures.11 Given the high prevalence of PH in HFpEF, it is recommended to asses 
direct and indirect echocardiographic signs related to increased pulmonary pressures 
in all patients with HFpEF. This primarily includes the estimation of pulmonary artery 
systolic pressure (PASP in mmHg) using the tricuspid regurgitation (TR) jet velocity 
and estimated central venous pressure. Other useful indices include, RV basal end-
diastolic diameter (>41 mm), RV hypertrophy (wall thickness >5 mm), right atrial 
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dilatation (right atrial end-systolic area >18 cm2) and inferior vena cava size and 
collapsibility for the estimation of right atrial pressure.11 More specific measures that 
can be obtained for a non-invasive estimation of pulmonary vascular resistance 
(PVR) include RV outflow tract (RVOT) notching on the pulse-wave Doppler profiles, 
and the peak TR velocity/RVOT velocity-time integral.33 For the latter, a value <0.18 
suggests elevated PVR to be unlikely.(33) Echocardiography can also be used to 
differentiate between PAH and PVD-HFpEF, using left and right atrial size ratio 
and interatrial and interventricular septal bowing.33 In patients with PH-HFpEF, 
interventricular septal bowing may be less pronounced than in PAH due to typically 
higher left-sided systolic pressures in HFpEF compared to patients with PAH.

Cardiac magnetic resonance imaging
The assessment of the right heart using echocardiography may be challenging, due 
to its complex geometry, limited echocardiographic windows and high prevalence 
of obesity and COPD in HFpEF. Therefore, CMR is increasingly being used and is 
currently recommended (Class IC) in patients with suspected or established heart 
failure with poor acoustic window, for the assessment of myocardial structure and 
function (taken account for cautions/contra-indications to CMR).34 Reduced RV 
ejection fraction on CMR is associated with worse prognosis in HFpEF,8,35 and <45% 
is most commonly used as cut-off for RVD.36 CMR is also reliable in measuring 
RV volume and hypertrophy, which may be useful in the setting of PVD-HFpEF. In 
addition, the pulmonary artery to aorta diameter ratio seems useful as non-invasive 
indicator of the presence of PH in HFpEF.37 

Quantification of focal and diffuse myocardial fibrosis is also feasible by CMR, using 
late gadolinium enhancement, T1 time and extracellular matrix fraction.37,38 Lower 
LV myocardial post contrast T1 time is associated with higher extracellular matrix 
and collagen content, and predicts poor prognosis in HFpEF.38 Late gadolinium 
enhancement can typically be observed near the septal insertion points of the RV, 
and this finding is reported in patients with PH,39 and hypertrophic cardiomyopathy,40 
as well as in patients with various aetiologies of HFpEF.8 As for the RV itself, the 
myocardial wall is often too thin for reliable quantitative assessment of T1 time 
using the standard modified look-locker sequences. However, high-resolution look-
locker images have higher pixel density and may be reliable for the estimation of 
extracellular volume content in the thin-walled RV myocardium.41
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Right ventricular-pulmonary artery coupling
The RV is exquisitely sensitive to changes in afterload,42 and this heightened 
afterload-dependence is exaggerated in patients with HFpEF.3 In view of the 
frequent presence of PVD and increased RV afterload in HFpEF, consideration of 
RV-pulmonary artery (RV-PA) coupling is important.

The gold standard assessment of RV-PA coupling involves invasive pressure-volume 
(PV) loops. In normal conditions, the PV loop of the RV is triangular shaped, due to 
lower resistance and higher compliance of the pulmonary vasculature, as compared 
to the systemic circulation.42 In response to increased vascular load, the RV adapts 
with a 4- to 5-fold increase in myocardial contractility, haemodynamically visualized 
by a more rectangular “LV-shaped” PV loop and a leftward shift of the end-systolic 
PV relationship (“coupling”).42 In the next progressive stage, the RV becomes more 
dilated and the end-systolic PV relationship shifts to the right, resulting in lower 
myocardial contractility (“uncoupling”). Heart rate increases to maintain sufficient 
cardiac output, which will lead to increased wall stress and oxygen demand.42 
Ultimately after longstanding high metabolic demand, the RV is unable to maintain 
cardiac output, which is accompanied by signs and symptoms of severe right heart 
failure.42 The attention for the importance of RV-PA coupling in left-sided heart 
failure has been increasing, because conventional systemic vasodilators used to 
treat left-sided heart failure were observed to have no beneficial effect on the right 
heart. However, invasive PV assessments are rather cumbersome and not without 
risk.42 Recent studies have examined RV-PA coupling non-invasively in patients 
with pulmonary hypertension (PH).43-45 Guazzi et al. proposed an echocardiographic 
estimate of RV-PA coupling in heart failure, using both TAPSE and PASP.46 Reduced 
TAPSE/PASP ratio was associated with worse prognosis, both in HFrEF and in 
HFpEF,9,46-48 and a prognostic cut-off of this ratio was identified: <0.36.9,46,48 In a study 
with parallel invasive pulmonary haemodynamic assessment, the TAPSE/PASP ratio 
was gradually reduced across the PA resistance-compliance hyperbolic relationship, 
which suggests that this simple, non-invasive marker could reflect the ‘operating 
load’ the RV has to work against and this ratio may already been reduced when 
cardiac output is still preserved.47 Reduced TAPSE/PASP ratio also seems to be a 
reliable non-invasive parameter to identify HFpEF patients with a high likelihood of 
having additional pre-capillary PH.48
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Finally, RV stroke work index can be estimated non-invasively in patients with heart 
failure, by calculating the RV contraction pressure index as the product of TAPSE 
and the transtricuspid systolic pressure gradient.49

Right ventricular function during stress testing
Evaluation of right-sided filling pressures, RV-PA coupling and RV systolic and 
diastolic function with stress testing such as exercise and preload augmentation 
has the potential to enhance haemodynamic assessment at different stages of 
HFpEF.32,50 Patients with advanced HFpEF and concomitant PVD may have normal 
RV functions at rest, but RVD may be present during exercise, if the ability of the 
pulmonary vasculature to dilate in response to increased volume load is lost. RV 
strain may be a sensitive indicator for this phenomenon.50 On the contrary, impaired 
RV function at rest may not necessarily imply a worse adaptive contractile response 
during exercise in patients with heart failure.51 An additive role for cardiopulmonary 
exercise testing in patients with PAH is recently highlighted in the 2016 European 
Society Guidelines on the Diagnosis and Management of PH,52 and may also be 
useful to explore the various phenotypes and different levels of risk in patients with 
heart failure.51,53

Remarkably, studies by Borlaug et al. have shown that RV-PA uncoupling occurs 
during exercise, even in the earlier stages of HFpEF.32 Elevation in left atrial pressure 
and impaired left atria strain response during exercise (despite preserved LV ejection 
fraction) is pathognomonic for HFpEF,54,55 and this acutely shifts the PA resistance-
compliance relationship leftward, causing an increase in pulsatile RV load.55,56 
Assessment of PA pressure-flow relationships with exercise has been proposed as 
a useful and prognostically relevant metric to evaluate vascular reserve in HFpEF,57 
and some HFpEF phenotypes, such as those with obesity-related HFpEF, may 
display greater abnormalities in RV-PA coupling during exercise that potentially 
move forward towards therapeutic implications.58 

Aetiology

Pulmonary hypertension
The most important mechanism of RVD in HFpEF is contractile impairment and 
afterload mismatch in the setting of PH-HFpEF (Figure 2).3,4 Left ventricular diastolic 
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Figure 2: Pathways leading to right ventricular dysfunction in heart failure with preserved ejection 
fraction. The predominant mechanism for the development of right ventricular dysfunction (RVD) is the 
load-dependent pathway, caused by 1) post-capillary pulmonary hypertension (PH) due to increased 
left-sided filling pressures and 2) aggravated pulmonary vascular disease (PVD) with chronic pulmonary 
congestion and concomitant factors such as ageing, male sex, chronic obstructive pulmonary disease 
(COPD) and chronic thromboembolic pulmonary hypertension (CTEPH). Chronically increased afterload 
in PVD-HFpEF will lead to RV hypertrophy, dilatation and dysfunction (B). Increased right-sided pressure 
will also lead to leftward septal bowing and this ‘diastolic ventricular interaction’ further impairs left-sided 
filling. In isolated post-capillary PH, left atrial size typically increases before or together with increase in 
pulmonary artery pressure (PAP) while in the setting of additional pre-capillary PH, right atrial size may 
surpass left atrial size. There are also several load-independent factors associated with development of 
RVD. These include 1) mechanistic factors, such as atrial fibrillation (AF), right-sided pacing and ‘systolic 
ventricular interaction’ and 2) intrinsic myocardial processes that involve systemic inflammation and 
endothelial dysfunction caused by non-cardiac comorbidities and for instance right-sided involvement in 
wild-type transthyretin amyloidosis (ATTRwt) (A). CAD coronary artery disease; DM-II diabetes mellitus 
type 2; OSAS obstructive sleep apnoea syndrome; PCWP pulmonary capillary wedge pressure; PVD 
pulmonary vascular disease; RV right ventricle; RVP right ventricular pressure.
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dysfunction and loss of left atrial compliance in the setting of HFpEF impose a 
pulsatile load on the pulmonary venous system leading to a ‘passive’ increase of 
pulmonary pressure.59 Clinical features that are suggestive of HFpEF in patients 
with suspected PH include older age, typical comorbidities such as atrial fibrillation 
(AF) and obesity, and left atrial dilatation.60 An additional component of pulmonary 
vasoconstriction with or without pulmonary vascular remodeling, may lead to 
further increases of pulmonary pressure that are not in proportion to left-sided filling 
pressures in HFpEF.61 In specialized centres, right heart catheterization may be 
recommended to distinguish between PAH and HFpEF-PH and/or to confirm HFpEF 
if the diagnosis is uncertain.60 Simple hemodynamic equations obtained from right 
heart catheterization, such as PVR, transpulmonary gradient and diastolic pressure 
gradient (DPG), can distinguish the different haemodynamic conditions.59 Current 
consensus classifies PH with left heart disease as “isolated post-capillary PH” 
(pulmonary capillary wedge pressure [PCWP] >15 mmHg, mean PA pressure ≥25 
mmHg with PVR ≤3.0 WU and/or DPG <7 mmHg) and “combined post- and pre-
capillary PH” (PCWP >15 mmHg, mean PA pressure ≥25 mmHg with PVR >3.0 WU 
and/or DPG ≥7 mmHg).52 An accurate assessment of PCWP is essential, requires 
great attention to detail and should be measured at end-expiration and mid A-wave. 
In many patients with HFpEF, PCWP might be <15 mmHg at rest, in fasting state 
and with optimal diuretic therapy, and PCWP may typically rise with exercise or after 
a fluid challenge, which enhances the diagnosis of HFpEF.52,54 Consequently, PCWP 
<15 mmHg at rest in combination with increased PA pressure does not necessarily 
implies isolated pre-capillary PH.52,54 Standardized diagnostic protocols should be 
designed specifically for these occurrences. In patients with high PVR indicating 
combined post- and pre-capillary PH, vasoreactivity testing may be useful to identify 
a reactive pulmonary arterial component.60 Individual haemodynamic characteristics 
obtained with right heart catheterization provide more patient’ tailored strategies or 
participation in clinical trials.

Pulmonary hypertension is a common finding in patients with HFpEF, and is 
associated with worse symptoms, reduced exercise capacity, higher natriuretic 
peptide levels and increased hospitalisation rates and mortality.48,62,63 

In a population-based study from Lam et al., up to 83% of all-comers with HFpEF 
had non-invasive evidence of PH.64 In a later invasive study by Melenovsky et al., 
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81% of HFpEF patients had PH.3 Data from the large TOPCAT clinical trial revealed 
a much lower PH prevalence rate of 36%.(65) The presence of PH may thus vary 
considerably among different HFpEF populations and may be influenced by the 
different stages of HFpEF severity enrolled in the different studies (e.g. clinical trials 
versus community-based studies), as well as the frequent exclusion of comorbidities 
in most clinical trials that are strongly associated with PH, such as severe renal 
dysfunction and significant pulmonary disease.5,66 If pulmonary haemodynamics are 
not invasively assessed, it remains unclear which amount of included patients with 
HFpEF have PH due to (concomitant) PAH, COPD or other systemic diseases.

Ventricular interdependence
One of the key features in HFpEF is LV diastolic dysfunction. Although, global LV 
ejection fraction is by definition preserved in HFpEF, there is evidence of LV contractile 
dysfunction.67 Because both ventricles share myocardial muscle fibres and the 
interventricular septum, approximately 20 to 40% of RV systolic performance can be 
attributed to LV contraction.30 This concept of systolic ventricular interdependence 
might be the mechanism behind the previously reported associations between 
reduced ejection fraction and the higher prevalence of RVD in HFpEF.3,4,8 In the 
setting of regional LV contractile dysfunction despite preserved global LV ejection 
fraction in HFpEF, the direct contribution of LV contraction to RV systolic function 
is also reduced. This left-to-right ventricular contribution is also lost in the setting of 
RV-pacing in HFpEF.

Diastolic ventricular interdependence (DVI) is also important in HFpEF. Approximately 
30 to 40% of LV diastolic pressure is related to extrinsic forces including right heart 
pressure and pericardial restraint.68 Even slight increase in pulmonary pressure 
already leads to a leftward septal shift and impaired LV diastolic compliance induced 
by DVI in the absence of prior intrinsic LV disease.69 This effect is already present in 
patients with even mild to moderate PH, and may aggravate clinical manifestation of 
(exertional) dyspnoea.69 DVI with inhomogeneous septal movement can be assessed 
using 2D speckle tracking echocardiographic strain (Supplemental Figure 1). DVI 
might also belong to the mechanisms that contribute to septal mechanical delay 
and asynchronicity, which can be found in ~20% of the patients with HFpEF.70 
Haemodynamic changes induced by DVI are also accompanied by neurohormonal 
activation.69 Recent data have shown that DVI is increased in HFpEF patients 
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with obesity, coupled with increases in right heart remodelling and dysfunction.58 
Intriguingly, the degree of DVI is synergistically enhanced as PA pressure increased 
in these patients. An important repercussion of this phenomenon is that higher 
pulmonary venous pressure is required to achieve a given LV transmural distending 
pressure, which is then transmitted back to further increase of RV afterload.58

Atrial fibrillation
Atrial fibrillation is also common in HFpEF.71 Several studies have indicated a link 
between AF and the presence of RVD in HFpEF.3,4,9,72 Both may relate to HFpEF, in 
which increased LV filling pressures leads to left atrial stretch and remodelling on the 
one hand;71 and furthermore to increased pulmonary pressures and RV afterload. 
Indeed, HFpEF patients with AF have higher PCWP and mean PA pressure, 
compared to HFpEF patients in sinus rhythm.72 

Left atrial function and adverse remodelling is important in the context of heart 
failure.73 As left atrial function deteriorates, particularly with development of AF, there 
is more profound pulmonary vascular dysfunction and consequent impairment in 
RV function in patients with HFpEF.74 However, it is not just afterload mismatch, as 
RV shortening is worse in HFpEF patients with AF for any given PA pressure load.3 
Possible mechanisms might be related to decreased RV longitudinal contraction and 
rhythm irregularity with negative inotropic effects in the setting of AF,75,76 although 
we lack prospective studies that addressed such hypotheses in HFpEF. Conversely, 
RVD is also a strong predictor of the occurrence of AF after acute decompensated 
heart failure.77 

Atrial fibrillation is also prevalent in patients with PH that is not caused by left heart 
failure (~20 to 23%),78,79 and this presence of PH is associated with more right atrial 
dilation and higher right atrial pressures, compared to PH patients without AF.79 
Reduced TAPSE and right atrial dilatation were previously linked to both history and 
development of AF in patients with hypertrophic cardiomyopathy.80 To what extent 
right atrial overload beyond left atrial overload may facilitate the onset or progression 
of AF, in patients with PVD-HFpEF, needs to be evaluated.
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Coronary artery disease
Coronary artery disease is associated with more advanced impairment of RV function 
in both HFpEF and HFrEF.3,4,9 Although patients with large myocardial infarctions do 
not typically present as HFpEF, coronary artery disease is also common in HFpEF, 
up to 50-66%.81 While, the RV has the ability to recover from an acute ischaemic 
insult and isolated RV infarction is rare,82,83 single occlusion of proximal right 
coronary artery or of dominant circumflex coronary artery may result in RV systolic 
dysfunction while global LV systolic function is preserved. Especially in the setting 
of RV hypertrophy and PH, coronary artery disease might enhance the mismatch 
between perfusion and demand.

Furthermore, approximately one-third of HFpEF patients with coronary artery 
disease had previously undergone coronary artery bypass grafting.81 In patients 
undergoing such major cardiac surgery and/or valve replacement, TAPSE may be 
considerably reduced, even up to one year after surgery.84 Reduction in RV filling and 
contraction after cardiac surgery seems independent of cardiopulmonary bypass 
and is not seen in patients receiving percutaneous interventions.85 The significant 
reduction in TAPSE may therefore be mediated by pericardial adhesions following 
pericardiectomy.85 Potential other mechanisms have also been described, such as 
cytokine release, RV infarction due to ischemia or air emboli, and inflammation or 
effusion post-surgery.85 

Besides the contribution of obstructive epicardial coronary artery disease, coronary 
microvascular dysfunction is also reported in patients with HFpEF without history of 
obstructive coronary artery disease.86 Microvascular dysfunction might be an early 
but important stage in the pathogenesis in HFpEF, and may be equally important for 
both ventricles. 

Non-cardiac comorbidities
Several non-cardiac comorbidities such as obesity, diabetes mellitus, renal 
dysfunction, COPD and hypertension are known to adversely impact myocardial 
function and remodelling via systemic pathways, including inflammation and 
endothelial dysfunction. The adverse impact of these processes in HFpEF has 
traditionally been focused on the LV.87 However, given that these involve systemically 
circulating factors, there may plausibly be simultaneous involvement of the RV, 
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resulting in RV remodelling and dysfunction. Co-existence of LV and RV remodelling 
in early HFpEF has been described by Borlaug et al.32

In subjects without cardiovascular disease, obesity may also be related to changes 
in RV structure and function.88,89 Among the different comorbidities, obesity has 
recently been shown to be associated with more profound abnormalities in RV-PA 
coupling.58 As compared to HFpEF patients without obesity, patients with obesity 
display more RV remodelling, greater plasma volume expansion, more ventricular 
interdependence and pericardial restraint, higher filling pressures and greater 
pulmonary vascular dysfunction during exercise. Right ventricular dilatation and 
dysfunction in obesity may be related in part to excessive volume loading, which is 
typical of obesity-related HFpEF.58

Several HFpEF-associated comorbidities such as COPD may contribute to increased 
RV afterload via direct pulmonary vascular effects (Supplemental Figure 2),90 or 
impact RV remodelling by load-independent pathways.91 Long standing systemic 
hypertension leads to LV hypertrophy and stiffening, but may also result in RV 
remodelling, independent of pulmonary pressures.92,93

Furthermore, systemic hypertension often interacts with obesity and diabetes 
mellitus in the development of RV remodelling and dysfunction in patients with the 
metabolic syndrome, with early signs of RV diastolic dysfunction.94-96

Renal dysfunction and HFpEF often co-exist, and each condition may contribute 
to progression of the other in a vicious cycle via inflammation and endothelial 
dysfunction.97 In left-sided heart failure, RVD is also strongly associated with renal 
dysfunction, mainly due to venous congestion resulting from chronic backward 
failure.98 In a large cohort of 299 patients with HFpEF, renal dysfunction was reported 
to be independently associated with higher PA pressures and lower RV strain.15 In 
addition, renal dysfunction strongly facilitates hypervolemia, which is a major factor 
of right-sided decompensation, even in mild stages of right heart dysfunction.99

In some patients, wild-type transthyretin amyloidosis (ATTRwt) is an unrecognized 
cause of HFpEF.100 The RV may also be involved in advanced ATTRwt (Supplemental 
Figure 3), although its clinical relevance is currently unknown.
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Figure 3: Pathophysiology of myocardial and pulmonary vascular remodelling in heart failure with 
preserved ejection fraction
Comorbidities induce a systemic proinflammatory state with elevation of plasma cytokines, such as 
interleukin (IL)-6 and tumour necrosis factor (TNF)-α. Microvascular endothelial cells of the coronary 
vessels produce reactive oxygen species (ROS) which reduces the bioavailability of nitric oxide (NO) 
and this lowers the activity of soluble guanylate cyclase (sGC) in the cardiomyocytes. The resulting 
cascade of lower cyclic guanosine monophosphate (cGMP) and protein kinase G (PKG) ultimately 
results in myocardial remodelling and release of transforming growth factor beta (TGF-β) with deposition 
of collagen in the extracellular space. In theory, both ventricles are equally prone to these systemic 
mechanisms. However, the left ventricle (LV) displays more concentric remodelling, myocardial stiffening 
and diastolic dysfunction due to collagen deposition and fibrosis. On the contrary, the right ventricle 
(RV) exhibits more eccentric remodelling with hypertrophy, dilatation and systolic failure, mainly due 
to concomitant pulmonary vascular disease and resulting increased RV afterload. Chronic pulmonary 
congestion in the setting of increased LV filling pressures in HFpEF leads to remodelling changes of 
the pulmonary vasculature. The resulting increase in pulmonary artery pressures and RV overload 
triggers neurohormonal activation and cytokine release, which further activates the cyclic guanosine 
monophosphate pathway in RV cardiomyocytes, leading to myocyte apoptosis and necrosis and ultimately 
RV failure. COPD chronic obstructive pulmonary disease; PCWP pulmonary capillary wedge pressure; 
PVR pulmonary vascular resistance; HFpEF heart failure with preserved ejection fraction; MPAP mean 
pulmonary artery pressure.
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Pathophysiology

In left-sided heart failure, the RV myocardium may be subject to several stressors, 
where pressure overload in the setting of PH is most prominent. Chronic pulmonary 
congestion in left-sided heart failure leads to morphological changes of the pulmonary 
vasculature, including muscularization of pulmonary venules, haemangiomatosis-
like endothelial cell proliferation in pulmonary capillaries and pulmonary arterial 
remodelling with intimal hypertrophy.62 Pulmonary vascular remodelling in left-sided 
heart failure is different and seems more reversible than the remodelling patterns 
seen in patients with idiopathic PAH, in which there are more irreversible neointimal 
lesions such as concentric laminar intimal fibrosis and plexiform lesions.101 The 
reversibility of severe PVD in patients with left-sided heart failure was previously 
demonstrated in a small group of patients with end-stage left-sided heart failure 
and presumably fixed high PVR. After implantation of LV assist device support, 
a progressive decrease of PVR and normalization of pulmonary pressures was 
observed.102

When the RV myocardium is exposed to increased afterload, several neurohormonal 
and molecular pathways are activated, such as cytokine release, activation of 
the endothelin system, the renin-angiotensin-aldosterone system (RAAS), the 
autonomic nervous system, and release of natriuretic peptides (Figure 3).2 The 
myocardial wall of the normally unstressed RV thickens in order to maintain cardiac 
output. This remodelling pattern eventually leads to an increased mismatch between 
myocardial blood supply and oxygen demand, resulting in myocardial ischemia and 
downstream effects such as collagen formation and fibrosis.103 Oxidative stress 
triggers the production of reactive oxygen species, limits the availability of nitric oxide 
(NO) and significantly contributes to cell necrosis and apoptosis through release 
of inflammatory cytokines, such as tumour necrosis factor-alpha, interleukin-1 
and interleukin-6. Oxidative stress and cytokine release degrade the extracellular 
matrix and myofibrils, and enhance collage formation, resulting in RV dilatation 
and myocardial fibrosis. The activation of the endothelin system is important in the 
setting of PVD and resultant RV failure.2 Endothelin-1 is a potent vasoconstrictor 
and has pro-inflammatory and proliferative properties. Enhanced expression of 
endothelin-1 and endothelin receptors is seen in experimental pulmonary artery 
banding models.104 Elevated levels of catecholamines and overstimulation of the 
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β-adrenergic receptors in the setting of RV failure, further stimulates maladaptive 
myocardial remodelling. For instance, in the presence of RV failure due to pulmonary 
artery banding, decreased expression of β-adrenergic receptors in the RV was 
observed.105 
Besides these cellular and molecular pathways involved in response to increased 
afterload, the changes in the pulmonary vasculature itself also leads to impaired 
pulmonary function and gas exchange.62 Reduced diffusion capacity of the lung 
in patients with PVD-HFpEF is strongly associated with exercise intolerance and 
increased mortality.106,107

Finally, several of these pathways may also be activated in HFpEF – independent 
of PVD – and may be due to direct effects of comorbidities such as obesity, 
hypertension and diabetes mellitus, which activate the release of reactive oxygen 
species via inflammatory cytokines and induce endothelial dysfunction and adverse 
remodelling of cardiomyocytes.87 However, in patients with HFpEF, the LV displays 
more concentric myocardial remodelling, stiffening and diastolic dysfunction, while 
the RV shows more eccentric remodelling with hypertrophy, dilatation and systolic 
failure as a result of predominant increased afterload (Figure 3).

Treatment

The high prevalence of RVD and its potent prognostic consequences in HFpEF 
support the development of treatment strategies targeting the right side in HFpEF. The 
primary strategies of interest are 1) the reduction of pulmonary pressures in patients 
with PH-HFpEF using diuretics for congestion, and potentially novel vasoactive 
drugs targeting the cyclic guanosine monophosphate and endothelin pathways, 
and 2) to directly target RV myocardial tissue. Until now, many previous attempts 
have demonstrated neutral results.62 There is even concern that several PH-targeted 
therapies could rather have detrimental effects in HFpEF, due to rapid increases of 
LV filling pressures and resulting acute pulmonary oedema.108 As a consequence, 
there are currently no established strategies to treat PVD and RVD in HFpEF, and 
the current European Society of Cardiology Guidelines for the Management of 
Pulmonary Hypertension therefore provides a class III recommendation for PAH-
approved treatment for patients with PH due to left heart disease (group 2 PH).52 
Potential treatment strategies are summarized in Table 3. The majority of these 
therapies target the different pathways described above.



Chapter 7

148

Table 3: Treatment targets for the right heart in heart failure with preserved 
ejection fraction.

Established treatments
• None

Potential treatments PAH HFpEF Treatment effects in HFpEF Under study Rationale
cGMP pathway

• PDE5 (sildenafil) ++ +/-
No effect in isolated post-capillary 
PH, has some potential in selected 
patients with high PVR113-115 

No

• PDE9A +/- ? None Pre-clinical

• Riociguat ++ +
↑Stroke volume and ↑cardiac index 
and ↓RV end-diastolic area, but no 
change in PAP or PVR120

NCT02744339
PA vasodilation, anti-
proliferative, anti-fibrotic and 
anti-inflammatory properties

• Vericiguat ? ? None NCT01951638 PA vasodilation

Nitric oxide pathway
Inhaled NO + + ↓PAP, ↑CO, ↓PVR in patients with 

high PVR124-126 NCT02742129 Acute PA vasodilation

Endothelin pathway
• Bosentan ++ - Acute pulmonary oedema108 No

• Macitentan ++ - Data from MELODY-1 suggests more 
fluid retention with macitentan NCT02070991 Reduction hypertrophy and 

stiffening in animal model

Prostacyclin pathway
•Epoprostenol ++ - ↑Mortality in HFrEF130 No
• Iloprost ++ +/- ↓PAP and ↓PVR131 No
• Treprostinil ++ ? None NCT03037580 PA vasodilation

Beta blockade

• Nebivolol ? ? ↑6MWD in HFpEF134 NCT02053246 β-adrenergic antagonist with 
vasodilator properties

• Carvedilol +/- ? None No

RAAS inhibitors
• ACEi/ARBs +/- +/- None No
•Spironolactone +/- +/- No changes in RV function and 

pulmonary pressures149 No

Other strategies

• Ranolazine + + ↓PAP, no change in PVR, 
↑6MWD150, 151 No

• PDE3 (milrinone) +/- ? None No
• ARNI ? +/- No reduction in TR velocity157 No
• CCBs + -/+ None No
• Digoxine +/- +/- None No
• Apelin + ? None No

• Albuterol + + Improved pulmonary vascular 
function27 NCT02885636 PA vasodilation

• IASD ? ? ↓LA pressure, ↑RA pressure/
volume NCT01913613 Reduction in LA pressures

• PA denervation ? ? None NCT02220335
Destruction of pulmonary 
baroreceptors and sympathic 
nervous fibres

• Wireless PAP 
monitoring ? +

↓HF hospitalizations.170, 171 Class 
IIb-B recommendation in HF to 
reduce the risk of recurrent HF 
hospitalization34

No

• Aerobic exercise 
training ++ ++

Class IA recommendation to improve 
functional capacity and symptoms 
in HF34

NCT02435667
NCT02636439

Aerobic training improves 
exercise capacity and 
symptoms.

(++) established beneficial effect; (+) non-established beneficial effect; (+/-) neutral effect; (-) harmful effect; 
(?) any effect unknown.          
ACEi angiotensin-converting enzyme inhibitor; ARB angiotensin receptor blocker; ARNI angiotensin receptor-
neprilysin inhibitor; CCB calcium channel blocker; cGMP cyclic guanosine monophosphate; CO cardiac 
output; HF heart failure; HFpEF heart failure with preserved ejection fraction; HFrEF heart failure with reduced 
ejection fraction; IASD intraatrial shunt device; LA left atrial; LVAD left ventricular assist device; NO nitric 
oxide; PA pulmonary artery; PAH pulmonary arterial hypertension; PAP pulmonary artery pressure; PDE 
phosphodiesterase; PH pulmonary hypertension; PVR pulmonary vascular resistance; RA right atrial, RV right 
ventricular; TR tricuspid regurgitation; 6MWD 6-minute walking distance.
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General considerations
A cornerstone in the current management of symptomatic patients with HFpEF, 
particularly those with signs of right heart failure, is adequate volume management. 
Excessive volume overload is a major driver of decompensation, deterioration 
of RV function and multi-organ dysfunction (e.g. hepatic, renal and splanchnic 
dysfunction). In clinical practice, in many patients with RVD-HFpEF diuretics are 
not given in sufficiently high dosages to ensure decongestion/euvolemia, and early 
identification of patients who are at risk for diuretic resistance is important.109,110 In 
addition, patients should be counselled to avoid excessive fluid and salt intake.

Furthermore, a multidisciplinary strategy with cooperation of a pulmonologist may be 
recommended in relevant cases, to rule out pulmonary causes of PH. Of note, drugs 
approved for PAH are currently also not recommended in patients with PH due to 
lung diseases (class IIIC recommendation).52

Besides anticoagulation, there are currently no specific treatments that improve 
prognosis in patients with HFpEF and AF.71 Rate control is suggested in elderly, 
symptomatic patients to reduce symptomatic burden, improve ventricular filling time 
and to prevent decongestion.71 Rhythm control in patients with HFpEF, especially 
in an advanced stage with older age and multi-morbidity, is rather challenging, yet 
ongoing studies with early rhythm control strategies in HFpEF may hold promise in 
this regard.71

Obese, older patients with stable HFpEF benefit from caloric restriction and aerobic 
exercise training.111 It is recommended to encourage regular aerobic exercise training 
in all patients with heart failure, to improve their functional capacity and symptoms 
(class IA recommendation).34 

Cyclic guanosine monophosphate and nitric oxide pathway
Cyclic guanosine monophosphate (cGMP) and its target protein kinase G (PKG) are 
regulators of ion channel conductance and cellular apoptosis, and have an effect 
on vascular smooth muscle relaxation, vasodilatation and increased blood flow.112 
Phosphodiesterase (PDE) inhibitors prevent the breakdown of cGMP and thereby 
enhance the vasodilator effects of cGMP.112 

The PDE type 5 inhibitor sildenafil is an established drug for patients with World 
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Health Organization Group 1 PAH.52 Sildenafil has also been tested in HFpEF, yet 
with mixed results.113-115 In a recent post-hoc analysis from a Dutch trial, conducted in 
52 HFpEF patients mean PA pressure ≥25 mmHg and PCWP ≥15 mmHg, sildenafil 
did not improve TAPSE and RV S’ compared with placebo.116 In a sub analysis 
from the RELAX trial in HFpEF patients with and without PH, sildenafil also did 
not improve TAPSE. An earlier Italian trial, in patients with HFpEF and high PVR, 
did show improvement in pulmonary pressures, TAPSE and invasively assessed 
RV contractile state in the sildenafil treatment group.113 The findings of a partial 
functional recovery in advanced RV failure associated with HFpEF by sildenafil 
were paralleled by a study providing mechanistic insights (i.e. restoration of cGMP 
pulmonary vascular concentration) on reported benefits. HFpEF, yet it remains to be 
evaluated whether carefully selected HFpEF patients with combined post- and pre-
capillary PH will benefit from PDE type 5 inhibition. 

Very recently, the PDE type 5A inhibitor vardenafil was tested in an animal model 
with Zucker diabetic fatty rats. It was reported that the development of HFpEF 
(defined as myocardial stiffness and diastolic dysfunction) was prevented and the 
activity of the cGMP-PKG axis was restored in this experimental diabetes mellitus-
associated HFpEF model.117 Whether early treatment with PDE type 5 inhibition may 
prevent worsening heart failure in humans with diabetes mellitus-associated HFpEF 
is unknown.118

PDE type 9A regulates natriuretic peptide-stimulated rather than NO-stimulated 
cGMP. PDE type 9A is expressed in human myocytes, is upregulated in the setting 
of myocardial hypertrophy and heart failure, and has been suggested as a potential 
therapeutic target in stress-induced heart disease.119 Its potential as a target in 
patients with HFpEF and predominant RV failure is currently unknown.

Riociguat is a soluble guanylate-cyclase stimulator that induces vasodilatation, has 
antifibrotic, antiproliferative, anti-inflammatory properties, and is effective in patients 
with PVR.52 In the small DILATE-1 trial, riociguat did not improve mean PA pressure 
in patients with PH-HFpEF, but did increase stroke volume and cardiac index.120 
In addition, riociguat significantly decreased systolic blood pressure, systemic 
vascular resistance and RV end-diastolic area, without changing PCWP or PVR.120 
Riociguat is currently being tested in another phase 2 trial for its effect on pulmonary 
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haemodynamics as well as RV size and function on cardiac MRI, in patients with 
PH-HFpEF (NCT02744339).

Another phase 2 with the soluble guanylate-cyclase stimulator vericiguat in 
HFpEF (SOCRATES-PRESERVED, NCT01951638) has recently been completed. 
Vericiguat was well tolerated, did not change NT-proBNP and left atrial volume at 12 
weeks compared with placebo, but was associated with improvement in quality of 
life.121

Recent data from the Swedish Heart Failure Registry in an unselected HFpEF 
population demonstrated that the use of conventional nitrates was not associated 
with improvements in all-cause mortality or heart failure hospitalizations.122 In the 
NEAT-HFpEF randomized controlled trial, the patients with HFpEF who received 
isosorbide mononitrate were less active, and did not have better quality of life or 
submaximal exercise capacity compared to patients who received placebo.123

Inorganic nitrite administration represents a promising new therapy being tested 
in HFpEF. Nitrate and nitrite were formerly considered as inert by-products of 
NO metabolism, but it is now clear that these anions function as an important in 
vivo reservoir to generate NO under hypoxic circumstances in a NO synthase-
independent fashion. Nitrite is reduced to NO by a variety of proteins including 
haemoglobin and myoglobin. This reaction is enhanced in the setting of hypoxia and 
acidosis, as develops in the tissues and veins during exercise. Intravenous nitrite 
was shown to reduce PA pressure and biventricular filling pressures in patients 
with HFpEF, with greater effect during exercise.124 Cardiac output reserve was also 
enhanced. Inhaled, nebulized sodium nitrite has also been shown to reduce PA 
pressures and lower filling pressures at rest and during exercise, with improvements 
in PA compliance.125,126 While acute administration of nitrite did not reduce PVR in the 
entire group of patients with HFpEF, it did lower PVR in those patients with higher 
PVR.125 Nitrite is currently being tested in a National Institute of Health sponsored 
trial: Inorganic Nitrite Delivery to Improve Exercise Capacity in HFpEF (INDIE-
HFpEF, NCT02742129). 

Endothelin pathway
Endothelin receptor antagonists such as Bosentan are effective in World Health 
Organization Group 1 PAH.52 On the contrary, Bosentan exerts rather detrimental 
effects in patients with PH-HFpEF due to acute pulmonary oedema.108 
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Recently, it was demonstrated that endothelin-1 levels were elevated in humans with 
chronic stable HFpEF and these patients had increased myocardial hypertrophy.127 
In the same translational study, the endothelin-1 receptor antagonist macitentan 
reduced myocardial hypertrophy and stiffening via antihypertrophic mechanisms 
in a murine HFpEF model.127 Endotelin-1 levels were also reported to be higher 
in HFpEF patients with diabetes mellitus, compared to patients without diabetes 
mellitus.128 Whether there is a link between endothelin-1 levels, diabetes mellitus 
and RV hypertrophy and dysfunction in HFpEF, remains unknown. The effects of 
macitentan on RV performance in HFpEF also require further study. Macitentan was 
recently under study in patients with combined post- and pre-capillary PH due to 
LV systolic and diastolic dysfunction (MELODY-1, NCT02070991) and the primary 
results were recently presented at the 2017 Congress of the American College of 
Cardiology.129 The macitentan group showed no change in PVR during 12 weeks. 
Moreover, this group was more likely to experience the primary composite endpoint 
of significant fluid retention or worsening functional class.129

Prostacyclin pathway
Prostacyclin is produced by endothelial cells and induces vasodilatation, inhibits 
platelet aggregation and has anti-proliferative effects.52 Prostacycline analogues 
such as epoprostenol and iloprost are established treatments for patients with PAH.52 
Chronic intravenous epoprostenol is associated with increased risk of mortality in 
patients with HFrEF, although the exact mechanisms are unclear.130 In a small pilot 
study in patients with PH-HFpEF, acute inhalation of iloprost resulted in a significant 
reduction in PA pressure and PVR after 15 minutes.131 No data regarding the effects 
of iloprost on RV performance in HFpEF are currently available. Treprostinil is 
another prostacyclin analogue that is indicated for the treatment of PAH,52 and will be 
tested in patients with PH-HFpEF for its effect on 6-minute walk distance, functional 
class and NT-proBNP levels (NCT03037580).

Neurohormonal inhibition
Chronic increased afterload of the RV activates the autonomic nervous system and 
the RAAS system. However, there is insufficient evidence whether neurohormonal 
inhibition is beneficial in the setting of RV failure. 
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Nebivolol is a β-adrenergic receptor antagonist with vasodilator properties. Nebivolol 
is not established in PAH. In HFpEF, the role of beta-blockade is also uncertain. 
Data from the SENIORS trial suggest that nebivolol might be as useful in patients 
with HFpEF as it was for patients with HFrEF,132 and observational data from the 
Swedish Heart Failure Registry also suggests that beta-blockers may be beneficial 
in HFpEF.133 However, the ELANDD trial did not show improvement by nebivolol in 
6-minute walking distance in 116 patients with HFpEF, but no subgroup analyses for 
patients with RVD are available.134 Hence, there is clearly insufficient evidence for 
the use of nebivolol in HFpEF to give it a place in the current guidelines, and more 
adequately powered studies are needed. Nebivolol is currently being tested in a 
phase 4 trial for its potential effect on PVR and 6-minute walk distance in patients 
with PH-HFpEF (NCT02053246). 

Carvedilol is a β1/β2/α1-blocker, has anti-inflammatory and antioxidant properties, 
and might prevent pulmonary vascular remodelling.135 Previously, carvedilol resulted 
in significant improvement in E/A ratio in patients with HFpEF from the SWEDIC 
trial.136 Carvedilol has also been demonstrated to improve RV systolic function in 
patients with HFrEF,137 yet any effect on the RV in HFpEF is currently unknown.
Several randomized controlled trials that investigated RAAS inhibition in HFpEF 
have not demonstrated improvement in outcome, and thus RAAS inhibition has 
no recommendation in the guidelines for the treatment of HFpEF.34,138-140 However, 
observational data suggests that RAAS inhibition may be beneficial in heart failure 
with LV ejection fraction ≥40%.141 RAAS inhibition was beneficial in several animal 
models with PVR, since it was reported to prevent RV hypertrophy, dysfunction 
and fibrosis, but published results are conflicting.135,142,143 In an earlier trial, captopril 
was tested in 14 male patients with HFrEF in combination with reduced RV 
ejection fraction, and captopril was demonstrated to improve RV function and filling 
pressures.144 Furthermore, it was also reported in another small study in 40 patients 
with systemic hypertension, that RAAS inhibition resulted in improvement in RV 
global function, independent of changes in systemic blood pressure.145 

The TOPCAT trial investigated the aldosterone antagonist spironolactone in patients 
with HFpEF and demonstrated no reduction in the composite primary outcome of 
cardiovascular death, aborted cardiac arrest or hospitalization for heart failure.146 
However, spironolactone slightly reduced the risk of heart failure hospitalizations 
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compared with placebo. In addition, subgroup analysis demonstrated that the primary 
outcome was met in the patients with elevated natriuretic peptides at baseline.146 
In the mechanistic Aldo-DHF trial in patients with HFpEF, spironolactone reduced 
E/e’, an estimate of LV filling pressures and leaded to improvements in cardiac 
structure (i.e. reduction in LV mass index) and reduction in NT-proBNP levels, but 
failed to improve symptoms or exercise capacity.147 Aldosterone antagonists should 
be considered in the setting of fluid overload in patients with PAH.52 It was reported 
in an animal model of PAH that spironolactone and eplerenone improved pulmonary 
haemodynamics.148 In a sub study from the TOPCAT trial in 239 patients with serial 
echocardiographic assessment, randomization to spironolactone was not associated 
with significant changes in RV function and pulmonary pressures.149

Based upon the observation that beta-adrenergic stimulation improves pulmonary 
vascular function in HFpEF patients more than controls,27 the Inhaled Beta-adrenergic 
Agonists to Treat Pulmonary Vascular Disease in Heart Failure With Preserved EF 
(BEAT-HFpEF, NCT0288563) is a randomized controlled trial designed to investigate 
the inhalation of the β2-adrenergic agonist albuterol on changes in PVR in patients 
with HFpEF, with resting PCWP >15 mmHg or PCWP ≥25 mmHg with exercise.

Other drugs and experimental treatments
Ranolazine is an inhibitor of the late sodium channel current and is approved for 
the treatment of chronic stable angina. There is preliminary evidence from two 
small studies that it might have a potential in PAH. In one small open-label pilot 
study in 11 patients with symptomatic PAH, ranolazine (1,000 mg twice daily) was 
administered for three months and was demonstrated to be safe and associated 
with improvement in functional class, reduction in RV size and improvement in RV 
strain during exercise.150 In another non-randomized pilot study in 10 patients with 
HFpEF and isolated post-capillary PH, mean PA pressure and PCWP significantly 
decreased, PVR remained unchanged, and 6-minute walking distance increased, 
during six months treatment with ranolazine (1,000 mg daily).151 Clearly, further 
evidence in adequately powered, prospective studies is needed to investigate the 
effects of ranolazine on prognostic endpoints in PH-HFpEF.

Milrinone is a PDE type 3 inhibitor that has been studied for reduction of RV afterload 
in patients undergoing LV assist device implantation,152 in an experimental dog model 
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with pulmonary artery banding and RV failure,153 and in infants with PH.154 Recently 
in a small study, Kaye et al. investigated the use of intravenous milrinone in 20 
patients with HFpEF and demonstrated improvement in pulmonary haemodynamics 
during exercise.155

Recent recommendation suggests that levosimendan may be preferentially indicated 
over dobutamine in patients with pulmonary hypertension caused by left heart 
disease.99 Sacubitril/valsartan is an angiotensin receptor neprilysin inhibitor that has 
been proven to improve outcomes in patients with HFrEF.156 Sacubitril/valsartan has 
previously also been tested in a phase II trial in 301 patients with HFpEF, but did 
not result in a reduction of TR velocity during 36 weeks treatment, compared with 
placebo.157

Although the evidence is limited, calcium channel blockers may be effective for the 
treatment of systemic hypertension in HFpEF. Verapamil might have a beneficial 
effect on symptoms and diastolic dysfunction in patients with congestive heart failure 
and normal LV systolic function.158 Calcium channel blockers are recommended 
in specific patients with PAH who demonstrate a favourable response to acute 
vasodilator testing, but close follow-up is warranted.52

Digoxin has no recommendation in the guidelines for the treatment of HFpEF.34,159 
There is also no convincing data available for the use of digoxin in the setting of PH.52 
In a small, non-randomized prospective study in 17 patients with PAH in combination 
with RV failure and normal LV function, treatment with digoxin modestly increased 
cardiac output.160 
Apelin is an endogenous ligand for the APJ receptor that is present on endothelial 
cells, vascular smooth muscle cells and cardiomyocytes.161,162 It was previously 
reported from a small randomized trial in 20 patients with PAH that systemic infusion 
of apelin (10-100 nmol/min) resulted in increased cardiac output and stroke volume 
and in a reduction of PVR.163 In two other small trials with respectively eight and 
twelve subjects, administration of apelin infusion was also demonstrated to have a 
positive effect on cardiac output, systemic blood pressure and peripheral vascular 
resistance in patients with chronic left-sided heart failure.162,164 Apelin agonism is 
currently not under investigation in patients with HFpEF.
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Device therapies
The use of a transcatheter interatrial shunt device was safe and reduced left atrial 
pressures during exercise and thus demonstrated potential efficacy in patients 
with HFpEF.165 This study excluded patients with right heart dysfunction and with 
evidence of PH with PVR >4 Woods units. During six months following the procedure, 
right atrial pressure and dimension, as well as RV end-diastolic volume, increased 
significantly.165 Whether the observed haemodynamic effects, and the sudden 
change from pressure to volume overload of the right heart, will be beneficial during 
longer follow-up in patients with HFpEF remains to be evaluated. The interatrial 
shunt device is currently being studied in a randomized controlled, patient-blinded 
setting, with a non-implant control group (NCT01913613).166

Daily monitoring of pulmonary pressures in patients with heart failure using a wireless 
PA pressure monitor – and by acting on elevation of pulmonary pressures with up 
titration of diuretics, RAAS inhibitors or vasodilator drugs – significantly reduced PA 
pressures and hospitalisations for heart failure, both in trial setting and in real-world 
patients.167-170 Wireless monitoring of PA currently has a class IIb-B recommendation 
in order to reduce the risk of recurrent hospitalizations for heart failure.34 In a sub 
study from the CHAMPION trial in 119 patients with HFpEF, it was also shown 
that the number of hospitalizations for heart failure was reduced in the treatment 
group with active monitoring of pulmonary pressures, compared with controls and 
this reduction seemed to be primarily achieved by adequate titration of loop and 
thiazide diuretics.169,171 Wireless monitoring of PA pressures may therefore be useful 
to control excessive volume overload in patients with HFpEF, to prevent recurrent 
episodes of acute decompensation and progression of multi-organ dysfunction. 
However, haemodynamic changes prior to an episode of acute decompensation may 
vary depending on the clinical presentation, and haemodynamic correlates of fluid 
retention may not be the same among individual patients and different situations.172

In another small study, pulmonary arterial denervation using a radiofrequency 
ablation catheter was reported to improve pulmonary haemodynamics in patients 
with PAH,173,174 as well as in one patient with PH in combination with left-sided heart 
failure.175 Pulmonary arterial denervation is currently being tested in patients with PH 
associated with left heart failure (NCT02220335).
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Conclusion

It is now well-established that RVD is highly prevalent and contributes to poor 
prognosis in HFpEF. We summarized available evidence regarding the prevalence, 
diagnosis, risk factors, pathophysiology and potential therapeutic targets for the 
right heart in HFpEF. The present recommendation paper also highlighted important 
remaining knowledge gaps and future directions (Table 4). Prospective studies are 
urgently needed to clarify the mechanisms underlying right heart remodelling and 
dysfunction, and to provide effective treatments that improve morbidity and mortality 
in HFpEF. We therefore advocate greater focus on the often neglected right side of 
the heart, and for the introduction of standardized endpoints of right heart dysfunction 
and failure in future clinical trials in HFpEF.

Table 4: Knowledge gaps and future directions regarding the right side in 
HFpEF.

1. It is recommended to identify HFpEF patients with (additional) pulmonary vascular disease. More insight into 
the development of pulmonary vascular disease in HFpEF and adequate patient selection for future clinical 
trials is needed to develop and test more specific therapies that target the pulmonary vasculature in HFpEF.

2. There are several load-independent pathways for the development of RV dysfunction reported in cross-
sectional studies, such as coronary artery disease and atrial fibrillation. However, clear cause-effect relations 
remain uncertain. Especially the hypothesis that the right heart is simultaneously affected in HFpEF, even in 
the early course of the disease may suggest an intrinsic myocardial process and warrants further research.

3. There remains insufficient knowledge regarding right heart performance, and RV-pulmonary artery coupling 
and uncoupling, during exercise in HFpEF. More insight into these measures is warranted to address 
the previous research question as to what extent RV remodelling in HFpEF occurs simultaneously to left 
ventricular remodelling and independent of pulmonary pressures.

4. Obesity is highly prevalent in HFpEF and is associated with RV remodelling and dysfunction in the general 
community. More insight into the role of obesity and its effects on RV function and RV-pulmonary artery 
coupling is needed to investigate whether weight loss will be beneficial for right heart performance in HFpEF.

5. Endothelin-1 levels are associated with myocardial hypertrophy and stiffening in HFpEF. It has also been 
described that endothelin-1 levels are higher in HFpEF patients with diabetes mellitus than in patients without. 
It is recommended to investigate any link between endothelin, diabetes mellitus and RV hypertrophy and 
stiffening. Furthermore, whether PDE type 5 inhibition may be used as a preventive approach in patients with 
diabetes mellitus-associated HFpEF needs further study.

6. BNP is elevated in both left and right-sided overload and seems significantly more elevated in patients with 
HFpEF with additional pre-capillary pulmonary hypertension compared to HFpEF patients without pulmonary 
hypertension. There is an unmet need for a biomarker-signal profile unique to the right heart in patients with 
left-sided heart failure.

7. Many trials conducted in patients with HFpEF have not met with the primary endpoints and thus these drugs 
have no place in the guidelines for the treatment of HFpEF. Some of these drugs have shown to be beneficial 
for the RV, both in experimental models and in the setting of pulmonary arterial hypertension. For the future, 
it might be recommended to investigate whether some of these drugs may have a positive effect in selected 
patients with HFpEF, when the endpoints of such trials are more focused on right-sided parameters. 
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Supplemental material

Supplemental Figure 1: Inhomogeneous septal movement in a patient with mildly increased 
pulmonary pressures. Example of 2-D echocardiographic speckle tracking on the apical four-chamber 
view in a patient with mildly increased pulmonary pressures. The endocardial borders of the left ventricle 
were traced (left image) and the left ventricle was divided into three septal (yellow/turquoise/green) and 
three lateral wall segments (red/blue/pink). Tracing of these segments during the cardiac cycle illustrate 
a leftward shift in the peak systolic strain of the basal and mid septal segments compared with the lateral 
wall segments (right image). This shift is caused by increased right-sided pressure and resulting leftward 
interventricular septal bowing, septal mechanical delay and asynchronicity.

Supplemental Figure 2: Example of a patient with combined heart failure with preserved ejection 
fraction and chronic obstructive pulmonary disease. Figure 1A: Short-axis view showing both left 
ventricular (LV) and right ventricular (RV) hypertrophy, as well as RV dilatation on the long-axis four 
chamber view (Figure 1B). Figure 1C: Both dilatation of the main pulmonary artery (PA), with PA diameter 
almost equivalent to the aorta (Ao), and dilation of the left pulmonary artery (LPA) are demonstrated.
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Supplemental Figure 3: Right ventricular involvement (black arrow) in wild-type transthyretin 

amyloidosis.
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Editorial

Heart failure (HF) is still one of the largest health problems in the Western world which 
caused an estimated 37.6M hospitalizations in the U.S. between 2001 to 2009.1 After 
an insult to the myocardium, cardiac output drops which will lead to impairment of the 
systemic circulation, and ultimately signs and symptoms of HF. Indeed, tissue and 
organ perfusion generally decrease in HF, unless local compensatory mechanisms 
are activated. To maintain sufficient perfusion of vital organs and peripheral tissues, 
vasoconstrictor mechanisms in the systemic arterial bed are activated in response 
to stimulation of the sympathetic nervous and renin-angiotensin system.2 This has 
paved the way for the use of arterial vasodilators in HF, since long-term systemic 
vasoconstriction leads to left ventricular hypertrophy and failure, and – ultimately – 
refractory HF. As a consequence of left-sided heart failure, pulmonary congestion 
may occur. Previously, pulmonary congestion was considered mainly a marker of 
severity of left-sided HF, but there is increasing evidence that pulmonary congestion 
may also be actively contributing to the HF syndrome, and impair prognosis.3 

Along with previous attempts of monitoring indirect signs related to pulmonary 
congestion to improve outcomes in HF,4 there is a (renewed) interest in more directly 
measuring pulmonary artery (PA) pressures in HF and elevated PA pressures have 
been shown to strongly associate with an adverse prognosis and increased risk 
for hospitalization in patients with HF (Figure 1).5 Consequently, the pulmonary 
circulation as therapeutic target in HF has gained increasing interest.

In 2011, the results of the CardioMEMS Heart Sensor Allows Monitoring of Pressure to 
Improve Outcomes in NYHA Class III Heart Failure Patients (CHAMPION) Trial were 
reported.6 In the CHAMPION trial, 550 patients with moderate HF were randomized to 
management of their HF with either usage of the wireless PA hemodynamic monitoring 
system (CardioMEMS, St Jude Medical), or to control treatment. For patients in the 
active treatment arm, clinicians used daily measurements of PA pressures to guide 
their HF treatment. The treatment goal was to lower PA pressures when elevated, 
using neurohormonal, diuretic, or vasodilator drugs.6 The control group continued 
to receive standard treatment and any changes in medication were based on 
patients’ signs and symptoms.6 Pulmonary artery pressures decreased to a larger 
extent in the treatment group than in controls (-156 mmHg∙days vs. 33 mmHg∙days, 



Measuring Pulmonary Artery Pressures in Heart Failure: A New Useful Diagnostic Tool?

173

p=0.008, respectively), and this was associated with a 28% reduction in HF-related 
hospitalizations. This CHAMPION study has thus provided promising data and in 
the most recent 2016 European Society of Cardiology Heart Failure Management 
Guidelines, wireless PA monitoring received a class IIb-B recommendation in order 
to reduce recurrent HF hospitalizations.7 Nevertheless, additional data, for example 
in other patients’ groups, are clearly welcome.

In the present issue of the Journal, Heywood et al. describe their experience with 
2,000 U.S. patients from the general HF community, who were implanted with the 
same wireless PA pressure monitoring system, after this device received market 
approval in the United States.8 The study shows a significant reduction in PA pressures 
during a follow-up of 333±125 days. When comparing the present study population 
with the patients in the CHAMPION trial, patients in the present study were older 
and there was a higher proportion of patients with left ventricular ejection fraction 
(LVEF) ≥40%, while PA pressures were slightly but not significantly higher. During 
six months of the study, the reduction in PA pressures was higher in these general-
use patients, compared to the patients in the CHAMPION trial (-434.0 mmHg∙days 
versus -150.1 mmHg∙days, respectively). In the 1,024 patients in the present study of 
whom LVEF was available at baseline, the decrease in PA pressure was the same in 

Figure 1: Association between pulmonary pressures and outcomes in outpatients with heart failure 
(HF). Event-free survival from (A) major clinical events (death, left ventricular assist device implantation 
or urgent heart transplantation) and (B) major clinical events or hospitalization for HF, according to 
echocardiography-derived pulmonary artery systolic pressure (PASP) at baseline (24.9% of the patients 
had HF with preserved ejection fraction). Reproduced from Kalogeropoulos et al.5 with permission from 
the American Heart Association. Copyright 2014.
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HF patients with reduced ejection fraction and those with preserved ejection fraction 
(p=0.81).8 The strength of this study is clearly the large number of patients, and also 
the apparent good clinical use of this device in a large spectrum of patients with HF. 
Limitations of this study include the relatively sparse documentation of the patient 
population, the lack of safety data, and also the fact that clinical endpoints (e.g. 
hospitalizations and deaths) were not collected. Indeed, this study was a registry 
and not a randomized clinical trial in which an intervention was investigated. 

Despite these limitations, the study by Heywood et al. does provide important novel 
information about the diagnostic use of PA pressures in HF patients, both for those 
with HF with reduced ejection fraction as with preserved ejection fraction. In patients 
with HF with reduced ejection fraction, major progress in the last 20 to 25 years 
has been made in the management of these patients. Big steps forward have been 
made in HF with reduced ejection fraction patients in the field of pharmacological 
treatment, but also with device therapy (in particular cardioverter defibrillator and 
cardiac resynchronization therapy), to improve quality of life and to reduce mortality.7 
As a result, this has led to large-scale use of drugs, but also devices in HF patients 
in many countries.7,9 With regard to patients with HF with preserved ejection fraction 
however, very little – if any – improvement has been achieved in recent years. Yet, 
patients with HF with preserved ejection fraction have the same dismal prognosis 
as patients with HF with reduced ejection fraction.10 For this reason, the present 
findings of Heywood et al.,8 which are in line with earlier similar findings from 
CHAMPION in HF with preserved ejection fraction,11 may particularly be relevant 
for HF with preserved ejection fraction patients, because ~68% of them suffer from 
pulmonary hypertension, and the risk of mortality increases with 30% for every 5 
mmHg increase in PA pressure.12 The finding that PA pressures can be significantly 
reduced in patients with HF with preserved ejection fraction by using the wireless 
monitor as a diagnostic tool to adjust individual medical treatment, is therefore very 
interesting, because several randomized trials that aimed at reducing PA pressures 
with specialized drugs in HF with preserved ejection fraction were unsuccessful.13 
Thus, the concept of acting on continuous monitoring of PA pressures seems to be 
the key to a successful treatment strategy – in both patients with HF with reduced 
and with preserved ejection fraction.
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Having said this, it must be noted that although pulmonary hypertension and 
resulting right sided decompensation is strongly associated with hospitalization for 
HF, a significant number of hospitalizations for HF are due to other cardiac and non-
cardiac comorbidities.14 Consequently, other targets such as optimizing heart rate 
and controlling systemic blood pressure, remain equally important.

Furthermore, a clear diagnostic algorithm would seem useful to guide clinicians and 
HF specialized nurses to act on changes in PA pressure recorded by a wireless 
monitor in the general HF community. From the CHAMPION trial the exact diagnostic 
algorithm is unknown, but conventional loop and thiazide diuretics seemed mainly 
responsible for the important reduction in PA pressures and hospitalization rates in 
the intervention group: 64.9% of all medication changes in HF with reduced ejection 
fraction and 73.5% of all changes in HF with preserved ejection fraction.11 It is 
known that a specific subgroup of HF patients with longstanding pulmonary venous 
hypertension may develop a pre-capillary component of pulmonary hypertension. 
Especially in HF patients with ‘disproportional’ high PA pressures – suggesting the 
presence of additional pre-capillary PH – information from actual PA pressures 
recorded by the wireless pressure monitor may help to develop better therapies 
targeting the pulmonary vasculature. Clearly, further research in other well-defined 
HF cohorts with combined post- and pre-capillary pulmonary hypertension is needed, 
to test such other PA-pressure informed therapeutic concepts. 

Although there are still significant challenges to overcome, the present study by 
Heywood et al. adds to the growing evidence that closely monitoring of PA pressures 
may be a key strategy for both HF with reduced and preserved ejection fraction. 
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In the past few years, several research groups pointed our attention to the RV in 
patients with heart failure with preserved ejection fraction (HFpEF).1,2 It was time 
to look at heart failure with preserved ejection from the right side.3 The growing 
recognition to take notion of the RV in HFpEF is the result of a series of important 
observations. Firstly, HFpEF is a disease of growing epidemic proportion and is 
associated with significant morbidity and mortality.4 Secondly, most trials testing 
drugs and devices that are recommended for patients with heart failure with reduced 
ejection fraction have been neutral in patients with HFpEF. Furthermore, the 
heterogenetic nature of the disease often leads to serious diagnostic dilemmas for 
clinicians.5 These observations, in combination with failed clinical trials have led to 
the hypothesis that HFpEF consists of different sub-phenotypes that may all require 
specific treatments.6,7 One important subtype that has now been recognized is right-
heart-failure-predominant HFpEF.6 It is important to gain more pathophysiological 
insights into this sub-phenotype, in order to design specific therapies and to improve 
prognosis, because since so far, none of the drugs and devices tested for “general” 
HFpEF were successful. This thesis provides more insight into this right-heart-failure-
predominant HFpEF phenotype, may improve diagnosing and prognostication of this 
HFpEF type, and may function as a starting point of developing novel treatment 
strategies of HFpEF.

Diagnosis and consequences for the prevalence of right ventricular dysfunction 
in HFpEF
Because of the difficulties in diagnosing RV dysfunction and HFpEF alone or in 
combination, the reported prevalence rates of RV dysfunction in HFpEF vary across 
individual studies. For instance, Melenovsky et al. reported a prevalence rate of 33% 
in their study,1 which is considerably higher than the 4% reported by Shah et al., 
using the exact same parameter and cutoff value.8 There are several explanation for 
this observation, which are discussed in detail in Chapter 2. 
First, the study setting (e.g. population- or hospital-based) may influence the 
prevalence and severity of RV dysfunction among different studies. Our systematic 
review and meta-analysis included randomized controlled trials, community-
based studies and cohort studies. In most randomized controlled trials, several 
comorbidities that are associated with more severe right-sided heart failure such as 
renal dysfunction, were often excluded. Furthermore, in several cohort studies with 
invasive hemodynamics, patients were often referred to a center with expertise in 
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right heart catheterization.1 Both examples may result in a selection bias with either 
under- or overrepresentation of RV dysfunction. 

Furthermore, in Chapter 2 we also demonstrate that the identification of RV 
dysfunction in HFpEF depends on the used methods. Fractional area change (FAC), 
tricuspid annular plane systolic excursion (TAPSE) and tricuspid annular systolic 
velocity are most often used conventional echocardiographic parameters for RV 
systolic function.9 By using currently recommended cutoff values of each measure, 
we observed different prevalence rates of RV systolic dysfunction: 18%, 28%, 
21%, respectively. In Chapter 7 we therefore proposed that, if possible, multiple 
conventional measures are simultaneously used to assess RV systolic function. This 
recommendation has been applied to Chapters 3, 5 and 6, although it needs further 
validation in other cohorts. 

Finally, different studies often chose different criteria for HFpEF, which may influence 
the prevalence of RV dysfunction. In Chapter 2 we therefore explored RV dysfunction 
in studies with stringent HFpEF criteria – according the current guidelines10 – versus 
studies with more lenient criteria. Prevalence rate of RV systolic dysfunction seem 
to be more reliable when stringent criteria were used, because prevalence rates 
according to the different parameters were more comparable with each other.

To summarize – despite these limitations and considerations – based on the current 
data, RV dysfunction is present in at least one-fifth, and potentially up to one-third, 
of all patients with HFpEF.

Prognosis of right ventricular dysfunction in HFpEF
To assess the association between RV dysfunction and outcome in HFpEF, we 
conducted a systematic review and meta-analysis of individual studies with outcome 
data in patients with HFpEF. In Chapter 2, pooled data of RV function in relation 
to mortality and hospitalization for heart failure were analyzed. In Chapter 2 it was 
demonstrated that mortality risk increased with 20-30% with every 5-unit decrease 
in TAPSE and FAC, respectively. In a recent prospective study in 230 patients with 
HFpEF, more than half of the patients died with clinical and echocardiographic 
evidence of right heart failure.11 In Chapter 2 we were not able to perform 
multivariable analyses for outcome because of inter-study differences. Especially, 
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the relation between comorbidities and RV dysfunction, in relation to outcome in 
HFpEF, warrants further research.

Mechanisms of right ventricular dysfunction in HFpEF
There were several mechanisms postulated how RV dysfunction develops in patients 
with HFpEF. 

Firstly, RV dysfunction may evolve with HFpEF severity and is mainly a consequence of 
more advanced HFpEF. For instance, chronically increased left ventricular (LV) filling 
pressure leads to pulmonary congestion and RV pressure overload. Especially in the 
setting of acute decompensating heart failure this may lead to adverse RV remodeling 
and dysfunction due to oxygen-perfusion mismatch and myocardial ischemia, and 
aggravated RV overload due to tricuspid regurgitation.12 In Chapter 3 and 4 we 
observed that patients with HFpEF and concomitant pulmonary hypertension (PH) 
were indeed older, more often had atrial fibrillation, had higher LV filling pressures 
and lower exercise capacity, used more diuretics and had more symptomatic heart 
failure, compared to HFpEF patients without PH. This suggests that the right-heart-
failure-predominant HFpEF phenotype represents a more progressive and severe 
HFpEF sub phenotype.

Secondly, the development of RV remodeling and dysfunction may also occur more 
or less simultaneous with and independently from left-sided myocardial remodeling 
due to circulating factors that negatively impact the myocardium. There is evidence 
that coronary endothelial inflammation induced by the presence of comorbidities 
leads to a reduction in nitric oxide bioavailability, cyclic guanosine monophosphate 
content and protein kinase G activity in adjacent cardiomyocytes.13 This sequence 
of mechanisms may then trigger myocardial hypertrophy, interstitial fibrosis and 
eventually the onset of HFpEF.13 This concept requires circulating factors that 
theoretically have similar impact on the myocardium of both ventricles. For instance, 
diabetes mellitus negatively impacts the myocardium – independently from systemic 
hypertension and coronary artery disease – via inflammation, oxidative stress 
and fibrosis.14 Diabetes mellitus is highly prevalent in patients with HFpEF and is 
suggested to play an important role into the development of LV diastolic dysfunction. 
In Chapter 6 we hypothesized that diabetes mellitus may also be associated with 
adverse myocardial remodeling of the RV. Indeed, we observed that HFpEF patients 
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with diabetes mellitus more often had RV systolic as well as diastolic dysfunction, 
compared to patients without diabetes mellitus. This association was independent 
from RV afterload and suggests that RV myocardial remodeling may occur 
simultaneous to LV myocardial remodeling in HFpEF, possibly due to circulating 
factors triggered by comorbidities such as diabetes mellitus. However, Chapter 6 
was a small, cross-sectional study and further research is needed to explore cause-
effect relations between diabetes mellitus and RV myocardial remodeling in HFpEF. 
This may be especially relevant to design targeted therapies to prevent the onset of 
HFpEF in patients with diabetes mellitus.15,16

In Chapter 2 we also observed that obstructive epicardial coronary artery disease 
is associated with RV dysfunction in HFpEF, and this might occur independently 
from the severity of HFpEF. Recently, coronary microvascular dysfunction is also 
reported to be of relevance in HFpEF patients without obstructive coronary artery 
disease, and may independently result in adverse myocardial remodeling of both 
ventricles.17,18

Lastly, pulmonary vascular disease and overt right heart failure may also be the 
predominant drivers of signs and symptoms of heart failure in patients with a normal 
LV ejection fraction. In this concept, right heart failure may even precede the clinical 
diagnosis of HFpEF. Older patients with profound pulmonary vascular disease 
may also have (subclinical) LV diastolic dysfunction, left atrial dilatation and/or LV 
hypertrophy. Thus, the current diagnostic criteria for HFpEF may also be fulfilled 
in these patients with “atypical” pulmonary arterial hypertension.19 In addition, 
RV overload may hemodynamically result in reduced LV filling, which is a key 
phenomenon for HFpEF. This phenomenon was explored in Chapter 4, in HFpEF 
patients with and without pulmonary vascular disease. We observed that severe 
pulmonary vascular disease, together with resulting RV pressure overload, leads 
to enhanced ventricular interdependence, with under-filling of the LV. This diastolic 
ventricular interdependence is especially enhanced with exercise as venous return 
to the right heart increases, leading to reduced LV distensibility and impaired Frank-
Starling recruitment of the LV with limited ability to augment cardiac output. 
There is a strong interaction between atrial fibrillation and onset and progression of 
HFpEF.20 In HFpEF, increased LV filling pressures and left atrial overload leads to 
remodeling changes in the left atrium that may trigger the onset and progression of 
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atrial fibrillation. Atrial fibrillation is generally considered to represent more advanced 
HFpEF.21 A direct relation between atrial fibrillation and RV dysfunction in HFpEF 
remains inaccurately defined, but both may an expression of more severe and 
progressive HFpEF. In Chapter 5 we explored the relation between atrial fibrillation 
and right heart dysfunction. In this study, it was demonstrated that HFpEF patients 
with atrial fibrillation more often had RV dysfunction than patients without. However, 
patients in sinus rhythm but with a history of atrial fibrillation also had more RV 
and right atrial dysfunction, coupled with higher right atrial pressures. Previously, 
it was observed in patients with pulmonary arterial hypertension and with chronic 
thromboembolic PH, two conditions that not characterized by left atrial hypertension, 
that there is an association between the presence of atrial fibrillation and higher right 
atrial pressure.22,23 We therefore speculate that in some patients with HFpEF and 
high pulmonary pressures, atrial fibrillation may be triggered by right atrial overload 
rather than left atrial overload. However, this needs to be proven in future longitudinal 
studies.

To summarize, different mechanisms are postulated to cause the development of RV 
dysfunction and failure in HFpEF. Pulmonary hypertension is present in approximately 
two-thirds of patients with HFpEF and is repeatedly linked to RV dysfunction in 
multiple studies. Based on the available data, we therefore believe that PH is the 
most important cause of RV dysfunction and failure. About one-third of HFpEF 
patients with PH had evidence of profound pulmonary vascular disease leading 
to more severely depressed RV function. In these patients, pulmonary vascular 
disease and right heart failure may be the main drivers of signs and symptoms of 
heart failure. Thus, potentially up to one-sixth of all patients with HFpEF may have 
a true right-heart-failure-predominant phenotype of HFpEF, that may even precede 
the clinical diagnosis of HFpEF. Finally, we performed two hypothesis-generating 
studies (Chapters 5 and 6) and showed that also other factors than PH may lead to 
right heart dysfunction in HFpEF, independently from PH.

Treatment strategies of the right heart in HFpEF
The present thesis provides more insight into several (potential) treatment options 
targeting the right heart in HFpEF. These treatment options are mainly discussed in 
Chapter 7. We herein summarize the current key treatment strategies for the right 
heart in HFpEF.
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First, the importance of adequate volume management by controlling excessive fluid 
and salt intake and optimizing diuretic therapy was stressed, especially in patients 
with recurrent hospitalizations for heart failure. Excessive volume overload is a 
major driver of acute decompensation and leads to systemic congestion and further 
risk of multi-organ dysfunction.24 Furthermore, acute central venous hypertension 
may also lead to coronary venous congestion and myocardial interstitial edema 
which may have a deleterious effect on the myocardium itself.25,26 Adequate volume 
management may be especially relevant in HFpEF patients with pulmonary vascular 
disease, since they demonstrate impaired ability to enhance blood flow through the 
lungs, as observed in Chapter 4. In addition, it may also be important in obese 
patients with HFpEF, because they have higher plasma volumes and venous return, 
coupled with more profound RV dysfunction, pericardial restraint and enhanced 
ventricular interdependence.27 In Chapter 8 we discussed the use of continuous 
monitoring of central pressures to control volume status and to prevent recurrent 
hospitalizations for heart failure. In patients with HFpEF, up-titration of diuretics 
was mainly responsible for the observed reduction in pulmonary artery pressures 
and the number of re-hospitalizations for heart failure.28 Wireless pulmonary artery 
pressure monitoring now has a class IIb-B recommendation to reduce recurrent 
hospitalizations for heart failure.10 Besides conventional loop diuretics, aldosterone 
receptor antagonists should also be considered in symptomatic and fluid overloaded 
patients (taking account of renal function and potassium concentration).10,29

The second key target for therapy in HFpEF relates to obesity and functional status. 
Obesity is highly prevalent in HFpEF and promotes hypertension, insulin resistance, 
inflammation and dyslipidemia.30 Obesity is associated with RV dysfunction in the 
community.31 Recently, Obokata et al. demonstrated that also patients with obesity-
related HFpEF had more RV dysfunction and dilatation and demonstrate unique 
hemodynamic derangements during the stress of exercise that further impair their 
functional capacity.27 Besides these hemodynamic features, visceral and epicardial 
adipose tissue are also related to obesity and the metabolic syndrome.32,33 In obese 
patients, epicardial fat yields several pro-inflammatory chemokines and cytokines.33 
The close anatomical relation of epicardial fat with the myocardium provides 
a possible local inflammatory and mechanical effect on the myocardium and the 
coronary arteries. Via these local inflammatory mechanisms, obesity may therefore 
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be a driver of adverse myocardial remodeling of both ventricles in HFpEF. The 
current heart failure guidelines recommend that aerobic exercise training and caloric 
restriction should be encouraged in obese patients with HFpEF, to improve their 
functional capacity and reduce symptoms, especially in older patients.10,34,35 Future 
trials may be designed to investigate whether HFpEF patients with severe obesity 
who are refractory to conventional weight reduction may benefit from gastric bypass 
surgery.36

Another important strategy that is under investigation in patients with HFpEF and 
RV dysfunction is the reduction of pulmonary pressures using PH-specific drugs.37 
Currently, drugs approved for pulmonary arterial hypertension are not recommended 
for patients with PH secondary to left-sided heart failure (group 2 PH).29 Some of 
these drugs may even have detrimental effects due to rapid increases in left-sided 
filling pressures and acute pulmonary edema.38 Sildenafil is a phosphodiesterase 
type 5 inhibitor and is tested in HFpEF, although with mixed results. Sildenafil is 
not beneficial in “general” HFpEF and in HFpEF patients with isolated post-capillary 
PH.39,40 Sildenafil may have potential in specific HFpEF patients with high pulmonary 
vascular resistance.19,41 Cleary, further evidence is needed for the use of sildenafil 
in HFpEF patients with combined pre- and post-capillary PH. Also, other potential 
therapies such as riociguat and vericiguat, both soluble guanylate-cyclase stimulators 
that are beneficial in patients with pulmonary arterial hypertension, need further 
testing in specific patients with HFpEF and combined pre- and post-capillary PH in 
order to reduce pulmonary vascular resistance and unload the RV. In Chapter 7 we 
recommended to identify HFpEF patients with a suspicion of PH, and to refer them 
to a center of expertise for comprehensive invasive hemodynamic characterizing 
and to further select individual treatment options or participation in clinical trials. 
In Chapter 3 we demonstrate that impaired right ventricular-vascular coupling 
assessed with echocardiography may reliably identify these HFpEF patients with 
additional pulmonary vascular disease and may therefore be a useful, non-invasive 
screening tool in this regard.

Future perspectives

In Chapter 7 we also discussed further knowledge gaps and future directions 
regarding the right-side in HFpEF. We herein further discuss several future 
perspectives related to diagnosis, mechanistic insights and future clinical trials to be 
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evaluated.

Diagnosis
Since plasma NT-proBNP is not specifically enough to differentiate between left- and 
right-sided heart failure, it may be of relevance to explore a sensitive biomarker-signal 
profile unique to the right heart, to better identify the right-heart-failure-predominant 
HFpEF phenotype. Elevated liver enzymes may be useful to detect systemic 
congestion, yet they are often elevated in more severe staged right heart failure, 
with peripheral organ dysfunction already being present. Fibroblast growth factor 
23 (FGF23) is key regulator of phosphate metabolism by inhibiting reabsorption of 
phosphate in the proximal renal tubule. Recently, it was shown that higher levels of 
FGF23 were independently associated with volume overload and with increased risk 
for recurrent hospitalization in patients with new-onset or worsening heart failure.42 
In this study, higher FGF23 was also strongly associated with signs of right heart 
congestion, such as peripheral edema, jugular vein distension, hepatomegaly and 
third heart tone.42 Whether FGF23 may be a sensitive marker to monitor volume 
status and to guide medical therapy in order to prevent recurrent hospitalization for 
heart failure in HFpEF patients with RV dysfunction requires further study.

Reduced exercise capacity is a hallmark symptom in HFpEF. In Chapter 4 we 
stressed the importance of exercise testing in these patients. However, invasive 
exercise testing is rather cumbersome and not without risk. Therefore, it seems 
worthwhile to develop standardized protocols for non-invasive stress testing in 
patients with HFpEF. These protocols may aid to the diagnosis of HFpEF,43 and may 
reveal right-heart impairment under stress, that may not be visible at rest.44 These 
protocols may involve tools such as supine cycle ergometry, or preload augmentation 
with a fluid challenge, passive leg raise or leg positive pressure.44

For the diagnosis of PH, invasive right heart catheterization is still the golden standard 
and current consensus states that PH is present when mean pulmonary arterial 
pressure is ≥25 mmHg.29 However, the differentiation between PH secondary to 
left-heart failure versus pulmonary arterial hypertension, and isolated post-capillary 
PH versus combined post- and pre-capillary PH, is much more difficult. Although 
current consensus classifies these different entities based on conventional invasive 
measurements, the corresponding cut-off values are rather arbitrary and do not truly 
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reflect pulmonary vascular disease. Currently, combined post- and pre-capillary PH 
is differentiated from isolated post-capillary PH based on either the diastolic pressure 
gradient or pulmonary vascular resistance.29 

In Chapter 4 we observed that all of the patients with combined post- and pre-
capillary PH displayed elevated pulmonary vascular resistance, yet only a minority 
demonstrated an elevated diastolic pressure gradient. Prior studies have shown that 
the diastolic pressure gradient does not predict prognosis in heart failure and our 
data also show that the diastolic pressure gradient is not superior to pulmonary 
vascular resistance to identify patients with pulmonary vascular disease leading 
to profound hemodynamic derangements during exercise. In left-sided heart 
failure, morphological changes of the pulmonary vasculature that can be observed 
include pulmonary vein muscularization, haemangiomatosis-like endothelial cell 
proliferation in pulmonary capillaries and intimal hypertrophy of small pulmonary 
arteries.45 Pulmonary vascular remodeling in left-sided heart failure is different than 
in pulmonary arterial hypertension, in which there are more irreversible neointimal 
lesions such as concentric laminar intimal fibrosis and plexiform lesions.46 We need 
specific hemodynamic parameters and cut-off values that are truly associated with 
these specific pulmonary vascular remodeling patterns observed in left-sided heart 
failure, to better discriminate pulmonary vascular disease from “passive” pulmonary 
venous hypertension in HFpEF. HFpEF patients with true pulmonary vascular 
disease may perhaps benefit from PH-specific therapies via reduction in pulmonary 
vascular resistance and further unloading of the RV. Further research is needed 
to investigate whether other hemodynamic parameters such as pulmonary arterial 
compliance may provide added value in this regard.

Lastly, in Chapter 7 we also discussed the importance of an accurate assessment of 
pulmonary capillary wedge pressure. In patients with HFpEF, wedge pressure might 
be <15 mmHg at rest, in fasting state and with optimal diuretic therapy. Pulmonary 
capillary wedge pressure may typically rise with exercise or after a fluid challenge, 
which enhances the diagnosis of HFpEF.47 Consequently, pulmonary capillary 
wedge pressure <15 mmHg at rest in combination with increased pulmonary artery 
pressure does not necessarily implies that the patient has isolated pulmonary arterial 
hypertension. Standardized diagnostic protocols should be designed specifically for 
these occurrences. 
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Mechanistic insights
There is an increasing amount of data available that consequently shows that 
RV dysfunction is of great importance in patients with HFpEF. However, there is 
still much unknown about the underlying pathways that lead to RV dysfunction in 
HFpEF, because most data is obtained from relatively small, cross-sectional studies. 
Therefore, direct cause-effect relations have not been extensively studied so far, and 
we need further time-course studies to gain more mechanistic insights. 

Longitudinal studies may involve exploring whether pulmonary vascular disease in 
HFpEF is a reflection of more severe HFpEF and is a consequence of chronically 
increased left-sided filling pressure, or that it is rather a unique phenotype not 
directly related to the severity of HFpEF in some patients, as recently suggested.48 
Furthermore, prospective studies may also elucidate whether atrial fibrillation in 
HFpEF is either a cause or a consequence of right heart failure. This may be of 
importance to further explore if the treatment of RV dysfunction in combination 
with atrial fibrillation in HFpEF should be focused on either reducing pulmonary 
pressures or restoring normal sinus rhythm. Although rhythm control therapy may 
be challenging in most patients with HFpEF given that they are older and often have 
multiple underlying comorbidities that maintain atrial fibrillation.20 For mechanistic 
insights, the implantable pulmonary artery pressure monitoring device discussed 
in Chapter 8 may be a useful tool to monitor if a rise in pulmonary artery pressure 
precedes the onset of atrial fibrillation, or vice versa, in patients with HFpEF.

Furthermore, the notion that obesity itself is linked to reduced RV function and more 
epicardial fat in HFpEF is interesting.27 More insights into the association between 
RV dysfunction and epicardial fat from dedicated imaging techniques in needed to 
explore whether epicardial fat is harmful to the myocardium or that it is a compensatory 
mechanism that rather protects the heart from harmful energy overload.

Future clinical trials

Most clinical trials performed in patients with HFpEF have not met with the 
primary endpoints and thus most drugs and devices tested in these trials have no 
recommendation in the guidelines for the treatment of HFpEF.10 Most trials were 
performed in “general” HFpEF, but given the highly heterogeneous nature of the 



Chapter 9

188

disease, treatment strategies are now increasingly focused on phenotype-specific 
treatments.6 We herein propose potential future trials for patients with right-heart-
failure-predominant HFpEF. 

In the large Treatment of Preserved Cardiac Function Heart Failure with an 
Aldosterone Antagonist (TOPCAT) trial, the mineralocorticoid receptor antagonist 
spironolactone was tested in patients with HFpEF. Although the trial was negative 
for the primary endpoint, pre-specified analyses revealed that the number of re-
hospitalizations for heart failure was lower in the treatment group, compared with 
placebo.49 In addition, the primary outcome was met in the patients with elevated 
natriuretic peptides at baseline.49 Spironolactone both has diuretic and anti-fibrotic 
properties and it may have potential in HFpEF patients with the right-heart-failure-
predominant phenotype characterized by RV dysfunction and dilatation, tricuspid 
regurgitation and systemic congestion. A future randomized placebo-controlled trial 
might be designed to test spironolactone in this specific subgroup of patients.

Our notion that diabetes mellitus and elevated glucose levels were associated with 
more RV dysfunction in HFpEF suggests that this may be an attractive target for 
therapy. Sodium–glucose cotransporter-2 (SGLT2) inhibitors such as empagliflozin 
are known to prevent glucose reabsorption and thereby inducing a diuretic effect 
via glycosuria. Empagliflozin should be considered in patients with type II diabetes 
mellitus to prevent or delay the onset of heart failure.10 SGLT2 inhibition is 
currently tested in non-diabetic heart failure patients with reduced ejection fraction 
(EMPEROR-HFrEF-Trial) and with preserved ejection fraction (EMPEROR-HFpEF-
Trial). A future clinical trial may be designed to investigate whether SGLT2-inhibition 
may be especially beneficial in diabetic HFpEF patients with RV dysfunction. 

Furthermore, preliminary evidence suggests that the PDE5 inhibitor vardenafil 
may be used to prevent the onset of HFpEF in diabetic patients.15 Further research 
is needed to test whether vardenafil may also prevent the development of RV 
dysfunction in diabetic patients with HFpEF.

Furthermore, future trials should be performed to test if the phosphodiesterase type 
5 inhibitor sildenafil and the soluble guanylate-cyclase stimulators riociguat and 
vericiguat are beneficial in HFpEF patients with combined post- and pre-capillary PH. 
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Although these drugs have partly demonstrated some potentially interesting results 
in smaller studies, they have not demonstrated any favorable effect on outcome and 
are therefore not recommended in the guidelines for HFpEF.

Finally, several drugs tested in HFpEF that demonstrated neutral results have 
shown to be beneficial for the RV, both in experimental models and in the setting of 
pulmonary arterial hypertension. For the design of future clinical trials in HFpEF, we 
highly recommend the additional use of right-heart-related endpoints.
 

References

1. Melenovsky V, Hwang SJ, Lin G, Redfield 
MM, Borlaug BA. Right heart dysfunction in heart 
failure with preserved ejection fraction. Eur Heart J 
2014;35:3452-3462.

2. Mohammed SF, Hussain I, Abou Ezzeddine OF, 
Takahama H, Kwon SH, Forfia P, Roger VL, Redfield 
MM. Right ventricular function in heart failure with 
preserved ejection fraction: a community-based 
study. Circulation 2014;130:2310-2320.

3. Chatterjee NA, Steiner J, Lewis GD. It is time to 
look at heart failure with preserved ejection fraction 
from the right side. Circulation 2014;130:2272-
2277.

4. Owan TE, Hodge DO, Herges RM, Jacobsen SJ, 
Roger VL, Redfield MM. Trends in prevalence and 
outcome of heart failure with preserved ejection 
fraction. N Engl J Med 2006;355:251-259.

5. Komajda M, Lam CS. Heart failure with 
preserved ejection fraction: a clinical dilemma. Eur 
Heart J 2014;35:1022-1032.

6. Shah SJ, Kitzman DW, Borlaug BA, van 
Heerebeek L, Zile MR, Kass DA, Paulus WJ. 
Phenotype-Specific Treatment of Heart Failure 
With Preserved Ejection Fraction: A Multiorgan 
Roadmap. Circulation 2016;134:73-90.

7. Lewis GA, Schelbert EB, Williams SG, 
Cunnington C, Ahmed F, McDonagh TA, Miller 
CA. Biological Phenotypes of Heart Failure With 
Preserved Ejection Fraction. J Am Coll Cardiol 
2017;70:2186-2200.

8. Shah AM, Shah SJ, Anand IS, Sweitzer NK, 
O’Meara E, Heitner JF, Sopko G, Li G, Assmann 
SF, McKinlay SM, Pitt B, Pfeffer MA, Solomon 
SD, TOPCAT Investigators. Cardiac structure 
and function in heart failure with preserved 

ejection fraction: baseline findings from the 
echocardiographic study of the Treatment of 
Preserved Cardiac Function Heart Failure with 
an Aldosterone Antagonist trial. Circ Heart Fail 
2014;7:104-115.

9. Lang RM, Badano LP, Mor-Avi V, Afilalo J, 
Armstrong A, Ernande L, Flachskampf FA, Foster E, 
Goldstein SA, Kuznetsova T, Lancellotti P, Muraru 
D, Picard MH, Rietzschel ER, Rudski L, Spencer KT, 
Tsang W, Voigt JU. Recommendations for cardiac 
chamber quantification by echocardiography in 
adults: an update from the American Society of 
Echocardiography and the European Association 
of Cardiovascular Imaging. Eur Heart J Cardiovasc 
Imaging 2015;16:233-270.

10. Ponikowski P, Voors AA, Anker SD, Bueno H, 
Cleland JG, Coats AJ, Falk V, Gonzalez-Juanatey 
JR, Harjola VP, Jankowska EA, Jessup M, Linde 
C, Nihoyannopoulos P, Parissis JT, Pieske B, Riley 
JP, Rosano GM, Ruilope LM, Ruschitzka F, Rutten 
FH, van der Meer P, Authors/Task Force Members, 
Document Reviewers. 2016 ESC Guidelines for 
the diagnosis and treatment of acute and chronic 
heart failure: The Task Force for the diagnosis and 
treatment of acute and chronic heart failure of the 
European Society of Cardiology (ESC)Developed 
with the special contribution of the Heart Failure 
Association (HFA) of the ESC. Eur Heart J 
2016;14:2129-2200.

11. Aschauer S, Zotter-Tufaro C, Duca F, 
Kammerlander A, Dalos D, Mascherbauer J, 
Bonderman D. Modes of death in patients with 
heart failure and preserved ejection fraction. Int J 
Cardiol 2017;228:422-426.

12. Mascherbauer J, Kammerlander AA, Zotter-
Tufaro C, Aschauer S, Duca F, Dalos D, Winkler 
S, Schneider M, Bergler-Klein J, Bonderman D. 
Presence of isolated tricuspid regurgitation should 
prompt the suspicion of heart failure with preserved 
ejection fraction. PLoS One 2017;12:e0171542.



Chapter 9

190

13. Paulus WJ, Tschope C. A novel paradigm 
for heart failure with preserved ejection fraction: 
comorbidities drive myocardial dysfunction and 
remodeling through coronary microvascular 
endothelial inflammation. J Am Coll Cardiol 
2013;62:263-271.

14. Huynh K, Bernardo BC, McMullen JR, Ritchie 
RH. Diabetic cardiomyopathy: mechanisms and 
new treatment strategies targeting antioxidant 
signaling pathways. Pharmacol Ther 2014;142:375-
415.

15. Matyas C, Nemeth BT, Olah A, Torok M, 
Ruppert M, Kellermayer D, Barta BA, Szabo G, 
Kokeny G, Horvath EM, Bodi B, Papp Z, Merkely 
B, Radovits T. Prevention of the development of 
heart failure with preserved ejection fraction by the 
phosphodiesterase-5A inhibitor vardenafil in rats 
with type 2 diabetes. Eur J Heart Fail 2017;19:326-
336.

16. Guazzi M, van Heerebeek L, Paulus WJ. 
Phosphodiesterase-5 inhibition in heart failure with 
preserved ejection fraction: trading therapy for 
prevention. Eur J Heart Fail 2017;19:337-339.

17. Srivaratharajah K, Coutinho T, deKemp R, 
Liu P, Haddad H, Stadnick E, Davies RA, Chih 
S, Dwivedi G, Guo A, Wells GA, Bernick J, 
Beanlands R, Mielniczuk LM. Reduced Myocardial 
Flow in Heart Failure Patients With Preserved 
Ejection Fraction. Circ Heart Fail 2016;9:10.1161/
CIRCHEARTFAILURE.115.002562.

18. Taqueti VR, Solomon SD, Shah AM, Desai 
AS, Groarke JD, Osborne MT, Hainer J, Bibbo CF, 
Dorbala S, Blankstein R, Di Carli MF. Coronary 
microvascular dysfunction and future risk of heart 
failure with preserved ejection fraction. Eur Heart 
J 2017;

19. Opitz CF, Hoeper MM, Gibbs JS, Kaemmerer 
H, Pepke-Zaba J, Coghlan JG, Scelsi L, D’Alto M, 
Olsson KM, Ulrich S, Scholtz W, Schulz U, Grunig 
E, Vizza CD, Staehler G, Bruch L, Huscher D, 
Pittrow D, Rosenkranz S. Pre-Capillary, Combined, 
and Post-Capillary Pulmonary Hypertension: A 
Pathophysiological Continuum. J Am Coll Cardiol 
2016;68:368-378.

20. Kotecha D, Lam CSP, van Veldhuisen DJ, van 
Gelder IC, Voors AA, Rienstra M. Heart Failure With 
Preserved Ejection Fraction and Atrial Fibrillation. 
Vicious Twins. J Am Coll Cardiol 2016;68:2217-28.

21. Lam CS, Rienstra M, Tay WT, Liu LC, Hummel 
YM, van der Meer P, de Boer RA, Van Gelder IC, 
van Veldhuisen DJ, Voors AA, Hoendermis ES. 
Atrial Fibrillation in Heart Failure With Preserved 

Ejection Fraction: Association With Exercise 
Capacity, Left Ventricular Filling Pressures, 
Natriuretic Peptides, and Left Atrial Volume. JACC 
Heart Fail 2017;5:92-98.

22. Olsson KM, Nickel NP, Tongers J, Hoeper 
MM. Atrial flutter and fibrillation in patients 
with pulmonary hypertension. Int J Cardiol 
2013;167:2300-2305.

23. Rottlaender D, Motloch LJ, Schmidt D, Reda 
S, Larbig R, Wolny M, Dumitrescu D, Rosenkranz 
S, Erdmann E, Hoppe UC. Clinical impact of atrial 
fibrillation in patients with pulmonary hypertension. 
PLoS One 2012;7:e33902.

24. Polsinelli VB, Sinha A, Shah SJ. Visceral 
Congestion in Heart Failure: Right Ventricular 
Dysfunction, Splanchnic Hemodynamics, and the 
Intestinal Microenvironment. Curr Heart Fail Rep 
2017;14:519-528.

25. Verbrugge FH, Bertrand PB, Willems E, 
Gielen E, Mullens W, Giri S, Tang WHW, Raman 
SV, Verhaert D. Global myocardial oedema in 
advanced decompensated heart failure. Eur Heart 
J Cardiovasc Imaging 2017;18:787-794.

26. Gorter TM, de Boer RA. Myocardial oedema 
and congestive heart failure: one piece of the 
puzzle? Reply. Eur J Heart Fail 2018;

27. Obokata M, Reddy Y, Pislaru SV, Melenovsky 
V, Borlaug BA. Evidence Supporting the Existence 
of a Distinct Obese Phenotype of Heart Failure 
with Preserved Ejection Fraction. Circulation 
2017;136:6-19.

28. Adamson PB, Abraham WT, Bourge RC, 
Costanzo MR, Hasan A, Yadav C, Henderson J, 
Cowart P, Stevenson LW. Wireless pulmonary 
artery pressure monitoring guides management 
to reduce decompensation in heart failure with 
preserved ejection fraction. Circ Heart Fail 
2014;7:935-944.

29. Galie N, Humbert M, Vachiery JL, Gibbs S, 
Lang I, Torbicki A, Simonneau G, Peacock A, 
Vonk Noordegraaf A, Beghetti M, Ghofrani A, 
Gomez Sanchez MA, Hansmann G, Klepetko W, 
Lancellotti P, Matucci M, McDonagh T, Pierard LA, 
Trindade PT, Zompatori M, Hoeper M, Aboyans V, 
Vaz Carneiro A, Achenbach S, Agewall S, Allanore 
Y, Asteggiano R, Paolo Badano L, Albert Barbera J, 
Bouvaist H, Bueno H, Byrne RA, Carerj S, Castro 
G, Erol C, Falk V, Funck-Brentano C, Gorenflo M, 
Granton J, Iung B, Kiely DG, Kirchhof P, Kjellstrom B, 
Landmesser U, Lekakis J, Lionis C, Lip GY, Orfanos 
SE, Park MH, Piepoli MF, Ponikowski P, Revel MP, 
Rigau D, Rosenkranz S, Voller H, Luis Zamorano 



General Discussion and Future Perspectives

191

J. 2015 ESC/ERS Guidelines for the diagnosis and 
treatment of pulmonary hypertension: The Joint 
Task Force for the Diagnosis and Treatment of 
Pulmonary Hypertension of the European Society 
of Cardiology (ESC) and the European Respiratory 
Society (ERS): Endorsed by: Association for 
European Paediatric and Congenital Cardiology 
(AEPC), International Society for Heart and Lung 
Transplantation (ISHLT). Eur Heart J 2016;37:67-
119.

30. Haass M, Kitzman DW, Anand IS, Miller A, Zile 
MR, Massie BM, Carson PE. Body mass index and 
adverse cardiovascular outcomes in heart failure 
patients with preserved ejection fraction: results 
from the Irbesartan in Heart Failure with Preserved 
Ejection Fraction (I-PRESERVE) trial. Circ Heart 
Fail 2011;4:324-331.

31. Chahal H, McClelland RL, Tandri H, Jain A, 
Turkbey EB, Hundley WG, Barr RG, Kizer J, Lima 
JA, Bluemke DA, Kawut SM. Obesity and right 
ventricular structure and function: the MESA-Right 
Ventricle Study. Chest 2012;141:388-395.

32. Iacobellis G. Epicardial adipose tissue in 
endocrine and metabolic diseases. Endocrine 
2014;46:8-15.

33. Guglielmi V, Sbraccia P. Epicardial adipose 
tissue: at the heart of the obesity complications. 
Acta Diabetol 2017;

34. Kitzman DW, Brubaker P, Morgan T, Haykowsky 
M, Hundley G, Kraus WE, Eggebeen J, Nicklas BJ. 
Effect of Caloric Restriction or Aerobic Exercise 
Training on Peak Oxygen Consumption and Quality 
of Life in Obese Older Patients With Heart Failure 
With Preserved Ejection Fraction: A Randomized 
Clinical Trial. JAMA 2016;315:36-46.

35. Howden EJ, Sarma S, Lawley JS, Opondo 
M, Cornwell W, Stoller D, Urey MA, Adams-Huet 
B, Levine BD. Reversing the Cardiac Effects of 
Sedentary Aging in Middle Age-A Randomized 
Controlled Trial: Implications For Heart Failure 
Prevention. Circulation 2018;

36. Mikhalkova D, Holman SR, Jiang H, Saghir 
M, Novak E, Coggan AR, O’Connor R, Bashir 
A, Jamal A, Ory DS, Schaffer JE, Eagon JC, 
Peterson LR. Bariatric Surgery-Induced Cardiac 
and Lipidomic Changes in Obesity-Related Heart 
Failure with Preserved Ejection Fraction. Obesity 
(Silver Spring) 2017;

37. Hoeper MM, Lam CS, Vachiery JL, Bauersachs 
J, Gerges C, Lang IM, Bonderman D, Olsson KM, 
Gibbs JS, Dorfmuller P, Guazzi M, Galie N, Manes 
A, Handoko ML, Vonk-Noordegraaf A, Lankeit M, 

Konstantinides S, Wachter R, Opitz C, Rosenkranz 
S. Pulmonary hypertension in heart failure with 
preserved ejection fraction: a plea for proper 
phenotyping and further research. Eur Heart J 
2016;

38. Koller B, Steringer-Mascherbauer R, Ebner 
CH, Weber T, Ammer M, Eichinger J, Pretsch I, 
Herold M, Schwaiger J, Ulmer H, Grander W. Pilot 
Study of Endothelin Receptor Blockade in Heart 
Failure with Diastolic Dysfunction and Pulmonary 
Hypertension (BADDHY-Trial). Heart Lung Circ 
2016;

39. Redfield MM, Chen HH, Borlaug BA, Semigran 
MJ, Lee KL, Lewis G, LeWinter MM, Rouleau 
JL, Bull DA, Mann DL, Deswal A, Stevenson 
LW, Givertz MM, Ofili EO, O’Connor CM, Felker 
GM, Goldsmith SR, Bart BA, McNulty SE, Ibarra 
JC, Lin G, Oh JK, Patel MR, Kim RJ, Tracy RP, 
Velazquez EJ, Anstrom KJ, Hernandez AF, 
Mascette AM, Braunwald E, RELAX Trial. Effect 
of phosphodiesterase-5 inhibition on exercise 
capacity and clinical status in heart failure with 
preserved ejection fraction: a randomized clinical 
trial. JAMA 2013;309:1268-1277.

40. Hoendermis ES, Liu LC, Hummel YM, van der 
Meer P, de Boer RA, Berger RM, van Veldhuisen 
DJ, Voors AA. Effects of sildenafil on invasive 
haemodynamics and exercise capacity in heart 
failure patients with preserved ejection fraction and 
pulmonary hypertension: a randomized controlled 
trial. Eur Heart J 2015;36:2565-2573.

41. Guazzi M, Vicenzi M, Arena R, Guazzi 
MD. Pulmonary hypertension in heart failure 
with preserved ejection fraction: a target of 
phosphodiesterase-5 inhibition in a 1-year study. 
Circulation 2011;124:164-174.

42. Ter Maaten JM, Voors AA, Damman K, van 
der Meer P, Anker SD, Cleland JG, Dickstein K, 
Filippatos G, van der Harst P, Hillege HL, Lang CC, 
Metra M, Navis G, Ng L, Ouwerkerk W, Ponikowski 
P, Samani NJ, van Veldhuisen DJ, Zannad F, 
Zwinderman AH, de Borst MH. Fibroblast growth 
factor 23 is related to profiles indicating volume 
overload, poor therapy optimization and prognosis 
in patients with new-onset and worsening heart 
failure. Int J Cardiol 2018;253:84-90.

43. Obokata M, Kane GC, Reddy YN, Olson TP, 
Melenovsky V, Borlaug BA. Role of Diastolic 
Stress Testing in the Evaluation for Heart Failure 
With Preserved Ejection Fraction: A Simultaneous 
Invasive-Echocardiographic Study. Circulation 
2017;135:825-838.

44. Kusunose K, Yamada H, Nishio S, Ishii A, Hirata 



Chapter 9

192

Y, Seno H, Saijo Y, Ise T, Yamaguchi K, Yagi S, 
Soeki T, Wakatsuki T, Sata M. RV Myocardial Strain 
During Pre-Load Augmentation Is Associated With 
Exercise Capacity in Patients With Chronic HF. 
JACC Cardiovasc Imaging 2017;

45. Naeije R, Gerges M, Vachiery JL, Caravita 
S, Gerges C, Lang IM. Hemodynamic 
Phenotyping of Pulmonary Hypertension in Left 
Heart Failure. Circ Heart Fail 2017;10:10.1161/
CIRCHEARTFAILURE.117.004082.

46. van der Feen DE, Bartelds B, de Boer RA, Berger 
RM. Pulmonary arterial hypertension in congenital 
heart disease: translational opportunities to study 
the reversibility of pulmonary vascular disease. Eur 
Heart J 2017;

47. Borlaug BA, Nishimura RA, Sorajja P, Lam CS, 
Redfield MM. Exercise hemodynamics enhance 

diagnosis of early heart failure with preserved 
ejection fraction. Circ Heart Fail 2010;3:588-595.

48. Borlaug BA, Obokata M. Is it time to recognize 
a new phenotype? Heart failure with preserved 
ejection fraction with pulmonary vascular disease. 
Eur Heart J 2017;

49. Pitt B, Pfeffer MA, Assmann SF, Boineau 
R, Anand IS, Claggett B, Clausell N, Desai AS, 
Diaz R, Fleg JL, Gordeev I, Harty B, Heitner JF, 
Kenwood CT, Lewis EF, O’Meara E, Probstfield JL, 
Shaburishvili T, Shah SJ, Solomon SD, Sweitzer 
NK, Yang S, McKinlay SM, TOPCAT Investigators. 
Spironolactone for heart failure with preserved 
ejection fraction. N Engl J Med 2014;370:1383-
1392.



Appendices
Dutch Summary

About the author

Acknowledgments

List of publications



Appendices

194

Dutch summary

Hartfalen is wereldwijd een groot medisch probleem en is een van de belangrijkste 
oorzaken van vroegtijdig overlijden in de Westerse wereld. Hartfalen wordt 
tegenwoordig onderverdeeld in hartfalen met een verminderde linker ventrikel 
ejectiefractie (heart failure with reduced ejection fraction, HFrEF) en hartfalen met 
een behouden linker ventrikel ejectiefractie (heart failure with preserved ejection 
fraction, HFpEF). De laatste groep patiënten heeft daarbij een ejectiefractie van 
≥50% en wordt op ventrikel niveau verder gekenmerkt door met name stijfheid en 
verminderde relaxatie van de hartspier (diastolische dysfunctie) en/of verdikking 
van de hartspier (hypertrofie). Voor patiënten met HFrEF zijn op dit moment veel 
therapieën voorhanden die een bewezen gunstig effect hebben op de overleving, 
zoals beta-blokkers, ACE-remmers, angiotensine recepter blokkers en ICD’s. De 
prevalentie van HFpEF is vergelijkbaar met die van HFrEF, echter zijn er voor 
HFpEF tot op heden geen bewezen therapieën beschikbaar die zorgen voor een 
afname van sterfte in deze specifieke patiëntengroep. De grote trials met medicijnen 
die werkzaam zijn in HFrEF waren neutraal voor de primaire eindpunten in patiënten 
met HFpEF. Voor een groot deel lijkt dit veroorzaakt te zijn doordat HFpEF een 
veel heterogener ziektebeeld is en dat niet eenzelfde behandeling werkzaam is in 
elke type patiënt met HFpEF. Dit heeft ertoe geleid dat het huidige onderzoek zich 
meer is gaan toespitsen op het identificeren van verschillende subgroepen binnen 
HFpEF met elk een specifieke pathofysiologie, die waarschijnlijk ook een specifieke 
behandeling behoeft. De laatste jaren is er dan ook een verschuiving zichtbaar in het 
onderzoek naar de behandeling van HFpEF, van een “one size fits all” strategie naar 
een meer “fenotype-specifieke” strategie. 

Het hart bestaat uit twee hartkamers, de linker en rechter ventrikel. Hartfalen wordt 
voornamelijk onderverdeeld op basis van ejectiefractie van de linker ventrikel, echter 
de rechter ventrikel is ook essentieel in het onderhouden van een functionerende 
circulatie. De rechter ventrikel ontvangt namelijk al het bloed dat terugstroomt vanuit 
het lichaam naar het hart, en pompt dit door de bloedvaten van de longen, waar 
het bloed zuurstof krijgt, naar de linker ventrikel. De functie van de rechter ventrikel 
kan verslechterd zijn door verschillende oorzaken, zoals een hoge bloeddruk in de 
longen (pulmonale hypertensie), een aangeboren hartafwijking, of een hartinfarct. 
Gelijktijdig met de zoektocht naar de mogelijk verschillende fenotypes waaruit HFpEF 
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bestaat blijkt dat een verminderde rechter ventrikel functie opvallend vaak voorkomt 
in patiënten met HFpEF. Dit is opmerkelijk, omdat HFpEF met name – en per definitie 
– een aandoening is van de linker ventrikel. De oorzaken voor verminderde rechter 
ventrikel functie in HFpEF lijken niet eenduidig en de aanwezigheid van een slechte 
rechter ventrikel in patiënten met HFpEF lijkt in sommige studies ook geassocieerd 
te zijn met een slechtere prognose, vergeleken met HFpEF patiënten met een 
behouden rechter ventrikel functie. De constatering dat rechter ventrikel dysfunctie 
vaak lijkt voor te komen in HFpEF en de aanwezigheid hiervan geassocieerd is 
met een slechtere prognose, geeft het belang aan van gedegen onderzoek naar de 
oorzaken en mogelijke behandelopties van rechter ventrikel dysfunctie in HFpEF.

De vraagstellingen van dit onderzoek zijn:

1) Wat is de klinische relevantie van rechter ventrikel dysfunctie in HFpEF

2) Wat zijn onderliggende mechanismen voor het ontstaan van rechter ventrikel 
dysfunctie in HFpEF

3) Wat zijn potentiële behandelopties voor rechter ventrikel dysfunctie in 
HFpEF

Om in de eerste plaats de prevalentie en relevantie van rechter ventrikel dysfunctie 
in HFpEF te onderzoek hebben wij een systematische review en meta-analyse 
uitgevoerd naar studies waarin rechter ventrikel functie werd onderzocht in patiënten 
met HFpEF (Hoofdstuk 2). In deze studie hebben wij gevonden dat 20-25% van 
de HFpEF patiënten een verminderde rechter ventrikel functie heeft. Eén van de 
belangrijkste oorzaken van rechter ventrikel dysfunctie dat naar voren kwam uit 
deze systematische review is pulmonale hypertensie, wat aanwezig is bij ongeveer 
twee derde van de HFpEF patiënten. Daarnaast bleek uit enkele studies dat ook 
boezemfibrilleren geassocieerd is met verminderde functie van de rechter ventrikel. 
De aanwezigheid van rechter ventrikel dysfunctie was verder geassocieerd met 
hogere kans op ziekenhuisopname voor hartfalen en vroegtijdig overlijden, ten 
opzichte van HFpEF patiënten met behouden rechter ventrikel systolische functie. 

De relatie tussen pulmonale hypertensie en verminderde rechter ventrikel functie in 
HFpEF werd verder onderzocht in de Hoofdstukken 3 en 4. Pulmonale hypertensie is 
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een ziektebeeld waarbij er een te hoge bloeddruk is in de longen. Dit kan komen door 
primair een ziekte van vaatwand van de kleinere longslagaders (pulmonale arteriële 
hypertensie of pre-capillaire pulmonale hypertensie) of door een hogere bloeddruk 
en vullingsdruk van de linkerharthelft, leidend tot een “passieve” drukverhoging in 
de stroomopwaarts gelegen longslagaders (post-capillaire pulmonale hypertensie). 
Laatstgenoemde situatie wordt typisch gezien bij patiënten met linkszijdig hartfalen, 
zowel bij systolisch als diastolisch hartfalen. Daarnaast kan langer bestaande, 
progressieve drukverhoging van de longslagaders als gevolg van linkszijdig hartfalen 
op termijn ook leiden tot schade aan de vaatwand van de (kleinere) longslagaders. 
Dit uit zich dan in een verhoogde druk in de longvaten die disproportioneel is ten 
opzichte van de (vullings-)druk gemeten in de linkerharthelft. Dit wordt tegenwoordig 
gecombineerde post- en pre-capillaire pulmonale hypertensie genoemd. In 
Hoofdstuk 3 en 4 werd gezien dat ongeveer een derde van de HFpEF patiënten met 
pulmonale hypertensie gecombineerd post- en pre-capillaire pulmonale hypertensie 
heeft. Deze vorm van pulmonale hypertensie leidt tot een hogere bloeddruk in de 
longvaten, tot meer rechter ventrikel dysfunctie en tot een hogere kans op overlijden, 
ten opzichte van HFpEF patiënten zonder pulmonale hypertensie of met geïsoleerde 
post-capillaire pulmonale hypertensie.

Het belangrijkste symptoom dat bijna alle patiënten met HFpEF ervaren is 
een verminderd inspanningsvermogen. De oorzaken van een verminderd 
inspanningsvermogen in HFpEF zijn echter net zo heterogeen als het ziektebeeld 
zelf. In Hoofdstuk 4 wordt specifiek het pathofysiologische mechanisme onderzocht 
van inspanningsintolerantie in patiënten met HFpEF met de verschillende vormen 
van pulmonale hypertensie. In een normale situatie worden de bloedvaten van de 
longen gekenmerkt door een lage weerstand en hoge rekbaarheid (compliantie). Bij 
inspanning neemt het circulerend bloedvolume door het hart en de longen fors toe. 
In een normale situatie is het longvaatbed door zijn specifieke vaateigenschappen in 
staat om deze forse toename in circulerend bloedvolume te doorstaan. Hoofdstuk 
4 laat echter zien dat door de aanwezigheid van gecombineerd post- en pre-
capillaire pulmonale hypertensie, en secundair daaraan een toegenomen weerstand 
en afgenomen compliantie van de longvaten, het vermogen van de longvaten tot 
het doorlaten van het toegenomen circulerend bloedvolume tijdens inspanning 
beperkt is. Daarnaast blijkt uit deze studie dat dit onvermogen tot uitzetten van de 
longvaten bij toegenomen bloeddoorstroming leidt tot verdere overbelasting van 
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de rechter ventrikel tijdens inspanning. Omdat beide ventrikels gelegen zijn binnen 
hetzelfde, stugge hartzakje (het pericard), leidt overbelasting en uitzetten van de 
rechter ventrikel tot een beperking van uitzetten van de linker ventrikel en dus tot 
afname van voldoende vulling van de linker ventrikel. Bij deze afgenomen vulling 
en compliantie van de linker ventrikel is als gevolg van het Frank-Starling effect het 
netto-effect ook een afgenomen effectief slagvolume van de linker ventrikel tijdens 
inspanning. Concluderend, bij patiënten met HFpEF en een additionele component 
van pre-capillaire pulmonale hypertensie lijdt een afgenomen compliantie van de 
longvaten tot overbelasting van de rechter ventrikel en secundair daaraan tot onder-
vulling van de linker ventrikel en tot een verlaging van het effectief slagvolume tijdens 
inspanning. Dit lijkt een belangrijk onderliggend pathofysiologisch mechanisme te 
zijn van verminderd inspanningsvermogen in patiënten met HFpEF en gecombineerd 
post- en pre-capillaire pulmonale hypertensie.

Naast pulmonale hypertensie zijn er mogelijk ook andere onderliggende oorzaken 
voor rechter ventrikel dysfunctie in HFpEF. In Hoofdstuk 5 wordt specifiek gekeken 
naar de rol van boezemfibrilleren bij zowel rechter ventrikel als rechter boezem 
dysfunctie. Uit deze studie komt naar voren dat boezemfibrilleren sterk geassocieerd 
is met een verminderde functie van de rechter ventrikel, onafhankelijk van pulmonale 
hypertensie. Daarnaast hebben patiënten die een voorgeschiedenis hebben van 
boezemfibrilleren, maar op het moment van de meting sinusritme hebben, ook 
meer rechter boezem en rechter ventrikel dysfunctie. De hypothese is enerzijds dat 
de aanwezigheid van boezemfibrilleren in patiënten met HFpEF een uiting is van 
meer progressie en ernst van de ziekte met secundair daaraan hogere kans op het 
krijgen van verminderde rechter ventrikel functie. Een andere hypothese is echter 
dat boezemfibrilleren in sommige patiënten – zeker die met (ernstige) pulmonale 
hypertensie – niet veroorzaakt wordt door overbelasting en rek van de linker boezem 
als gevolg van “linkszijdig” HFpEF (zoals algemeen geaccepteerd), maar juist door 
overbelasting van de rechter boezem als gevolg van een te hoge bloeddruk in de 
longen, leidend tot overbelasting van de rechterharthelft en daarbij meer rek op de 
rechter boezem. De consequentie hiervan is dat om het boezemfibrilleren in deze 
specifieke groep te voorkomen of te behandelen, de focus dan meer zou moeten 
liggen op het verlagen van de bloeddruk in de longen met specifieke therapieën.

Een in brede kring geaccepteerde hypothese voor het (mede-)ontstaan van HFpEF is 
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dat circulerende stoffen die gerelateerd zijn aan inflammatie in hogere mate aanwezig 
zijn bij ouderdom en bij bepaalde comorbiditeiten zoals obesitas en diabetes mellitus. 
Deze circulerende stoffen zouden een negatief effect hebben op de hartspier leidend 
tot meer diastolische dysfunctie en hypertrofie van de linker ventrikel, en uiteindelijk 
symptomatisch HFpEF. Omdat dit mechanisme circulerende moleculen betreft is het 
de vraag of deze moleculen eenzelfde, negatief effect hebben op de hartspier van de 
rechter ventrikel. Om dit te testen werd in Hoofdstuk 6 de relatie onderzocht tussen 
diabetes mellitus en systolische en diastolische dysfunctie van de rechter ventrikel. 
In deze studie wordt inderdaad gezien dat de aanwezigheid van diabetes mellitus 
in patiënten met HFpEF geassocieerd is met meer systolische en diastolische 
dysfunctie van de rechter ventrikel, onafhankelijk van pulmonale hypertensie. 
Deze bevindingen zouden diagnostische en therapeutische consequenties kunnen 
hebben specifiek voor HFpEF patiënten met diabetes mellitus.

Naast prevalentie en onderliggende oorzaken van rechter ventrikel dysfunctie in 
HFpEF is dit proefschrift gewijd aan de behandeling van deze specifieke groep 
patiënten. Hoofdstuk 7 is een position statement dat geschreven is namens 
de European Society for Cardiology en beschrijft verschillende (potentiële) 
behandelopties. De belangrijkste behandelstrategieën voor deze groep HFpEF 
patiënten betreft het verlagen van de bloeddruk in de longen in patiënten met 
pulmonale hypertensie door middel van specifieke medicijnen, het optimaal doseren 
van diuretica met name in patiënten die rechtszijdig zijn gedecompenseerd, en het 
bevorderen van regelmatige inspanning en afvallen, zeker voor de obese en oudere 
HFpEF populatie. In Hoofdstuk 8 wordt daarnaast nog een specifieke strategie 
beschrijven bestaande uit een implanteerbare monitor die geplaatst kan worden in 
de longslagader en continue de bloeddruk in de longslagader kan meten. Bij een 
(subklinische) stijging van de bloeddruk, een voorteken voor decompensatio cordis, 
kan tijdig de dosering hartfalen medicatie zoals diuretica en vaatverwijders worden 
opgehoogd om een daadwerkelijke ziekenhuisopname voor hartfalen te voorkomen. 
Deze strategie heeft bewezen ook in HFpEF het aantal ziekenhuisopnames voor 
hartfalen te verlagen. Toekomstige studies moeten uitwijzen of deze strategie ook 
een gunstig effect heeft op de mortaliteit.
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