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EPIDEMIOLOGY OF HEART FAILURE

Heart failure (HF) is a major public health problem with a prevalence of over 5.8 to 6.5 
million in the U.S and 15 million in Europe 1. In other words, 1 of 5 persons will develop HF 
in the future. Furthermore, HF is the first cause of hospitalization in people aged 65 and 
over, and has a poor prognosis: 50% of people with a HF hospitalization will die within 5 
years 2. The world’s population is aging, and currently 11% of the world’s population is aged 
65 years or older, a percentage that is expected to increase to 22% for 2050 3. Altogether, 
the prevalence of chronic diseases, such as HF, will increase exponentially resulting in 
an enormous medical and economic problem. For these reasons, research focuses on 
all aspects to tackle HF, from improving treatment effectiveness to the optimization of 
medical care around the disease. 
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HISTORICAL PERSPECTIVE OF HEART FAILURE

Since ancient times awareness about fluid accumulation has been described, but it was 
not until 1628 when William Harvey described the cardiovascular system, that the cardiac 
hemodynamics were finally understood. The past century brought more light into the 
pathophysiology of HF with the help of cardiac catheterisation and cardiac surgery. Later, in 
the 1980’s, HF became a neuroendocrine disease. This game changing concept revolutionised 
HF treatment, allowing the gradual introduction of beta-blockers, Angiotensin Converting 
Enzyme (ACE) inhibitors and Mineraloid Receptor Antagonists (MRA) to the limited 
therapeutic options (diuretics and digitalis) present until that moment 4-8. In the 1990’s 
the devices were introduced, first the Implantable Cardioverter Defibrillators (ICDs) and 
later Cardiac Resynchronisation Therapy (CRT) reduced arrhythmia-related mortality and 
improved contractility in certain patients 9, 10. Also starting in the 1990’s, molecular biology, 
genetics and advanced imaging techniques got a crucial role in the personalization of modern 
HF diagnosis and therapy. However, although in the last decade there has been a remarkable 
prognostic improvement in all heart diseases, this has not been the case for HF in general. 

Parallel to the therapeutic developments, the understanding of the different aetiologies 
and types of HF has progressed. Imaging techniques and specially echocardiography have 
played a central role in the classification of HF based on LV systolic function. Currently HF 
is mainly classified depending on Left Ventricular Ejection Fraction (LVEF) into: 1) HF with 
reduced ejection fraction (HFrEF, LVEF <40%) 2) HF with middle range ejection fraction 
(HFmrEF, LVEF 40-49%) and 3) HF with preserved ejection fraction (HFpEF, LVEF ≥50%). 

Aetiology and pathophysiology of HFrEF are well characterized and impressive 
achievements in treatment and outcome have been made as shown previously 4-10. This 
contrasts sharply with the other 50% of HF patients who suffer from HFpEF, where the 
pathophysiology remains largely unknown, diagnostic algorithms are subject of debate 
and are still developing and no treatment options have shown to improve prognosis 11. The 
prevalence of HFpEF is increasing over time and age and the increase of comorbidities, 
which play a central role in HFpEF susceptibility, predict even higher rates of HFpEF in 
the future. 

RECOGNIZING THE DISEASE: FROM DIASTOLIC DYSFUNCTION TO HFpEF 
Due to the preserved ejection fraction, it was believed that diastolic function should be 
altered in these patients. Therefore, Diastolic Heart Failure (DHF) became the first name 
for this controversial syndrome 12, 13. 

In 1998 the European Study Group acknowledged that DHF with a preserved ejection 
fraction was present in almost one third of HF patients and had a different epidemiology 
and clinical characteristics that than HFrEF 12. The authors required (1) signs or symptoms 
of congestive heart failure; (2) normal or only mildly abnormal left ventricular systolic 
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function and (3) evidence of abnormal left ventricular relaxation, filling, diastolic 
distensibility or diastolic stiffness for the diagnosis of this novel entity 12. A couple of 
years later, Vasan et al. took a step further, proposing that not only signs and symptoms 
of HF should be present, but supporting tests results (such as chest X-ray), and a typical 
clinical response to diuretic therapy could also be used to diagnose diastolic HF. Besides, 
objective evidence of abnormal LV relaxation/filling/distensibility indices on cardiac 
catheterization were necessary to get the final diagnosis 14.

However, in these years it also became clear that diastolic dysfunction, the result 
of an impaired myocardial relaxation and/or reduced left ventricular compliance, was 
not a clinical syndrome itself and did not mean that per definition HF was present 15-

17. Furthermore, diastolic dysfunction was not present in all HFpEF patients and several 
studies confirmed this, showing that other myocardial functional alterations such 
as longitudinal LV dysfunction or even extra-cardiac abnormalities (e.g. pulmonary 
hypertension, ventricular-arterial coupling, chronotropic incompetence, altered exercise 
induced vasodilation, or extra-cardiac volume overload) could lead to HFpEF 16, 18-23. 

Furthermore, assessing diastolic dysfunction is challenging, especially in obese 
comorbid patients that are mostly the ones suffering from HFpEF. Aware of this difficulty, 
Zile et al. demonstrated in 63 patients with congestive HF, normal LVEF (>50%), and at least 
mild LV hypertrophy (LVH) or concentric remodelling (LV mass >125 g/m2, wall thickness 
>11 mm, or a relative wall thickness >0.45) that LVH was a good predictor for diastolic 
dysfunction. Therefore, measurements of diastolic dysfunction were not necessary in 
patients with preserved ejection fraction if LVH was present 24. 

In 2005, after evaluating all the publications and diagnostic criteria published until 
that moment, Yturralde et al. elaborated a new recommendations for the diagnosis of 
DHF in which major criteria (Framingham or Boston criteria for congestive HF 25, 26, 
elevated natriuretic peptide levels or abnormal chest-ray and impaired cardiopulmonary 
tests were included) and also confirmatory evidence (LVH, left atrial enlargement and/
or echocardiographic Doppler or catheterization evidence of diastolic dysfunction) was 
needed 27. 

In 2007, the European Society of Cardiology substituted the name of diastolic 
dysfunction by HF with normal left ventricular ejection. This was more than a simple 
etymological change and the guidelines remarked the epidemiological changes that the 
disease suffered in the last decade with an increase in prevalence from 38 to 54% 11, 28. 
This guidelines postulated three obligatory conditions for the diagnosis of the disease: 1) 
signs or symptoms of congestive HF, 2) normal or mildly abnormal systolic left ventricular 
function (LVEF>50%) without LV dilatation (LV end-diastolic and systolic volume index 
<97 mL/m2 and 49 mL/m2, respectively and 3) evidence of abnormal LV relaxation, filling, 
diastolic distensibility and/or stiffness 29. This third point, the assessment of LV relaxation, 
filling, diastolic distensibility and/or stiffness, was the main difference of this guidelines 
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compared to the previous algorithm to diagnose diastolic dysfunction proposed by the 
European Study Group 12. In the previous guidelines, this last step involved only the 
evaluation of echocardiographic parameters where multiple parameters for LV relaxation, 
distensibility, filling and/or stiffness had to be addressed in a very comprehensive way 12. 

The 2007 ESC guidelines, simplified this last step, which now could be evaluated 
by invasive measurements, echocardiography, biomarkers or the combination or 
echocardiography and biomarker levels These guidelines also introduced for the first time 
the role of advanced imaging techniques such as strain imaging and cardiac magnetic 
resonance 29. 

In 2012 and 2016 the European Society of Cardiology presented new and updated 
guidelines in which there were no major differences besides the fact that the need for a 
non-dilated LV was substituted by an increase in biomarker levels, which had the goal to 
rule-out the disease (Figure 1). 

Recently, two novel diagnostic algorithms have been published: the HFA-PEFF score 
proposed by the Heart Failure Association and based on expert opinion 30, and the H2FPEF 
score presented by Reddy et al. as a result of a multivariable model and validated with 
invasive measurements in a highly selected population 31. Both scores show an evolution 
in the way HFpEF gets diagnosed proposing a likelihood classification (low: in which the 
disease can be ruled-out, intermediate; in which additional diagnostic test are needed 
and high; in which the disease can be definitely confirmed) instead the classical yes/no 
diagnostic approach. This change is of major importance, due to the recognition of an 
intermediate likelihood group, where the disease is much more difficult to get diagnosed; 
a group that is well-known by all clinicians that struggle diagnosing these patients but 
that was not recognized by the classical diagnostic models. 

Despite the development of novel diagnostic criteria, diagnosing HFpEF remains 
difficult, being one of the weaknesses of the HFpEF trials which have not been able to 
achieve their primary endpoints leading to the fact that “there are no available therapies 
for HFpEF”.
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A SYSTEMIC DISEASE THAT IS MORE THAN 
A COMPILATION OF COMORBIDITIES

The pathophysiology of HFpEF has been a long-standing enigma. Between 2005 and 
2011, different authors have demonstrated that several cardiomyocyte structural (e.g. 
hypertrophy, interstitial fibrosis and capillary rarefaction), functional (e.g. increased 
cardiomyocyte stiffness and impaired relaxation) and intra-myocardial signalling 
(altered endothelial adhesion molecule expression, oxidative stress, down regulation 
cyclic guanosine monophosphate and dependent protein kinases (cGMP-PKG) signalling 
pathway) alterations were present in the HFpEF myocardium 32-38. Based on this 
knowledge, Paulus et al. postulated in 2013 a theory explaining a pathophysiological 
mechanism responsible for HFpEF, and defining HFpEF for the first time as a systemic 
disease 39. 

Although, this theory has not been fully scientifically demonstrated, it has 
been widely recognised. The paradigm postulates that comorbidities produce a low-
grade systemic inflammation which is held responsible for systemic inflammation, 
is responsible for endothelial and microvascular inflammation and, consequently, 
endothelial and microvascular dysfunction. This inflammatory state of the endothelium, 
activated the production of reactive oxygen species which were responsible for the 
reduction in cardiomyocyte nitric oxide (NO) bioavailability and cGMP-PKG activity. 
This resulted in titin hypophosphorylation and cardiomyocyte stiffness and hypertrophy. 
Besides, endothelial inflammation and microvascular dysfunction were responsible for 
subendothelial leukocyte migration that induced myofibroblasts to produce and deposit 
collagen and consequently myocardial stiffness and fibrosis 39. Furthermore, although 
the theory of Paulus et al. states that HFpEF is a systemic disease, only very recently, the 
complex network of interactions between multiple cardiac and extracardiac impairments 
has been at least partially elucidated 40, 41 (Figure 2). 

Comorbidities play a crucial role in HFpEF. Patients suffering from HFpEF are older, 
more frequently woman and have a high prevalence of hypertension, type 2 Diabetes 
Mellitus, obesity, chronic pulmonary disease (COPD), iron deficiency and kidney 
dysfunction 42, 43. However, HFpEF is not only a conglomeration of comorbidities. This is 
clearly shown in the higher hospitalization and mortality rates observed in the classical 
HFpEF trials (DIG-PEF, CHARM-Preserved, and I-PRESERVE) compared to cardiovascular 
trials (ACCORD, ANBP-2, ACTION, LIFE, VALUE, ALLHAT, and HYVET), in which patients 
without HFpEF but with comparable comorbid states were included 44. 
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2016 ESC Guidelinesfor HFpEF

• HF symptoms/signs+LVEF≥50%  
• and ↑ natriuretic peptides   

• (NT-proBNP ≥ 125 pg/ml or BNP ≥ 35 pg/ml) 
• and at least one echocardiographic abnormality: 

• Structural:  
• LAVI >34ml/m2 or  
• LVMI m≥ 115 g/m2 , f ≥ 95g/m2  

• Functional:  
• E/e’>13 or e’ sept and lat <9 

1980 

Diastolic Hart Failure (DHF) 
First cases of congestive HF  

with preserved ejection fraction 

1998 

Heart Failure with  normal ejection fraction  
More than diastolic dysfunction 

First diagnostic guidelines (European Study Group) 
signs or symptoms+LVEF >45% and  

abnormal LV relaxation, filling, diastolic distensibility or stiffness 

2005 

Right heart catheterization  
diagnostic Gold standard 

More than diastolic dysfunction… 
Other functional alterations can lead to the 

disease: 
-Longitudinal LV dysfunction  

-Pulmonary hypertension 
-Ventricular-arterial coupling 
-Chronotropic incompetence 

-Altered exercise induced vasodilation 
-Extra-cardiac volume overload 

2001-2004 

2000 

2007 

ESC guidelines 
In comparison to previous guidelines:  

Include advanced imaging  
techniques (strain, CMR)  

Diagnostic criteria Yturralde et al. 
Included structural LV abnormalities  

as increased LAVI and LVH   

2012 

2016 ESC guidelines 
HF with preserved ejection fraction 

Further the only additions to previous guidelines 
Is that non-dilated LV must be present 

 

Figure 1: Timeline of different guidelines and algorithms for diagnosing HFpEF

Abbreviations: HF, heart failure; LVEF, left ventricular ejection fraction; LV, left ventricle; LAVI, left 
atrial volume index; LVH, left ventricular hypertrophy; CMR, cardiac magnetic resonance; ESC, 
European Society of Cardiology; LVMI, left ventricular mass index. 

Iron deficiency is one of the comorbidities that has been associated with HF, reducing 
exercise capacity and increasing HF hospitalization and mortality rates in HFrEF 45, 46. 
Furthermore, treatment with intravenous iron has demonstrated to reverse these negative 
effects and improve exercise capacity and quality of life 47-49. The role that ID plays in 
HFpEF remains poorly understood 50, 51. Studies centred in analysing the prevalence and 
prognostic effect of ID in HFpEF are the first step before promising therapeutic strategies 
such as intravenous iron therapy in HFpEF can be tested in randomized controlled trials. 
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PERSONALIZED MEDICINE 
AND TARGETED THERAPY  

HFpEF is a heterogeneous syndrome and it is still not clear if it represents a single disease 
or compromises different entities that could have a different response to therapy. These two 
factors, the heterogeneity of this entity on the one hand and the lack of effective treatments 
in the other are the main cornerstones why systematic approaches for evaluating patients 
suspected of having HFpEF are lacking. Specialized general HF outpatient clinics are focused 
on HFrEF. However, a few steps have been already made and some specialized centres, as the 
Maastricht University Medical Centre (MUMC+), have developed specific HFpEF programs. 
These specific outpatient programs are not standardized, but offer numerous clinical and 
research advantages. First of all, patients get the right diagnosis and a characterization 
of the underlying most important comorbid conditions enabling a strict control of these 
conditions that has shown to improve outcome, reducing hospitalization and mortality 
rates, in HFpEF 52, 53. Furthermore, some strategies such as specific rehabilitation exercise 
programs have shown to improve quality of life in HFpEF 54, 55. Second, this systematic 
approach allows to build up prospective cohorts and include patients in clinical trials. This 
is an essential step to improve in the quality of live or prognosis of the patients and if any 
effective treatment for HFpEF has to be found.
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GAPS IN KNOWLEDGE

There are many gaps around HFpEF, challenges that offer new research opportunities and 
make of this disease one of the hot research topics in modern cardiology. The main concern 
about HFpEF is the lack of any effective treatment. The basis for the lack of effective 
treatments lies in several issues that will have to be addressed in the near future. First of 
all, the definition and diagnosis of the disease remain difficult. As a result, clinical trials 
have used divergent inclusion criteria that have probably influenced the trial results 56. 

Second, it remains unclear which comorbidities play an important role in HFpEF 
and if they define phenotypes with different response to therapy. Third, microvascular 
dysfunction has been presented as a main pathophysiological mechanism of this systemic 
disease, but studies evaluating both coronary and peripheral microvasculature are lacking.

Even more, studies evaluating the role of microvascular dysfunction in early stages 
of the disease, as in preclinical diastolic dysfunction are lacking. Further, HFpEF is 
characterized by heterogeneity and it is still not clear if it represents a single disease or 
compromises different entities that could have a different response to therapy. Finally, 
the way that novel trials should be designed remains an object of debate, as well as which 
animal models can represent best this complex disease. 

Figure 2: Complex matrix that shows the interplay between comorbidities, pathophysiological 
mechanism and finally functional and structural cardiac and extra-cardiac alterations present in 
HFpEF. ▶

Abbreviations: HF, heart failure; LVEF, left ventricular ejection fraction; LV, left ventricle; LAVI, left 
atrial volume index; LVH, left ventricular hypertrophy; CMR, cardiac magnetic resonance; ESC, 
European Society of Cardiology; LVMI, left ventricular mass index. 
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COMORBIDITIES

Age 

COPD  

Renal dysfunction 

Atrial Fibrillation 

Anemia and Iron deficiency 

Sleep Apnea 

Metabolic syndrome 

Obesity Hypertension 

Insulin Resistance T2DM Hyperlipidemia 

STRUCTURAL AND FUNCTIONAL ALTERATIONS

CARDIAC ALTERATIONS 

o LV dysfunction  
• Impaired relaxation and filling 
• Longitudinal systolic dysfunction 

o LA dysfunction 
o LV hypertrophy 
o LA enlargement 

 

EXTRA-CARDIAC ALTERATIONS 

o Chronotropic incompetence 
o Vascular stiffness and dysfunction 
o Ventriculo-arterial coupling 

 

 

PATHOPHYSIOLOGICAL  
MECHANISMS INFLAMATION 

ABNORMAL CELL 
SIGNALLING 

FIBROSIS ALTERED 
ENERGETICS 

c 

c 

HFpEF 
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OBJECTIVES AND OUTLINE OF THIS THESIS

PART I: Diagnosing HFpEF
In chapter 2, we show how the specialized outpatient clinic has been developed in 
Maastricht University Medical Centre+ (MUMC+). We show how a specific HFpEF program 
can help to diagnose comorbid conditions and implement targeted therapy. 

One of the main issues in clinical practice, is the challenge of diagnosing HFpEF. In 
chapters 3 and 4, we focus on the most recently published algorithms for the diagnosis 
of HFpEF, the HFA-PEFF proposed by the Heart Failure Association and based on expert 
opinion 30, and the H2FPEF score presented by Reddy et al. as a result of a multivariable 
model and validated with invasive measurements in a highly selected population 31. In 
chapter 3 we validate the HFA-PEFF score in 2 prospective, deeply-phenotyped HFpEF 
cohorts of Maastricht University Medical Centre+ (MUMC+) and Northwestern University 
Hospital (Chicago). Further, the performance of the two scores (HFA-PEFF and H2FPEF) 
is compared in chapter 4. 

Chapter 5 provides a comprehensive look into the current knowledge of HFpEF 
pathophysiology and addresses the most important goals for future research: empowerment 
of translational research, development and selection of the adequate animal models and 
the need for novel trial design focused on targeted therapy. 

PART II: HFpEF, more than a compilation of comorbidities
As has been said previously, comorbidities play a central role in HFpEF. In chapter 6 we 
show the effects of iron deficiency on prognosis and exercise capacity in HFpEF.

PART III; Role of microvascular dysfunction in the pathophysiology of HFpEF
This section is based on the hypothesis that comorbidity-driven systemic inflammation 
causes myocardial and peripheral microvascular dysfunction in HFpEF. 

Several studies have proposed that prediastolic dysfunction precedes HFpEF. Therefore, 
we hypothesized that pathophysiological mechanisms such as microvascular dysfunction 
may already be present in patients with prediastolic dysfunction. In chapter 7 we study the 
association between prediastolic dysfunction and retinal and skin microvascular function. 

Chapter 8 describes our investigation if myocardial absolute perfusion, skeletal 
muscle metabolism and peripheral microvascular function are impaired in HFpEF patients 
compared to hypertensive controls. 

Finally, in the general discussion in chapter 9, the overall achievements of this thesis 
are taken together. Based on the knowledge gained during this PhD work, concrete steps 
for future trial designs are proposed.
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ABSTRACT

Aims: The diagnosis of heart failure with preserved ejection fraction (HFpEF) is 
challenging. The European Heart Failure Association has proposed a novel diagnostic 
algorithm, including the HFA-PEFF score. The aim of this study is to validate the diagnostic 
value and establish the potential clinical impact of the second step, Echocardiography & 
natriuretic peptides”, of the HFA-PEFF score.

Methods and Results: After a stepwise approach, in which by establishing the pre-test 
likelihood of HFpEF by checking risk factors and assessing exercise intolerance, similarly 
to the first step of the HFA-PEFF algorithm, the second step of the HFA-PEFF score was 
evaluated in two independent, prospective cohorts, i.e. the Maastricht cohort (228 HFpEF 
patients and 42 controls, clinical diagnosis after extensive diagnostic workup), and the 
Northwestern Chicago cohort (459 HFpEF patients). In Maastricht, the HFA-PEFF score 
categorizes N=11 (4%) of the total cohort with suspected HFpEF in the low-likelihood (0-1 
points) and N=161 (60%) in the high-likelihood category (5-6 points). A high HFA-PEFF 
score can rule-in HFpEF with high specificity (93%) and a PPV of 98%. A low score can rule 
out HFpEF with a sensitivity of 99% and NPV of 73%. The diagnostic accuracy of the score 
is 0.90 (0.84-0.96), by AUC of the ROC-curve. However, N=98 (36%) are classified in the 
intermediate-likelihood category, where additional testing is advised. The distribution of 
the score shows a similar pattern in the Northwestern (Chicago) and Maastricht HFpEF 
patients (53 vs. 65% high, 43 vs. 34% intermediate, 4.8 vs. 1.3% low), despite being different 
in terms of patient characteristics. 

Conclusion: After the pre-test probability of suffering from HFpEF based on medical 
history, HF signs and symptoms and standard diagnostics was evaluated, similarly to the 
first step of the HF-A-PEFF score, this study validates the second step, “Echocardiography 
& natriuretic peptides” step, of the HFA-PEFF score in two independent, well phenotyped 
cohorts in Europe and the U.S.A. We demonstrate that the HFA-PEFF score is a helpful tool 
in clinical practice for the diagnosis of HFpEF. 
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INTRODUCTION

Due to global aging and the rise of multimorbidity, the prevalence of heart failure with 
preserved ejection fraction (HFpEF)—which already accounts for half of the total heart 
failure (HF) population—is increasing 1. However, diagnosing HFpEF remains challenging. 
Signs and symptoms can be non-specific, especially in the elderly where HFpEF is more 
prevalent. Echocardiographic parameters are used as a surrogate for elevated intra-cardiac 
filling pressures, but their accuracy herein is limited2. Which parameter—or combination 
of parameters—should be used and at what cut-off value remains a matter of debate.3 
Finally, the diagnostic value of natriuretic peptides (NP) to diagnose HFpEF is probably 
more limited than for HF with reduced EF and the discussion about their usefulness and 
appropriate cut-offs for HFpEF is ongoing 4, 5. 

This struggle has led to the recent development of a new diagnostic algorithm the 
Heart Failure Association Pre-test assessment, Echocardiography & natriuretic peptide, 
Functional testing, Final aetiology (HFA-PEFF) score. In short, the HFA-PEFF score is 
a stepwise approach, which starts by establishing the pre-test likelihood of HFpEF by 
checking risk factors and assessing exercise intolerance. As a second step, the score then 
incorporates three domains—functional, morphological and biomarker—to estimate the 
likelihood (low, intermediate or high) of suffering from HFpEF. A high-likelihood score 
is considered diagnostic for HFpEF and a low-likelihood score rules out HFpEF. For the 
patients with an intermediate score, the authors advise further evaluation by means of 
exercise echocardiography or invasive measurement of cardiac filling pressures. The HFA-
PEFF score has been developed based on previous findings and expert opinion, but has not 
been validated in or applied to any cohort thus far. The aim of this study, therefore, is to 
validate the diagnostic value and establish the potential clinical impact of the HFA-PEFF 
score. This study analysed 2 prospective, well-defined HFpEF cohorts from Europe and the 
U.S.A.; the Maastricht cohort which included patients with suspected HFpEF (cases and 
non-cases) and the Northwestern (Chicago) HFpEF cohort (cases only). After the pre-test 
probability of suffering from HFpEF based on medical history, HF signs and symptoms and 
standard diagnostics was evaluated, similarly to the first step of the HF-A-PEFF score, the 
second step, “Echocardiography & natriuretic peptides” step, of the HFA-PEFF score was 
validated in both cohorts. 
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METHODS

Study design & Population
Validation cohort, Maastricht: Between January 2015 and April 2018, the HFpEF outpatient 
clinic at the Maastricht University Medical Centre (MUMC) enrolled 270 consecutive 
patients in a prospective cohort study. Patients are referred to this clinic from within 
our centre or local hospitals if they are suspected of having HFpEF. All patients undergo 
a standardized extensive, diagnostic work-up, including echocardiography, biomarkers 
assessment, ischemia assessment, pulmonary function tests, Holter monitoring, exercise 
testing and home sleep apnoea monitoring, to exclude other causes of their complaints 
and screen/test for risk factors and comorbidities. The final diagnosis of HFpEF is based 
on the presence of HF symptoms with a left ventricular ejection fraction (LVEF) ≥50%, 
at time of inclusion, combined with significant cardiac structural (increased left atrial 
volume index (LAVI>34 mL/m2) or left ventricle mass index (LVMI ≥ 115 g/m2 for men 
or ≥ 95 g/m2 for women)) or functional abnormalities (mean E/e’ ≥ 13 and/or mean e’ 
septal and lateral wall < 9 cm/s) with additional increased levels of N-terminal pro-B-
type natriuretic peptide (NT-proBNP). If patients do not have increased NT-proBNP but 
have a previous HF hospitalization or clinical signs of congestion with positive response 
to diuretic therapy, patients are diagnosed with HFpEF. It is important to mention that 
only 24 of the 228 patients that obtained the clinical diagnosis of HFpEF had a previous 
HF hospitalization. In case of clinical uncertainty, a right-sided heart catheterization or 
additional tests (e.g. coronary angiography) as appropriate and the results were discussed 
once more. Importantly, patients underwent significant testing related to diseases other 
than HFpEF that was considered in the discussion during the weekly meetings to make 
the expert diagnosis of HFpEF or non-HFpEF. Consensus in the final diagnosis is reached 
between a minimum of 2 HF specialists. This led to a diagnosis of HFpEF in 228 (84%) 
patients, leaving 42 non-HFpEF patients (Table 1). 

Application cohort, Northwestern (Chicago): Between March 2008 and May 2011, a total 
of 396 patients with HFpEF were enrolled from the outpatient clinic of the Northwestern 
University (NWU) HFpEF Program as part of a systematic, prospective observational study 
(ClinicalTrials.gov identifier NCT01030991), as detailed previously 6. These patients were 
enrolled in the outpatient setting following a hospitalization for HF. An additional 63 
HFpEF patients were enrolled prospectively between November 2013 and May 2017 as part 
of a supplemental cohort. In total, n=459 HFpEF patients were included. The diagnosis of 
HFpEF was made clinically by a cardiologist with expertise in HFpEF. Besides the presence 
of symptomatic HF and LVEF ³50%, at time of inclusion, all patients had evidence of either 
significant diastolic dysfunction (grade 2 or 3) on echocardiography or evidence of elevated 
LV filling pressures on invasive hemodynamic testing or BNP>100 pg/ml. 
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Exclusion criteria (both cohorts): Patients with a diagnosis of a cardiomyopathy (e.g. dilated 
or hypertrophic cardiomyopathy), a documented previous LVEF£40% (i.e. recovered EF), 
greater than moderate valvular disease, hemodynamically significant congenital disease, 
restrictive cardiomyopathies, constrictive pericarditis or a history of heart transplantation 
were excluded. 

Echocardiography & Natriuretic peptides: Echocardiography was performed at rest 
according to guideline recommendations (Supplemental material online, Methods) 7. NPs 
were measured in the clinic using commercially available assays. 

Follow-up and Consent (both cohorts): Patients were evaluated every 6 months for follow-
up; intercurrent hospitalizations and deaths were scored. Date of last outpatient contact 
or death was defined as date of last follow-up. All patients provided written informed 
consent. Both cohorts comply with the Declaration of Helsinki. Respectively, the Medical 
Ethical Review Committee of the Maastricht University Medical Centre and Northwestern 
University approved the studies.

Calculation of HFA-PEFF score
All patients in both cohorts fulfilled the pre-test assessment suggested by the first step 
of the HFA-PEFF algorithm 8. The second step of the algorithm was calculated from the 
domain sub-scores–functional, morphological, biomarker–and divided into categories, 
as suggested: low-likelihood score 0-1 points, intermediate-likelihood score 2-4 points, 
and high-likelihood score 5 or more points (Supplemental Material online, Methods & 
Supplemental Figure I). The last two steps proposed by the HFA-PEFF score: functional 
(performance of echocardiographic or invasive hemodynamic exercise stress tests) and final 
aetiology step (evaluation and further investigations including molecular phenotyping for 
addressing the final aetiology of HFpEF) have not been performed in this study. 
The HFA-PEFF score could be calculated in 243/270 (89%) patients of the Maastricht cohort 
and in 419/459 (91%) of the Northwestern (Chicago) cohort. To enable inclusion of the 
entire cohorts, missing values in elements of the score (except tricuspid regurgitation 
(TR) velocity and GLS) were imputed, using multiple imputation (Supplemental material 
online, Methods). The HFA-PEFF score was then recalculated with imputed values. The 
distribution of the HFA-PEFF score was similar with versus without imputed values in 
both cohorts (Supplemental table I). Hence, the imputed values are reported hereafter, 
unless indicated otherwise. 

Global longitudinal strain (GLS) was not available in the Maastricht cohort. GLS was 
measured in a subset of the Northwestern (Chicago) cohort (295/459, 64%). We recalculated 
the score including GLS in this subset to investigate the amount of reclassifications caused 
by inclusion of GLS. 
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Table 1: Baseline characteristics of the Maastricht (HFpEF and Non-HFpEF patients) and 
Northwestern, Chicago cohort (HFpEF patients)

Maastricht HFpEF vs. Non-HFpEF Northwestern, Chicago Northwestern
vs. HFpEF Maastricht

Valid N Non-HFpEF Valid N HFpEF P-value Valid N HFpEF P-value

Age (years) 42 67.8±10.6 228 76.3±7.3 <0.001 459 66±13 <0.001

Female gender (%) 42 23 (55) 228 157 (69) 0.07 459 286 (62) 0.11

BMI (kg/m2) 42 30.1±7.1 228 30.5±5.7 0.68 459 32.5±9.2 0.001

Hypertension 42 31 (74) 228 196 (86) 0.04 459 351 (76) 0.002

Hyperlipidaemia 42 17 (40) 228 134 (59) 0.05 459 256 (56) 0.19

Diabetes Mellitus 42 10 (24) 228 82 (36) 0.06 459 150 (33) 0.30

Atrial fibrillation 42 7 (17) 228 133 (58) <0.001 459 159 (35) <0.001

Valvular heart disease (mild-moderate) 42 7 (17) 228 101 (44) 0.001 398 68 (17) <0.001

Coronary artery disease 42 5 (12) 228 58 (25) 0.05 459 259 (56) <0.001

Stroke 42 5 (12) 228 32 (14) 0.71 459 35 (8) 0.009

COPD 42 14 (33) 228 31 (14) <0.001 459 146 (32) <0.001

Sleep apnoea 42 8 (19) 228 93 (41) <0.001 398 102 (26) <0.001

Systolic BP (mmHg) 42 151±20 227 148±23 0.16 459 125±20 <0.001

Diastolic BP (mmHg) 42 81±14 227 77±13 0.06 459 70±12 <0.001

Heart rate (bpm) 42 79±14 228 72 ±13 <0.001 457 74±14 <0.001

NYHA class 
(I-II-III-IV) 

42 11/15/16/0 
(26/35/38/0)

228 1/92/135/0 
(0.4/40/59/0)

<0.001 398 49/158/183/8 
(12/40/46/2)

<0.001

Haemoglobin (g/L) 38 139±13 224 135±69 0.83 454 120±18 <0.001

Sodium (mmol/L) 39 140±2 226 140±3 0.93 459 138±3 <0.001

Potassium (mmol/L) 39 4.3±0.4 227 4.4±0.4 0.38 459 4.2±0.6 <0.001

BUN (mmol/L) 37 6.2 (4.7-7.7) 224 8.2 (6.5-10.6) <0.001 459 7.1 (50-104) 0.001

Creatinine (µmol/L) 39 85 (68-94) 227 101 (79-127) <0.001 459 85 (69-121) <0.001

NT-proBNP (Maastricht) or BNP 
(Chicago), (pg/ml)

40 72 (51-118) 228 799 (366-1620) <0.001 423 222 (83-489) n.a.

Echocardiography

LVEF (%) 42 60 (55-64) 227 61 (57-64) 0.42 459 62 (56-66) <0.001

IVS (mm) 42 9.0 (8.0-10.0) 227 10.0 (9.0-10.0) <0.001 459 11.8 (10.1-13.4) <0.001

PW (mm) 42 9.0 (8.0-10.0) 227 9.0 (9.0-10.0) <0.001 459 11.0 (9.7-12.8) <0.001

LAVI (ml/m2) 36 29 (23-34) 224 46 (37-58) <0.001 458 31 (24-40) <0.001

LVMI (grams/m2) 42 74 (67-86) 227 85 (72-100) 0.02 459 94 (78-120) 0.02

Mitral E (cm/s) 40 62 (52-74) 216 85 (68-107) <0.001 452 101 (80-125) <0.001

e’ mean (cm/s) 32 7.4 (6.5-9.0) 201 7.9 (6.3-9.4) 0.74 449 7.8 (6.2-9.7) 0.89

E/e’ mean 30 7.5 (6.1-9.4) 200 10.9 (8.3-14.6) <0.001 448 12.7 (9.4-17.6) <0.001

TR-velocity (m/sec) 33 2.4 (2.2-2.6) 222 2.7 (2.3-3.0) <0.001 372 2.9 (2.5-3.4) <0.001
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Table 1: Baseline characteristics of the Maastricht (HFpEF and Non-HFpEF patients) and 
Northwestern, Chicago cohort (HFpEF patients)

Maastricht HFpEF vs. Non-HFpEF Northwestern, Chicago Northwestern
vs. HFpEF Maastricht

Valid N Non-HFpEF Valid N HFpEF P-value Valid N HFpEF P-value

Age (years) 42 67.8±10.6 228 76.3±7.3 <0.001 459 66±13 <0.001

Female gender (%) 42 23 (55) 228 157 (69) 0.07 459 286 (62) 0.11

BMI (kg/m2) 42 30.1±7.1 228 30.5±5.7 0.68 459 32.5±9.2 0.001

Hypertension 42 31 (74) 228 196 (86) 0.04 459 351 (76) 0.002

Hyperlipidaemia 42 17 (40) 228 134 (59) 0.05 459 256 (56) 0.19

Diabetes Mellitus 42 10 (24) 228 82 (36) 0.06 459 150 (33) 0.30

Atrial fibrillation 42 7 (17) 228 133 (58) <0.001 459 159 (35) <0.001

Valvular heart disease (mild-moderate) 42 7 (17) 228 101 (44) 0.001 398 68 (17) <0.001

Coronary artery disease 42 5 (12) 228 58 (25) 0.05 459 259 (56) <0.001

Stroke 42 5 (12) 228 32 (14) 0.71 459 35 (8) 0.009

COPD 42 14 (33) 228 31 (14) <0.001 459 146 (32) <0.001

Sleep apnoea 42 8 (19) 228 93 (41) <0.001 398 102 (26) <0.001

Systolic BP (mmHg) 42 151±20 227 148±23 0.16 459 125±20 <0.001

Diastolic BP (mmHg) 42 81±14 227 77±13 0.06 459 70±12 <0.001

Heart rate (bpm) 42 79±14 228 72 ±13 <0.001 457 74±14 <0.001

NYHA class 
(I-II-III-IV) 

42 11/15/16/0 
(26/35/38/0)

228 1/92/135/0 
(0.4/40/59/0)

<0.001 398 49/158/183/8 
(12/40/46/2)

<0.001

Haemoglobin (g/L) 38 139±13 224 135±69 0.83 454 120±18 <0.001

Sodium (mmol/L) 39 140±2 226 140±3 0.93 459 138±3 <0.001

Potassium (mmol/L) 39 4.3±0.4 227 4.4±0.4 0.38 459 4.2±0.6 <0.001

BUN (mmol/L) 37 6.2 (4.7-7.7) 224 8.2 (6.5-10.6) <0.001 459 7.1 (50-104) 0.001

Creatinine (µmol/L) 39 85 (68-94) 227 101 (79-127) <0.001 459 85 (69-121) <0.001

NT-proBNP (Maastricht) or BNP 
(Chicago), (pg/ml)

40 72 (51-118) 228 799 (366-1620) <0.001 423 222 (83-489) n.a.

Echocardiography

LVEF (%) 42 60 (55-64) 227 61 (57-64) 0.42 459 62 (56-66) <0.001

IVS (mm) 42 9.0 (8.0-10.0) 227 10.0 (9.0-10.0) <0.001 459 11.8 (10.1-13.4) <0.001

PW (mm) 42 9.0 (8.0-10.0) 227 9.0 (9.0-10.0) <0.001 459 11.0 (9.7-12.8) <0.001

LAVI (ml/m2) 36 29 (23-34) 224 46 (37-58) <0.001 458 31 (24-40) <0.001

LVMI (grams/m2) 42 74 (67-86) 227 85 (72-100) 0.02 459 94 (78-120) 0.02

Mitral E (cm/s) 40 62 (52-74) 216 85 (68-107) <0.001 452 101 (80-125) <0.001

e’ mean (cm/s) 32 7.4 (6.5-9.0) 201 7.9 (6.3-9.4) 0.74 449 7.8 (6.2-9.7) 0.89

E/e’ mean 30 7.5 (6.1-9.4) 200 10.9 (8.3-14.6) <0.001 448 12.7 (9.4-17.6) <0.001

TR-velocity (m/sec) 33 2.4 (2.2-2.6) 222 2.7 (2.3-3.0) <0.001 372 2.9 (2.5-3.4) <0.001
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Table 1: Continued

Maastricht HFpEF vs. Non-HFpEF Northwestern, Chicago Northwestern
vs. HFpEF Maastricht

Valid N Non-HFpEF Valid N HFpEF P-value Valid N HFpEF P-value

Medication

ACEi and/or ARB 41 40 (95) 140 90 (64) <0.001 459 242 (53) 0.02

Beta-blocker 41 15 (37) 140 97 (69) <0.001 459 302 (66) 0.48

Aldosterone antagonist 41 2 (4.9) 140 23 (16) 0.07 459 72 (16) 0.90

Loop diuretic 41 8 (20) 140 77 (55) <0.001 459 280 (61) 0.24

Thiazide 41 9 (22) 140 30 (21) 1.0 459 99 (22) 1.0

Statin 41 19 (46) 140 64 (46) 1.0 459 234 (51) 0.29

Platelet aggregation inhibitor 41 11 (27) 140 29 (21) 0.40 459 213 (46) <0.001

Oral anticoagulant 41 9 (22) 140 83 (59) <0.001 459 114 (25) <0.01

Data are n (%), mean ± SD or median (IQR). Abbreviations; HFpEF=heart failure with preserved ejection 
fraction; BMI=body mass index; COPD=chronic obstructive pulmonary disease; BP=blood pressure; 
NYHA=new york heart association; BUN=blood urea nitrogen; NT-proBNP=N-terminal pro-B-type 
natriuretic peptide; 

BNP=brain natriuretic peptide; LVEF=left ventricular ejection fraction; IVS=intraventricular septum 
thickness; PW=posterior wall thickness; LAVI=left atrium volume index; LVMI=left ventricle mass 
index; TR=tricuspid regurgitation; ACEi=angiotensin converting enzyme inhibitor; ARB=angiotensin 
receptor blocker.

Statistics and analysis plan 
Baseline characteristics are reported as numbers with percentage, mean with standard 
deviation (SD) or median with interquartile range (IQR), as appropriate. Differences 
between HFpEF and non-HFpEF patients are analysed by T-test or Mann-Whitney U test 
for continuous variables, depending on the distribution of the data. Similarly, one-way 
ANOVA or Kruskal-Wallis test is used to compare variables over the 3 categories of the 
HFA-PEFF score. Differences between categorical variables are assessed by Fisher’s exact 
test. Sensitivity, specificity, positive (PPV) and negative predictive value (NPV) of the (sub)
scores is calculated using 2 approaches: i) considering both the intermediate- and high-
score categories as ‘positive’, i.e. the ‘rule-out’ approach, and ii) considering only the high-
score category as ‘positive’, i.e. the ‘rule-in’ approach. Moreover, to account for disease 
prevalence, standardize predictive values were calculated 9. For this purpose, we calculated 
the test’s accuracy and predictive values in a standard population with a disease prevalence 
of 50%. The diagnostic accuracy of the HF-PEFF score is determined by calculating the area 
under the curve (AUC) of receiver operating characteristic curve (ROC). 

A combined endpoint of HF hospitalization-free survival is chosen as the primary 
prognostic endpoint. Differences in event-free-survival between categories are visualized 
in Kaplan-Meier curves and tested with a Log-Rank test. All analyses are performed with 
Statistical Package for Social Sciences version 24.0 (IBM SPSS, IBM Corp, Armonk, NY, USA).
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test. Sensitivity, specificity, positive (PPV) and negative predictive value (NPV) of the (sub)
scores is calculated using 2 approaches: i) considering both the intermediate- and high-
score categories as ‘positive’, i.e. the ‘rule-out’ approach, and ii) considering only the high-
score category as ‘positive’, i.e. the ‘rule-in’ approach. Moreover, to account for disease 
prevalence, standardize predictive values were calculated 9. For this purpose, we calculated 
the test’s accuracy and predictive values in a standard population with a disease prevalence 
of 50%. The diagnostic accuracy of the HF-PEFF score is determined by calculating the area 
under the curve (AUC) of receiver operating characteristic curve (ROC). 

A combined endpoint of HF hospitalization-free survival is chosen as the primary 
prognostic endpoint. Differences in event-free-survival between categories are visualized 
in Kaplan-Meier curves and tested with a Log-Rank test. All analyses are performed with 
Statistical Package for Social Sciences version 24.0 (IBM SPSS, IBM Corp, Armonk, NY, USA).
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RESULTS

Distribution and performance of the HFA-PEFF score - Maastricht cohort
Baseline characteristics of HFpEF and non-HFpEF patients are shown in table 1. The 
distribution of the HFA-PEFF score in the Maastricht cohort was significantly different 
(P<0.001) between HFpEF and non-HFpEF patients (Figure 1A). The HFA-PEFF score 
classified 161/270 (60%) of all patients with suspected HFpEF (irrespective of their final 
diagnosis) in the high-likelihood category and only 11/270 (4%) in the low-likelihood 
category, leaving 98/270 (36%) in the intermediate category (Figure 2). A high HFA-PEFF 
score (5-6 points) could diagnose HFpEF with high specificity (93%), PPV of 98% and a 
standardize PPV 91%; a low HFA-PEFF score (0-1 points) could ‘rule out’ HFpEF with a 
sensitivity of 99% and NPV of 73%, standardize NPV 95% (Table 2, Figure 2, supplemental 
table V). The diagnostic accuracy of the total HFA-PEFF score is 0.90 as determined by the 
AUC of the ROC-curve (Table 2). The sensitivity, specificity, PPV and NPV for each score 
obtained from the HFA-PEFF algorithm are depicted in table 3. It shows that the sensitivity 
dropped from the cut-off value 4 points or higher (table 3). 
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Figure 1. Distribution of the HFA-PEFF score.

Abbreviation: Distribution of the total HFA-PEFF score ranging from 0-6 points in the Maastricht cohort, 
comparing HFpEF and non-HFpEF patients (A), and comparing the HFpEF patients from the Northwestern 
(Chicago) and the Maastricht cohort (B). HFpEF: heart failure with preserved ejection fraction

The prevalence of reaching a major sub-score was >60% for each of the domains (Figure 
2). The functional sub-score showed little diagnostic value, whereas the biomarker sub-
score reached an AUC similar to that of the total score (Table 2). Sensitivity analyses 
show a similar performance of the score and sub-scores when using non-imputed data 
(supplemental table II).
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Characteristics and HFA-PEFF score in HFpEF patients – Northwestern (Chicago) vs. 
Maastricht
The HFpEF patients from the 2 countries differed significantly. HFpEF patients from the 
Maastricht cohort are older, have a lower BMI, more hypertension, AF and sleep apnoea and 
less coronary artery disease and COPD compared to HFpEF patients from Northwestern 
(Chicago). Also, they have a higher NYHA class, blood pressure and LAVI but lower 
measures of LV hypertrophy and lower echocardiographic measures of elevated filling 
pressures (Table 1). 

The distribution of the total HFA-PEFF score showed an overall similar pattern between 
Northwestern (Chicago) and Maastricht HFpEF patients, with >60% of patients in both 
cohorts reaching a high-likelihood score, despite being statistically different (Figure 1B, 
supplemental table I). In both centres, patients in the low-likelihood category are younger 
and have lower natriuretic peptides, whereas previous medical history of hypertension 
and diabetes is similar (Supplemental table III). In Northwestern only, the low-likelihood 
category HFpEF patients are more obese compared to the high-likelihood category. 

The distribution of functional and biomarker sub-scores was overall similar between 
Maastricht and Northwestern (supplemental table IV), whilst a major morphological score 
was less prevalent in Northwestern HFpEF patients (171/459, 37% vs. 174/228, 76%, P<0.001). 
In the morphological domain, an increased LAVI was the driving factor to fulfil a major 
sub-score, in both Maastricht (174/174, 100%) and Northwestern HFpEF patients (140/171, 
82%).

By contrast, LVMI was increased to the ‘major’ level in only N=3 (1.3%) Maastricht 
versus N=61 (36%) Northwestern HFpEF patients (P<0.001). The functional domain sub-
score was not dominated by any of the single items of the score. 

Added value of GLS and invasive hemodynamics
Adding GLS<16 as a minor functional criteria, reclassified only 5/295 (1.7%) patients from 
a functional zero to a low score, and only 2 patients (0.7%) from a low to an intermediate 
likelihood-category in the Northwestern cohort. Invasive hemodynamics were performed 
in 73/148 (47%) patients of the intermediate-likelihood category at Northwestern. Of them, 
61 (78%) had an elevated PCWP (Supplemental table III). 

HFA-PEFF score and Outcome 
Survival free of HF hospitalization was significantly different between the HFA-PEFF score 
categories in the total Maastricht cohort (HFpEF & non-HFpEF, Figure 3A) and in the 
Northwestern HFpEF cohort (Figure 3B), with the highest combined event rate in patients 
with a high-likelihood score. All observed events (N=32, of which 18 deaths) occurred in 
the HFpEF patients in the Maastricht cohort, none in the non-HFpEF patients (HFpEF vs. 
non-HFpEF P=0.02).
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Table 2. Diagnostic performance of the HFA-PEFF total score and domain sub-scores. 

AUC (95% CI) P-value Sens Spec ‘Rule-out’ approach* ‘Rule-in’ approach**

PPV NPV Sens Spec PPV NPV

HFA-PEFF total score 0.90 (0.84-0.96) 0.23 99% 19% 87% 73% 69% 93% 98% 64%

Functional score 0.56 (0.46-0.66) <0.001 88% 29% 87% 30% 75% 33% 86% 80%

Morphological score 0.79 (0.71-0.87) <0.001 95% 29% 88% 50% 76% 79% 95% 62%

Biomarker score 0.89 (0.84-0.96) <0.001 93% 83% 97% 67% 73% 88% 97% 63%

This analysis includes N=228 HFpEF and N=42 non-HFpEF patients from the Maastricht cohort. 
*For the low-likelihood cut-off, i.e. both the intermediate- and high-likelihood categories are considered 
as a ‘positive’ test result; the low-risk category is considered as a ‘negative’ test result.

**For the high-likelihood cut-off, i.e. the high-risk category is considered as a ‘positive’ test result; the 
low- and intermediate risk categories are considered as a ‘negative’ test result.
Abbreviations: AUC=area under the curve; CI=confidence interval; PPV=positive predictive value; 
NPV=negative predictive value. 

Table 3: Diagnostic performance of the HFA-PEFF total score and domain sub-scores.

Cut-off for diagnosing HFpEF Sensibility Specificity PPV NPV

>= 2 points 99% 19% 87% 73%

>= 3 points 96% 48% 91% 71%

>= 4 points 90% 81% 96% 60%

>= 5 points 69% 93% 98% 36%

>= 6 points 45% 95% 98% 24%

This analysis includes N=228 HFpEF and N=42 non-HFpEF patients from the Maastricht cohort. 
Abbreviations: PPV=positive predictive value; NPV=negative predictive value. 
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Figure 2: Final HFpEF diagnosis by HFA-PEFF (sub)score categories – Maastricht. 

Percentage of patients with a final diagnosis of HFpEF for functional, morphological and biomarker 
sub-scores (A) and for total HFA-PEFF score categories (B), in the Maastricht cohort. Abbreviations: 
HFpEF: heart failure with preserved ejection fraction; IM=intermed
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DISCUSSION

This study validates the HFA-PEFF score showing an excellent diagnostic accuracy of 
the HFA-PEFF score for the final diagnosis of HFpEF (AUC 0.90). A high HFA-PEFF 
score diagnoses HFpEF with high specificity (93%) and a low HFA-PEFF score ruled 
out HFpEF with a sensitivity of 99%. Moreover, the study shows a similar pattern of 
HFA-PEFF score in 2 independent, prospective, deeply phenotyped cohorts¾despite 
different patient characteristics¾diagnosing >60% of HFpEF patients in the high-
likelihood category. Nevertheless, the score leaves us with a rather large group of 
patients with an intermediate likelihood where additional testing is required.

Need for validated diagnostic criteria
Thus far, the majority of diagnostic criteria for HFpEF used in clinical practice have 
been based upon expert consensus opinion 10, 11. As a consequence, clinical trials 
continue to recruit patients with HFpEF using a wide variety of criteria and cut-off 
values. This was postulated as one of the contributing factors for the negative trials 
in HFpEF over the last years 12. A major issue that complicates diagnosing HFpEF is the 
limitation of non-invasive measurements to assess LV filling pressures. In addition, 
there is an early stage of HFpEF wherein abnormal LV filling pressures only become 
evident during exercise 13. Also, the presence of a variety of distinct clinical phenotypes 
makes it difficult to capture HFpEF patients using one unifying diagnostic approach 
6. This is visible in the classical HF trials as in recent publication by Ho et al were 
different clinical profiles and exercise capacity of patients in which HFpEF was defined 
using different diagnostic criteria was observed 14. 

Recently, Reddy et al. proposed the H2FPEF score, derived from a single-centre 
cohort of dyspnoea-patients referred for invasive hemodynamic exercise testing. This 
score, consisting of 6 variables was the first validated diagnostic algorithm for HFpEF 
15. Possibly due to the fact that they used a rather selected population, some typical risk 
factors for HFpEF such as LAVI, LVMI and female sex failed to significantly contribute 
to the scoring system, while other risk factors such as AF, carried a lot of weight. 
This may reduce the clinical value of the H2FPEF score in a less selective population, 
but this is yet to be tested. Recently, the H2FPEF score has been extrapolated to the 
TOPCAT trial and a Canadian HF cohort, observing that score has a high sensitivity 
and specificity to diagnose HFpEF and even can be a helpful tool to detect regional 
heterogeneity 16, 17. The HFA-PEFF score uses a more comprehensive stepwise approach 
including more known pathophysiologic markers for the presence of HFpEF. 
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Strengths of the HFA-PEFF score
A high HFA-PEFF score (5-6 points) has an excellent positive predictive value. Moreover, 
60% of patients referred with suspicion of HFpEF fell in this high score category. In 
other words, a large proportion of patients with a suspicion of HFpEF can be accurately 
diagnosed based on the HFA-PEFF score, without the need for additional diagnostics. 

Second, the pattern of distribution of the score was similar in the European and 
American cohorts studied. This highlights the potential clinical applicability of the HFA-
PEFF score, considering the fact that HFpEF patients in the U.S.A. and Europe are quite 
different in terms of demographics and comorbidities 18, which was also the case in our 
study. Obviously, it needs to be tested if the generalizability of the score applies to other 
cohorts, including those at lower risk (e.g. non-referral centres that are based in the 
community) and in other countries. 

Finally, our exploratory results show that the score could be able to risk stratify 
patients with (suspected) HFpEF However, the small amount of patients classified into the 
low likelihood category, 11/270 (4.0%) in the Maastricht and 20/446 (4.4%) in Northwestern 
cohort, makes it impossible to draw absolute conclusions. Therefore, this hypothesis 
should be testes in larger HFpEF cohorts in the future. 

Shortcomings of the HFA-PEFF score
The HFA-PEFF score showed a limited NPV for ruling-out HFpEF; 3 out of 11 patients classified 
into the low-likelihood category were diagnosed with HFpEF in the Maastricht cohort. One 
factor that could contribute to a deceptive low-likelihood score is obesity. Obesity-related 
HFpEF was shown to be a specific phenotype with distinct pathophysiological features 
19. Moreover, it is well known that obesity correlates with lower BNP levels, consequently 
classifying obese HFpEF patients with a ‘false’ low score 4. The mean BMI of the Maastricht 
HFpEF cohort was overall lower compared to the Northwestern (Chicago) cohort, which 
could account for the difference in prevalence of a low-likelihood score in the HFpEF 
patients (1.3% vs. 4.1%, respectively). Moreover, the negative predictive value showed by the 
HFA-PEFF score in a highly selected patient population, with a high pre-test probability for 
suffering from HFpEF, show challenge of ruling out HFpEF. Therefore, in selected patients 
scoring low exercise echocardiography and/or hemodynamic measurements could add 
extra value to their final diagnosis. 

Clinical implications
A large proportion of patients were classified in the intermediate-likelihood category, 
where diagnosis of HFpEF remains uncertain it is advised to perform exercise induced 
echocardiography or invasive cardiac pressure measurements, also with exercise if 
necessary. To be congruent with this approach, 36% of all patients with suspected HFpEF 
should undergo such testing. Although various studies 13 and our own practice in the 
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Maastricht and Northwestern (Chicago) cohorts supports the additional value of exercise 
hemodynamics in HFpEF, logistical, time, and cost consequences should be further 
explored. While non-invasive approaches offer a lower risk and are more broadly applicable, 
they are limited by several factors including image quality and presence of a sufficient 
and complete TR signal. Extrapolating from the Northwestern (Chicago) cohort, invasive 
hemodynamics would result in a HFpEF diagnosis in 80% of patients in the intermediate-
likelihood category. It would be of great clinical benefit if these patients could be accurately 
reclassified without the need for further invasive diagnostic testing. Additional studies 
are required to define the diagnostic tool (e.g. combination of biomarkers) most suitable 
to achieve this aim.

Second, the HFA-PEFF score is a rather complex algorithm, which includes multiple 
cut-off values. A simpler score would be desirable. Our analyses show that the biomarker 
sub-score has a similar AUC compared to the total score. This is line with strong evidence 
on the excellent value of natriuretic peptides for excluding HF 5, although studies hereof 
are more abundant for HFrEF compared to HFpEF and the diagnostic value for HFpEF 
seems to be lower 4. The morphological category is mainly driven by an increased LAVI 
and not LVMI, which could be an opportunity to simplify the HFA-PEFF score. Moreover, 
the functional score shows the lowest diagnostic accuracy of all three domains and 
was not dominated by any sub-domain. Our results show that a critical evaluation of 
the role of the functional domain is needed. Furthermore, the low AUC obtained by the 
functional domain, demonstrates that the clinical HFpEF diagnosis was not only based 
on the “classical” non-invasive echocardiographic and biomarker parameters, but other 
aspects as the use and effect of diuretics or HF hospitalization was taken into account by 
the panel of experts. In addition, the current place of GLS in the algorithm needs to be 
evaluated as GLS does not add much weight to the final score. So, it should either have a 
more prominent place in the algorithm 20, or one could only measure it when other indices 
are normal and you still suspect HFpEF. Still, further investigation is needed to define the 
role of GLS measurement in diagnosing HFpEF.

Limitations 
Both cohorts entail a significant selection and referral bias; all patients were referred to 
the specialized HF outpatient clinics of tertiary referral centres. However, the original 
Northwestern cohort (n=396) was enrolled after hospitalization for HFpEF and not tertiary 
referrals per se. Moreover, only in the Maastricht cohort control patients were included. 
Considering the high pre-test probability of suffering from HFpEF of these patients, our 
results may not be generalizable to the patients in the general population, an unselected 
cardiovascular cohort or patients presenting with some symptoms (e.g. dyspnoea) but 
without prior specialist contract. The high disease prevalence results in an overestimation 
of the PPV and an underestimation of the NPV as compared to a population with lower 



64   ● Chapter 3

disease prevalence. The HFA-PEFF score system was designed for a population with a 
high pre-test probability as the first step includes a pre-test assessment, which rules out 
some non-cardiac causes. Therefore, it would be of interest to investigate the performance 
of the HFA-PEFF score in a less selected patient population, which requires additional 
studies. And although different cut of values are used for AF, whether the diagnostic 
accuracy is similar for AF and SR remains unclear. The small sample size did not allow us 
to perform this analysis. Furthermore, in some patients, some of the data were missing. 
To overcome this limitation we used imputed values, but results were similar with versus 
without imputed values. Both cohorts show a low rate of LV hypertrophy, which may be 
explained a stricter blood pressure regulation as it is expected from a highly specialized 
outpatient clinic. The lower rate in Maastricht versus Northwestern (Chicago) may also be 
explained in part by the presence of a specific cardio-genetic outpatient clinic where many 
patients with significant LV hypertrophy are referred to for screening of hypertrophic 
cardiomyopathy. Moreover, it is important to mention that in this study we validate the 
second step, “Echocardiography & natriuretic peptides” step, of the HFA-PEFF score and 
not the whole score. However, all included patients underwent a pre-test assessment 
in which medical history, HF signs and symptoms and standard diagnostics including 
electrocardiography and standard echocardiography were performed, as the first step of 
the HFA-PEFF score recommends. Finally, although the Maastricht cohort performed a 
very extensive diagnostic work-up and the diagnosis incorporates a combination of clinical 
and echocardiographic parameters alongside natriuretic peptides and was consented by 
a minimum of 2 HF specialists, the gold standard for a HFpEF diagnosis remains under 
discussion. This also highlights the difficulty of determining which patients are the most 
adequate to be used as controls, a serious and constant problem in HFpEF studies. 

CONCLUSIONS

Although many steps have been made and novel strategies have been designed, the 
diagnosis of HFpEF remains a challenge 21, 22. This study applies for the first time the HFA-
PEFF score in two independent, well phenotyped patient groups in Europe and U.S.A. We 
demonstrate that the HFA-PEFF score has a high sensitivity and can be helpful in the 
clinical practice. Nevertheless, the high complexity and amount of further investigations 
needed in a relatively large number of intermediate-likelihood patients should be addressed 
in further research. 
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SUPPLEMENTAL METHODS

Echocardiography
General measures, Maastricht & Northwestern (Chicago)
All study participants underwent comprehensive 2-dimensional echocardiography with 
Doppler and tissue Doppler imaging (TDI) using commercially available ultrasound 
systems with harmonic imaging (Maastricht: Philips iE33; Northwestern: Philips iE33 or 
7500 (Philips Medical Systems), Andover, MA; or Vivid 7, GE Healthcare, General Electric 
Corp., Waukesha, WI). Cardiac structure and function were quantified as recommended 
by the American Society of Echocardiography (ASE). Left ventricular (LV) end-diastolic 
and end-systolic volumes, and left atrial volume, were measured in the apical 4- and 
2-chamber views using the biplane method of discs. LV ejection fraction was calculated 
as (LV end-diastolic volume – LV end-systolic volume)/LV end-diastolic volume. LV mass 
index was calculated using the linear method, as outlined in the ASE guidelines.23 The 
peak tricuspid regurgitation (TR) velocity and peak mitral E-wave velocity was measured 
using continuous and pulse wave Doppler respectively. Tissue Doppler e’ velocities were 
measured at the septal and lateral aspects of the mitral annulus. Sample volume size and 
placement were optimized for all pulse-wave Doppler and tissue Doppler measurements. 
All Doppler and tissue Doppler measurements were averaged over three beats (five beats 
for patients in atrial fibrillation). Valvular disease was assessed and classified according to 
the American Society of Echocardiography guidelines.24

Echocardiography evaluation, Northwestern (Chicago)
All echocardiographic measurements were made blinded to all other data by an 
experienced research sonographer using ProSolv 4.0 echocardiographic analysis software 
(FujiFilm; Indianapolis, IN) and verified by an experienced investigator with expertise in 
echocardiography. 

Echocardiography evaluation, Maastricht
All echocardiographic measurements were made blinded to all other data by an experienced 
sonographer using Excelera echocardiographic analysis software, and verified by a 
cardiologist with expertise in echocardiography. 

Global longitudinal strain, Northwestern (Chicago)
Further echocardiographic imaging and speckle-tracking analysis was performed in a 
subset of N=295 patients. All images used for speckle-tracking echocardiographic analysis 
were obtained at a frame rate of 50 to 70 fps. Strain was analysed by a single investigator 
using a customized software package (2D Cardiac Performance Analysis, TomTec v4.5, 
Munich, Germany). Three consecutive cardiac cycles were recorded and averaged. Speckle 
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tracking analysis was not performed in patients with unacceptable image quality, defined 
as >1 segment dropout, missing view, or significant foreshortening of the LV, RV, or LA. 
LV longitudinal strain was measured. The LV endocardial border was traced manually in 
the apical 4-, 3- and 2-chamber views. The software divided the LV into 6 segments and 
regions with insufficient tracking were excluded. LV longitudinal strain was calculated by 
averaging the remaining segments for each view. For ease of reporting and interpretation, 
strain values are reported as absolute values (lower absolute strain values correspond to 
worse cardiac mechanics).

Invasive hemodynamics, Northwestern (Chicago)
In a subset of the study cohort (N=211), right heart and pulmonary arterial (PA) 
catheterization was performed from either the right internal jugular or right femoral vein 
approach using standard Seldinger technique under fluoroscopic guidance. Participants 
underwent recording of invasive hemodynamics (mean RA pressure; systolic, diastolic, 
and mean PA pressure [mPAP]; and PCWP) using a fluid-filled, 6F PA catheter (Edwards 
Lifesciences, Irvine, CA) and a properly zeroed pressure transducer. Pressure recordings 
were analysed off-line using a WITT Hemodynamic Workstation (Philips Medical Systems, 
Andover, MA) at a 50 mm/s paper speed with adjustment of pressure (mmHg) scale as 
needed. All hemodynamic pressure measurements were made at end-expiration and 
in duplicate using a standardized measurement protocol, by a physician blinded to all 
clinical data. Cardiac output was calculated using the thermodilution method, and PVR 
was calculated as the transpulmonary gradient (mPAP – PCWP) divided by cardiac output.

Calculation of the HFA-PEFF score
First, individual items were combined into the domain sub-scores, being functional, 
morphological and biomarker. A patient can score either zero, minor (=1 point) or major 
(=2 points) on each domain, i.e. a major score ‘overrules’ a minor score. If a patient scored 
either a minor or a major point on a particular domain sub-score, despite any missing 
variables in that domain (e.g. scoring a major morphological point based on LAVI despite 
a missing LVMI), the score was considered valid and not missing. Subsequent, sub-scores 
were added up to reach the total score, ranging from 0 to 6 points. This total score was 
divided into categories as suggested by the HFA-PEFF: low-risk 0-1 points, intermediate-
risk 2-4 points, and high-risk 5 or more points. 

Multiple imputation of missing values
Missing values in the elements of the score (i.e. mitral E, e’, LV wall thickness, LA volume 
and (NT-pro)BNP, see table 1 for number of missings) were imputed, using multiple 
imputation, using 5 iterations. Models were constructed for each dataset separately but 
based on the same variables, i.e. age, gender, BMI, NYHA class, systolic and diastolic blood 
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pressure, heart rate, a history of coronary artery disease (CAD), atrial fibrillation (AF), 
hypertension (HT), diabetes mellitus (DM), valvular disease, obstructive sleep apnoea 
(OSA), creatinine, AV-block (Maastricht) or PR-time (Chicago), QRS-duration, LVEF, TI-
velocity, vena cava inferior diameter and collapse, plus the imputed values themselves 
being e’ lateral, e’ septal, mitral E, left atrial (LA) volume, LV wall thickness and NT-proBNP 
(Maastricht) or BNP (Chicago). Excluded from imputation was tricuspid regurgitation (TR) 
velocity, because the nature of echocardiography precludes the measurement of this value 
in patients with no/very little TR, making them non-random missings. GLS was also not 
imputed because of the relative large number of missing values.
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Functional Morpohlogical Biomarkers

Step 1 (P): Pre-test assessment
Clinical presentation suggestive of HF and LVEF ≥ 50%

And ≥ 1 risk factor and/or exclusion of non cardiac causes

Septal e’ <7 cm/s (<75yr)/
<5cm/s (≥75yr); or 

Lateral e’ <10  cm/s (<75yr)/
<7cm/s (≥75yr); or 

Average E/e’ > 15; or
TR velocity >2.8 m/s

Average E/e’ 9-14
or

GLS <16% *

LAVI 29-34 ml/m2 (SR)
or 34-40 ml/m2 (AF); or

LVMI ♂ >115/♀ >95 g/m2;or
RWT >0,42 s; or
LVWT≥12mm

NTproBNP 
SR >125/AF >375 pg/ml

BNP
SR>35/AF>105 pg/ml

LAVI >34 ml/m2 (SR)
or >40 ml/m2 (AF); or

LVMI ♂ ≥149/♀ ≥ 122 g/m2

+ 
RWT >0,42 

NTproBNP
SR >220/AF >660 pg/ml

BNP
SR>80/AF>240 pg/ml

Step 2 (E): Echocardiographic and Natriuretic Peptide Score 

Total score:  0-1 rule out HFpEF;  2-4 intermediate risk; 5+ rule in HFpEF 

Step 3 (F): Functional tests 

Stress echo

Average E/e’≥15 (2 points) 

Average E/e’≥15 and
TR velocity >3.4 m/s (3 points)

Invasive hemodynamics (rest)

• LVDP ≥16 mmHg 
• PCWP ≥15 mmHg 

Invasive hemodynamics (exercise)

• PCWP ≥25 mmHg 

Stress echo of invasive hemodynamics at rest 

Diagnostic uncertainty

Supplemental Figure I: HFA-PEFF diagnostic algorithm and score 
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Step 4 (F2): “Final  Aetiology”

ERGOMETRY
Inadequate blood pressure response

Chronotropic incompetence
Ischemia

Blood pressure control
Management of chronotropic 

incompetence
Ischemia workout

CMR Ischemia
Specific cardiomyopathy

Ischemia workout
Cardiomyopathy workout (biopsy, 
scintigraphy, PET/CT, blood test, 

genetic testing)

Supplemental Figure I: Continued

*not used in our main analysis, only in sensitivity analysis. 

Abbreviations; AF: atrial fibrillation; HF: heart failure; TR: tricuspid regurgitation; GLS: global 
longitudinal strain; LAVI: left atrial volume index; LVDP: left ventricular diastolic pressure; PCWP: 
pulmonary capillary wedge pressure; LVMI: left ventricular mass index; RWT: relative wall thickness; 
SR: sinus rhythm; NT-proBNP: N-terminal pro-B-type natriuretic peptide; BNP: brain natriuretic 
peptide; HFpEF: heart failure with preserved ejection fraction; CMR: cardiac magnetic resonance; PET: 
positron emission tomography
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SUPPLEMENTAL TABLES

Supplemental table I: Distribution of HFA-PEFF score in Maastricht and Chicago, comparing 
imputed versus non-imputed data

No HFpEF, 
Maastricht

HFpEF, 
Maastricht

HFpEF, 
Northwestern 

(Chicago)

Not 
imputed 
(N=27)

Imputed

(N=42)

Not 
imputed
(N=214)

Imputed

(N=228)

Not 
imputed 
(N=419)

Imputed

(N=459)

HFA-PEFF total score N (%) N (%) N (%) N (%) N (%) N (%)

0 1 (3.7) 2 (4.8) 0 (0) 0 (0) 3 (0.7) 4 (0.9)

1 3 (11) 6 (14) 0 (0) 3 (1.3) 10 (2.4) 15 (3.3)

2 8 (27) 12 (29) 4 (2.0) 5 (2.2) 19 (4.5) 20 (4.4)

3 10 (37) 14 (33) 15 (7.4) 15 (6.6) 69 (17) 76 (17)

4 2 (7.4) 5 (12) 34 (16.7) 47 (20) 60 (14) 65 (14)

5 2 (7.4) 1 (2.4) 49 (24.1) 55 (24) 137 (33) 152 (33)

6 1 (3.7) 2 (4.8) 101 (49.8) 103 (45) 121 (29) 127 (28)

HFA-PEFF score categories

Low (0-1) 4 (15) 8 (19) 0 (0) 3 (1.3) 13 (3.1) 19 (4.1)

Intermediate (2-4) 20 (74) 31 (74) 53 (26) 67 (29) 148 (35) 161 (35.1)

High (5+) 3 (11) 3 (7.1) 150 (74) 158 (69) 258 (62) 279 (61)

Supplemental table II: Diagnostic performance of HFA-PEFF score (Maastricht cohort), using 
non-imputed data

Score (N, HFpEF / N, non-HFpEF) AUC (95% CI) P-value

HFA-PEFF total score (203/27) 0.91 (0.84-0.97) <0.001

Functional sub-score (203/22) 0.56 (0.45-0.68) 0.26

Morphological sub-score (228/39) 0.81 (0.74-0.89) <0.001

Biomarker sub-score (228/40) 0.88 (0.81-0.95) <0.001
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Supplemental table III: Baseline characteristics by HFA-PEFF risk categories in HFpEF patients 
from Maastricht & Chicago

Maastricht – Final diagnosis HFpEF (N=228) Northwestern (Chicago) – HFpEF patients (N=459)

Low
(N=11)

Intermediate
(N=98)

High
(N=161)

P-value Low
(N=19)

Intermediate
(N=161)

High
(N=279)

P-value

Age (years) 65±17 73±8 77±7 <0.001 52±12 63±13 69±12 <0.001

Female gender (%) 7 (64) 62 (63) 111 (69) 0.62 10 (53) 103 (64) 173 (62) 0.61

BMI (kg/m2) 31±8 30±5 30±6 0.77 35±9 34±10 31±9 0.003

Hypertension 8 (73) 82 (84) 137 (85) 0.47 14 (74) 11 (74) 218 (78) 0.54

Hypercholesterolemia 5 (45) 52 (53) 94 (58) 0.51 8 (42) 96 (60) 152 (55) 0.29

Diabetes Mellitus 4 (36) 27 (28) 61 (38) 0.20 3 (16) 46 (29) 101 (36) 0.08

Atrial fibrillation 4 (36) 42 (43) 96 (57) 0.01 4 (21) 49 (30) 106 (38) 0.13

Valvular heart disease 2 (18) 26 (27) 80 (50) <0.001 3 (20) 18 (14) 47 (19) 0.37

Coronary artery disease 2 (18) 12 (12) 49 (30) 0.003 9 (47) 82 (51) 168 (60) 0.12

Stroke 2 (18) 11 (12) 24 (15) 0.71 3 (16) 6 (3.7) 26 (9.3) 0.03

COPD 2 (18) 21 (21) 22 (14) 0.26 4 (27) 48 (36) 94 (38) 0.75

Sleep apnoea 4 (36) 35 (36) 62 (38) 0.90 3 (20) 36 (27) 63 (25) 0.83

Systolic BP (mmHg) 153±21 148±20 148±23 0.74 122±18 124±18 126±21 0.47

Diastolic BP (mmHg) 86±11 78±12 77±14 0.08 72±11 71±9 69±13 0.18

Heart rate (bpm) 77±16 74±13 73±13 0.66 80±19 76±14 73±13 0.03

NYHA class 0.03 0.001

I 1 (9) 9 (9) 2 (1) 6 (40) 20 (15) 23 (9.2)

II 5 (45) 39 (40) 63 (39) 5 (33) 57 (43) 96 (38)

III 5 (45) 50 (51) 96 (60) 3 (20) 55 (41) 125 (50)

IV 0 (0) 0 (0) 0 (0) 1 (6.7) 1 (0.8) 6 (2.4)

Haemoglobin (g/L) 137±11 135±15 131±17 0.97 129±13 124±18 117±18 <0.001

Sodium (mmol/L) 140±2 140±2 140±3 0.82 139±2 139±3 138±3 0.40

Potassium (mmol/L) 4.4±0.3 4.3±0.3 4.4±0.4 0.19 4.0±0.3 4.1±0.5 4.2±0.6 0.21

BUN (mmol/L) 5.6 (4.6-7.2) 7.0 (5.7-8.6) 8.5 (6.6-11.1) <0.001 4.6 (3.9-7.1) 5.7 (4.3-8.0) 8.2 (5.7-12.1) <0.001

Creatinine (µmol/L) 92 (63-97) 89 (76-112) 105 (80-137) 0.001 91 (77-97) 88 (72-111) 110 (87-159) <0.001

NT-proBNP (Maastricht) or BNP 
(Chicago), (pg/ml)

118 (42-177) 224 (115-543) 1124 (575-1818) <0.001 17 (6-36) 64 (27-155) 357 (218-679) <0.001

Echocardiography & Invasive hemodynamics

LVEF (%) 61 (57-66) 60 (57-64) 60 (57-64) 0.71 62 (59-64) 62 (57-66) 61 (56-65) 0.27

IVS (mm) 10.0 (10.0-12.0) 11.0 (10.0-12.0) 12.0 (11.0-13.0) 0.004 10.1 (9.2-13.3) 10.8 (9.7-12.2) 12.5 (10.6-14.0) <0.001

PW (mm) 8.0 (8.0-10.0) 9.0 (8.0-10.0) 10.0 (9.0-10.0) 0.006 10.2 (9.3-11.5) 10.1(9.4-11.5) 11.9 (10.2-13.4) <0.001

LAVI (ml/m2) 31 (22-34) 34 (27-42) 49 (41-63) <0.001 24 (21-29) 25 (21-32) 35 (29-44) <0.001

LVMI (grams/m2) 79 (71-100) 86 (73-97) 94 (78-109) 0.013 86 (69-107) 82 (73-95) 105 (85-129) <0.001

Mitral E (cm/s) 64 (58-71) 67 (54-85) 96 (76-113) <0.001 94 (82-108) 91 (73-110) 107 (85-136) <0.001
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Supplemental table III: Baseline characteristics by HFA-PEFF risk categories in HFpEF patients 
from Maastricht & Chicago

Maastricht – Final diagnosis HFpEF (N=228) Northwestern (Chicago) – HFpEF patients (N=459)

Low
(N=11)

Intermediate
(N=98)

High
(N=161)

P-value Low
(N=19)

Intermediate
(N=161)

High
(N=279)

P-value

Age (years) 65±17 73±8 77±7 <0.001 52±12 63±13 69±12 <0.001

Female gender (%) 7 (64) 62 (63) 111 (69) 0.62 10 (53) 103 (64) 173 (62) 0.61

BMI (kg/m2) 31±8 30±5 30±6 0.77 35±9 34±10 31±9 0.003

Hypertension 8 (73) 82 (84) 137 (85) 0.47 14 (74) 11 (74) 218 (78) 0.54

Hypercholesterolemia 5 (45) 52 (53) 94 (58) 0.51 8 (42) 96 (60) 152 (55) 0.29

Diabetes Mellitus 4 (36) 27 (28) 61 (38) 0.20 3 (16) 46 (29) 101 (36) 0.08

Atrial fibrillation 4 (36) 42 (43) 96 (57) 0.01 4 (21) 49 (30) 106 (38) 0.13

Valvular heart disease 2 (18) 26 (27) 80 (50) <0.001 3 (20) 18 (14) 47 (19) 0.37

Coronary artery disease 2 (18) 12 (12) 49 (30) 0.003 9 (47) 82 (51) 168 (60) 0.12

Stroke 2 (18) 11 (12) 24 (15) 0.71 3 (16) 6 (3.7) 26 (9.3) 0.03

COPD 2 (18) 21 (21) 22 (14) 0.26 4 (27) 48 (36) 94 (38) 0.75

Sleep apnoea 4 (36) 35 (36) 62 (38) 0.90 3 (20) 36 (27) 63 (25) 0.83

Systolic BP (mmHg) 153±21 148±20 148±23 0.74 122±18 124±18 126±21 0.47

Diastolic BP (mmHg) 86±11 78±12 77±14 0.08 72±11 71±9 69±13 0.18

Heart rate (bpm) 77±16 74±13 73±13 0.66 80±19 76±14 73±13 0.03

NYHA class 0.03 0.001

I 1 (9) 9 (9) 2 (1) 6 (40) 20 (15) 23 (9.2)

II 5 (45) 39 (40) 63 (39) 5 (33) 57 (43) 96 (38)

III 5 (45) 50 (51) 96 (60) 3 (20) 55 (41) 125 (50)

IV 0 (0) 0 (0) 0 (0) 1 (6.7) 1 (0.8) 6 (2.4)

Haemoglobin (g/L) 137±11 135±15 131±17 0.97 129±13 124±18 117±18 <0.001

Sodium (mmol/L) 140±2 140±2 140±3 0.82 139±2 139±3 138±3 0.40

Potassium (mmol/L) 4.4±0.3 4.3±0.3 4.4±0.4 0.19 4.0±0.3 4.1±0.5 4.2±0.6 0.21

BUN (mmol/L) 5.6 (4.6-7.2) 7.0 (5.7-8.6) 8.5 (6.6-11.1) <0.001 4.6 (3.9-7.1) 5.7 (4.3-8.0) 8.2 (5.7-12.1) <0.001

Creatinine (µmol/L) 92 (63-97) 89 (76-112) 105 (80-137) 0.001 91 (77-97) 88 (72-111) 110 (87-159) <0.001

NT-proBNP (Maastricht) or BNP 
(Chicago), (pg/ml)

118 (42-177) 224 (115-543) 1124 (575-1818) <0.001 17 (6-36) 64 (27-155) 357 (218-679) <0.001

Echocardiography & Invasive hemodynamics

LVEF (%) 61 (57-66) 60 (57-64) 60 (57-64) 0.71 62 (59-64) 62 (57-66) 61 (56-65) 0.27

IVS (mm) 10.0 (10.0-12.0) 11.0 (10.0-12.0) 12.0 (11.0-13.0) 0.004 10.1 (9.2-13.3) 10.8 (9.7-12.2) 12.5 (10.6-14.0) <0.001

PW (mm) 8.0 (8.0-10.0) 9.0 (8.0-10.0) 10.0 (9.0-10.0) 0.006 10.2 (9.3-11.5) 10.1(9.4-11.5) 11.9 (10.2-13.4) <0.001

LAVI (ml/m2) 31 (22-34) 34 (27-42) 49 (41-63) <0.001 24 (21-29) 25 (21-32) 35 (29-44) <0.001

LVMI (grams/m2) 79 (71-100) 86 (73-97) 94 (78-109) 0.013 86 (69-107) 82 (73-95) 105 (85-129) <0.001

Mitral E (cm/s) 64 (58-71) 67 (54-85) 96 (76-113) <0.001 94 (82-108) 91 (73-110) 107 (85-136) <0.001
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Supplemental table III: Continued

Maastricht – Final diagnosis HFpEF (N=228) Northwestern (Chicago) – HFpEF patients (N=459)

Low
(N=11)

Intermediate
(N=98)

High
(N=161)

P-value Low
(N=19)

Intermediate
(N=161)

High
(N=279)

P-value

e’ mean 9.0 (8.5-11.3) 7.9 (6.8-9.4) 8.1 (6.5-9.5) 0.07 11.1 (10.1-14.6) 8.2 (6.9-10.0) 7.2 (5.8-8.8) <0.001

E/e’ mean 6.9 (6.0-8.0) 8.2 (6.7-10.3) 11.6 (9.0-14.3) <0.001 7.5 (6.8-9.0) 10.7 (8.7-13.3) 15.0 (11.4-20.2) <0.001

TR-velocity (m/sec) 2.2 (2.1-2.5) 2.3 (2.1-2.7) 2.8 (2.5-3.2) <0.011 2.4 (2.3-2.5) 2.7 (2.4-3.1) 3.1 (2.7-3.5) <0.001

GLS (%) n.a. n.a. n.a. 18.9±2.9 18.6±3.7 17.0±4.2 0.004

Mean PCWP (mmHg) n.a. n.a. n.a. 22 (18-30) 21 (16-26) 23 (18-30) 0.18

Medication

ACEi and/or ARB 9 (90) 55 (74) 66 (68) 0.28 7 (37) 88 (55) 147 (53) 0.34

β-blocker 3 (27) 39 (53) 70 (72) 0.004 7 (37) 91 (57) 204 (73) <0.001

Aldosterone antagonist 1 (10) 6 (8) 18 (11) 0.13 5 (26) 24 (15) 43 (15) 0.40

Loop diuretic 4 (36) 20 (27) 61 (63) <0.001 9 (47) 81 (50) 190 (68) <0.001

Thiazide 1 (10) 16 (22) 22 (23) 0.65 4 (21) 40 (25) 55 (20) 0.43

Calcium channel blocker 2 (20) 20 (27) 35 (36) 0.32 2 (13) 40 (30) 83 (33) 0.27

Statin 6 (60) 28 (38) 49 (50) 0.16 5 (26) 84 (52) 145 (52) 0.09

Platelet aggregation inhibitor 2 (20) 13 (18) 25 (26) 0.43 6 (32) 74 (46) 133 (48) 0.41

Oral anticoagulants 4 (40) 33 (45) 55 (57) 0.22 4 (21) 33 (21) 77 (28) 0.25

Data are n (%), mean ± SD or median (IQR). Abbreviations; HFpEF: heart failure with preserved ejection 
fraction; BMI: body mass index; COPD: chronic obstructive pulmonary disease; BP: blood pressure; 
NYHA: new york heart association; BUN: blood urea nitrogen; NT-proBNP: N-terminal pro-B-type 
natriuretic peptide; BNP: brain natriuretic peptide; 

LVEF: left ventricular ejection fraction; IVS: intraventricular septum thickness; PW: posterior wall 
thickness; LAVI: left atrium volume index; LVMI: left ventricle mass index; TR: tricuspid regurgitation; 
GLS=global longitudinal strain; PCWP=pulmonary capillary wedge pressure; ACEi=angiotensin 
converting enzyme inhibitor; ARB=angiotensin receptor blocker

Supplemental table IV: Distribution of HFA-PEFF sub-scores in the Chicago HFpEF cohort and in 
the Maastricht HFpEF patients

Chicago HFpEF cohort (n=459) Maastricht cohort, HFpEF final diagnosis only (n=228)

Functional Morphological Biomarker Functional Morphological Biomarker

N (%) N (%) N (%) N (%) N (%) N (%)

Zero (=0) 30 (6.5) 50 (11) 91 (20) 28 (13) 12 (5.2) 17 (7.5)

Minor (=1) 35 (7.6) 237 (52) 73 (16) 28 (13) 42 (18) 45 (20)

Major (=2) 394 (86) 171 (37) 295 (64) 172 (75) 174 (76) 166 (73)
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Supplemental table III: Continued

Maastricht – Final diagnosis HFpEF (N=228) Northwestern (Chicago) – HFpEF patients (N=459)

Low
(N=11)

Intermediate
(N=98)

High
(N=161)

P-value Low
(N=19)

Intermediate
(N=161)

High
(N=279)

P-value

e’ mean 9.0 (8.5-11.3) 7.9 (6.8-9.4) 8.1 (6.5-9.5) 0.07 11.1 (10.1-14.6) 8.2 (6.9-10.0) 7.2 (5.8-8.8) <0.001

E/e’ mean 6.9 (6.0-8.0) 8.2 (6.7-10.3) 11.6 (9.0-14.3) <0.001 7.5 (6.8-9.0) 10.7 (8.7-13.3) 15.0 (11.4-20.2) <0.001

TR-velocity (m/sec) 2.2 (2.1-2.5) 2.3 (2.1-2.7) 2.8 (2.5-3.2) <0.011 2.4 (2.3-2.5) 2.7 (2.4-3.1) 3.1 (2.7-3.5) <0.001

GLS (%) n.a. n.a. n.a. 18.9±2.9 18.6±3.7 17.0±4.2 0.004

Mean PCWP (mmHg) n.a. n.a. n.a. 22 (18-30) 21 (16-26) 23 (18-30) 0.18

Medication

ACEi and/or ARB 9 (90) 55 (74) 66 (68) 0.28 7 (37) 88 (55) 147 (53) 0.34

β-blocker 3 (27) 39 (53) 70 (72) 0.004 7 (37) 91 (57) 204 (73) <0.001

Aldosterone antagonist 1 (10) 6 (8) 18 (11) 0.13 5 (26) 24 (15) 43 (15) 0.40

Loop diuretic 4 (36) 20 (27) 61 (63) <0.001 9 (47) 81 (50) 190 (68) <0.001

Thiazide 1 (10) 16 (22) 22 (23) 0.65 4 (21) 40 (25) 55 (20) 0.43

Calcium channel blocker 2 (20) 20 (27) 35 (36) 0.32 2 (13) 40 (30) 83 (33) 0.27

Statin 6 (60) 28 (38) 49 (50) 0.16 5 (26) 84 (52) 145 (52) 0.09

Platelet aggregation inhibitor 2 (20) 13 (18) 25 (26) 0.43 6 (32) 74 (46) 133 (48) 0.41

Oral anticoagulants 4 (40) 33 (45) 55 (57) 0.22 4 (21) 33 (21) 77 (28) 0.25

Data are n (%), mean ± SD or median (IQR). Abbreviations; HFpEF: heart failure with preserved ejection 
fraction; BMI: body mass index; COPD: chronic obstructive pulmonary disease; BP: blood pressure; 
NYHA: new york heart association; BUN: blood urea nitrogen; NT-proBNP: N-terminal pro-B-type 
natriuretic peptide; BNP: brain natriuretic peptide; 

LVEF: left ventricular ejection fraction; IVS: intraventricular septum thickness; PW: posterior wall 
thickness; LAVI: left atrium volume index; LVMI: left ventricle mass index; TR: tricuspid regurgitation; 
GLS=global longitudinal strain; PCWP=pulmonary capillary wedge pressure; ACEi=angiotensin 
converting enzyme inhibitor; ARB=angiotensin receptor blocker

Supplemental table IV: Distribution of HFA-PEFF sub-scores in the Chicago HFpEF cohort and in 
the Maastricht HFpEF patients

Chicago HFpEF cohort (n=459) Maastricht cohort, HFpEF final diagnosis only (n=228)

Functional Morphological Biomarker Functional Morphological Biomarker

N (%) N (%) N (%) N (%) N (%) N (%)

Zero (=0) 30 (6.5) 50 (11) 91 (20) 28 (13) 12 (5.2) 17 (7.5)

Minor (=1) 35 (7.6) 237 (52) 73 (16) 28 (13) 42 (18) 45 (20)

Major (=2) 394 (86) 171 (37) 295 (64) 172 (75) 174 (76) 166 (73)
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ABSTRACT 

Aims: To compare the classification of patients with suspected HFpEF based on the new 
H2FPEF and HFA-PEFF score versus the older 2016 ESC HF guideline.

Methods and results: Consecutive patients with suspected HFpEF (n=363) were 
prospectively recruited in our outpatient HFpEF clinic between 2015-2019. The H2FPEF 
score categorized 169 (47%) patients into the high-, 174 (48%) into the intermediate- and 20 
(5.5%) into the low-likelihood category; the HFA-PEFF categorized 208 (57%), 141 (39%) and 
14 (3.9%), respectively. The two new scores disagreed in terms of likelihood category in 40% 
of suspected HFpEF patients (e.g., high-likelihood by one versus intermediate by the other 
score, P<0.001) and correlated only modestly (Spearman’s rho 0.34, P<0.001). Differential 
classification by the two scores was driven by BMI, atrial fibrillation (AF) and e’ and not 
by age, sex, NT-proBNP or other echocardiographic measurements. Following the 2016 
ESC HF guideline, 300 (83%) subjects were classified as having HFpEF. Of those, 142 (47%) 
were reclassified as low- (n=8) or intermediate-likelihood (n=134) by the H2FPEF score; 
versus n=98 (37%, all intermediate) by the HFA-PEFF score. Of the 63 patients without 
HFpEF according to the 2016 ESC HF guideline, most were reclassified into the intermediate 
category (n=40 [63%] vs. n=43 [68%], respectively).

Conclusions: The HFA-PEFF and H2FPEF score show conflicting results in 40% of suspected 
HFpEF cases. This significant disagreement, classifying patients in different diagnostic 
likelihood categories, underline the difficulties in diagnosing HFpEF but also challenges 
the clinical implementation of these new diagnostic scores. 
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INTRODUCTION

Diagnosing heart failure with preserved ejection fraction (HFpEF) remains a major 
challenge in daily practice. Invasive filling pressure measurements - preferably under 
exercise if inconclusive at rest - continue to be the gold standard to diagnose HFpEF 1-8. 
This invasive method requires specialized training and equipment, has high medical costs 
and can produce complications. 

The diagnostic value of clinical, laboratory and imaging parameters is not yet 
unequivocally established. Yet, in order to improve the diagnostic process by estimating 
the likelihood of HFpEF, two recent diagnostic algorithms have been published: the H2FPEF 
9 and the HFA-PEFF score 10. The H2FPEF is a risk score based on a regression model looking 
into predictors of the gold standard of invasively elevated filling pressures, which included 
clinical and echocardiographic parameters 9. The HFA-PEFF score classification employs 
a step-wise approach based upon existing literature and expert opinion. The second 
step of the HFA-PEFF algorithm uses functional and morphological cardiac features and 
natriuretic peptides, with different cut-off values depending on age and the presence of 
atrial fibrillation 10. Both scores classify patients into three categories: low-, intermediate- 
or high-likelihood of HFpEF. 

How the 2 scores perform compared to each other in terms of classification is not yet 
known. Also, it remains undetermined what the clinical impact of their implementation 
will be, compared to the 2016 ESC-HF-guideline 6. The goal of this study is to compare the 
classification of patients with suspected HFpEF based on the H2FPEF and HFA-PEFF score 
versus the 2016 ESC HF guideline.
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METHODS

Study design & Population
Between January 2015 and July 2019, we prospectively included 363 consecutive patients 
referred to the dedicated HFpEF outpatient clinic at the Cardiovascular Centre of the 
Maastricht University Medical Centre. Patients with previously documented reduced 
left ventricular (LV) ejection fraction (LVEF <40%, e.g. recovered EF), diagnosis of a 
hypertrophic cardiomyopathy (defined as LV wall thickness of >15 mm), severe valvular 
disease, hemodynamically significant congenital disease, restrictive cardiomyopathies, 
constrictive pericarditis or a history of heart transplantation were excluded. All patients 
underwent an extensive set of diagnostic tests to exclude any other cause of exertional 
dyspnoea., including electrocardiogram, echocardiography (according to guideline 
recommendations, as published previously 11,12, pulmonary function test, exercise test, six 
minute walking test (6MWT), 24-h Holter monitoring, screening for sleep apnoea (portable 
ApneaLink system), laboratory examination, and biobanking. The study was approved by 
the Medical Ethical Review Committee of the Maastricht University Medical Centre (METC 
14-4-078 and METC 18-057). All patients provided written informed consent and the study 
was conducted in accordance with the Declaration of Helsinki.

HFpEF diagnostic scores & ESC HF guideline criteria
The H2FPEF-score and the second step of the HFA-PEFF algorithm – the “echocardiography 
& natriuretic peptides” score – were calculated and split into three likelihood-categories 
as recently published 10 and as shown in figure 1. If a patient scored either a minor or a 
major point on a particular domain sub-score of the HFA-PEFF score despite any missing 
variables in that domain (e.g. scoring a major morphological point based on left atrial 
volume index [LAVI] despite a missing left ventricular mass index [LVMI]), the score 
was considered valid and not missing. Finally, we applied the HFpEF diagnostic criteria 
following the 2016 ESC HF guideline 6: 1) the presence of symptoms and/or signs of HF; 
2) a preserved ejection fraction, defined as LVEF ≥ 50%; 3) elevated levels of natriuretic 
peptides (NT-proBNP >125 pmol/L); 4) objective evidence of cardiac structural (increased 
left atrial volume index (LAVI>34 mL/m2), and/or an increased left ventricle mass index 
(LVMI ≥ 115 g/m2 for men or ≥ 95 g/m2 for women), and/or functional alterations (E/e’ ≥ 13 
and mean e’ septal and lateral wall < 9 cm/s). 
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Statistics and analysis plan 
Missing values in the elements of the scores were imputed using multiple imputation with 
5 iterations, details were published previously 12. The percentage of missing values was <5% 
for all imputed variables except for tissue Doppler LV e’ (<20%, see supplemental table 1A/1B 
for exact number of valid measures per variable). Tricuspid regurgitation (TR) velocity was 
not imputed because the nature of echocardiography precludes the measurement of this 
value in patients with no/very little TR, making them non-random missing values. In the 
calculation of both scores with imputed missing values, a missing TR was considered as 
zero points on that item.

Continuous variables are expressed as mean and standard deviation or as median 
and interquartile range as appropriate. Categorical variables are expressed as numbers 
with percentages. Between group differences (i.e., comparing patients by their assigned 
diagnostic category and by their differential classification) were tested using Fishers 
exact, student’s T-test, one-way ANOVA, Mann-Whitney U-test or Kruskal-Wallis test, as 
appropriate. The classification of suspected HFpEF patients by the 2 scores was compared 
using Wilcoxon signed-rank test for related samples. Spearman correlation between the 
2 scores was tested. Differential patient classification by the 2 scores +/- the 2016 ESC HF 
guideline was visualized by a Sankey diagram using R version 3.5.2 (2018-12-20), package 
“networkD3”. A P-value of <0.05 was considered statistically significant. Statistical analyses 
were performed using the SPSS statistical package version 24 SPSS Inc. Chicago, IL, USA.
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RESULTS

Baseline characteristics
Suspected HFpEF patients were split into three likelihood-categories by the 2 scores, 
as described in the methods and Figure 1. Several typical characteristics of HFpEF were 
more common in the higher-likelihood categories of both scores, such as older age and 
comorbidities like hypertension and diabetes, although gender did not differ between 
likelihood-categories of either score (supplemental table 1A and 1B). Atrial fibrillation (AF) 
was present in 90% of patients in the high-likelihood category of the H2FPEF score whereas 
none suffered from AF in the low-likelihood category. The difference in history of AF was 
less pronounced for the HFA-PEFF score likelihood-categories. Also, BMI was significantly 
associated with a higher likelihood-category for the H2FPEF score but was not significantly 
different over the HFA-PEFF score likelihood-categories. 

Baseline characteristics according to the 2016 ESC HF definition of HFpEF are presented 
supplemental table 2. 

Patients with a missing value in any of the items of the 2 scores (n=113) were overall 
similar compared to patients without any missing value (n=250), despite being more often 
male and less symptomatic and having a lower NT-proBNP, LAVI, mitral E and E/e’ ratio 
(supplemental table 3). 

The HFA-PEFF versus the H2FPEF score
The 2 scores classified significantly differed in their categorization of suspected HFpEF 
patients (P<0.001). As shown in figure 2, the HFA-PEFF score classified the largest 
proportion (57%) of the entire cohort as high-likelihood, followed by intermediate (39%). 

Reclassification of our suspected HFpEF patients by the 2 new scores versus the 2016 
ESC guideline is shown in figure 3. The H2FPEF score reclassified relatively more previously 
assigned HFpEF patients as low- or intermediate likelihood versus the HFA-PEFF score (47% 
vs 37%). Both scores reclassified a large proportion of the previously assigned non-HFpEF 
patients as intermediate likelihood (63% vs 68%, respectively). A detailed reclassification 
table is provided in the supplements (supplemental table 4). 

When using the 2016 ESC HF guideline as ‘gold standard’, the diagnostic performance 
of the HFA-PEFF score in terms of AUC was higher than that of the H2FPEF score (0.88 
[0.82-0.92] vs. 0.78 [0.71-0.83], P<0.001). This difference was smaller when using non-
imputed data only (0.88 [0.82-0.94] vs. 0.82 [0.74-0.90], P=0.03).
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Clinical presentationsuggestive of HF and LVEF ≥ 50%
and ≥ 1 risk factor and/or exclusionof non cardiac causes

H2FPEF score HFA-PEFF score (step E)

HFpEF diagnostic algorithms

Sept.e’ <7cm/s (<75yr)/
<5cm/s (≥75yr); or

Lat.e’ <10cm/s (<75yr)/
<7cm/s (≥75yr); or
Av. E/e’ > 15; or

TR velocity >2.8 m/s

Av. E/e’ 9-14
or

GLS <16% *

FUNCTIONAL

LAVI>34ml/m2 (SR)/
>40 ml/m2 (AF); or

LVMI♂≥149/♀ ≥122 
g/m2 + RWT >0,42 

LAVI 29-34 ml/m2

(SR)/ 34-40 ml/m2

(AF); or
LVMI ♂>115/♀ >95 

g/m2 ; or
RWT >0,42 s; or
LVWT≥12mm

MORPHOLOGICAL

NTproBNP
SR >220/ 

AF >660 pg/ml; or
BNP

SR>80/ 
AF>240 pg/ml

NTproBNP 
SR >125/ 

AF >375 pg/ml; or
BNP

SR>35/ 
AF>105 pg/ml
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Total score categories:  
0-1 low-likelihood, rule out HFpEF;

2-4 intermediate-likelihood, additional testing advised;
5+ high-likelihood, rule in HFpEF 

H2 

P 

F 

E 

F 

Heavy: BMI > 30 kg/m2
Hypertensive: 2 or more antihypertensive medicines

Atrial Fibrillation: Paroxysmal or Persistent

Pulmonary hypertension: 
Doppler Echocardiographic estimated PASP > 35 mmHg

Elder: Age >60 years

Filling pressure: Doppler Echocardiographic E/e’ > 9

Total score categories:  
0-1 low-likelihood, rule out HFpEF;

2-5 intermediate-likelihood, additional testing advised;
6+ high-likelihood, rule in HFpEF 

Total score: Heavy:3p, Atrial Fibrillation:2p,other factors:1p

Figure 1: HFA-PEFF and H2FPEF diagnostic algorithms

Left panel: H2FPEF score. Total score ranges from 0-9. 

Right panel: HFA-PEFF score. For each domain, a patient can either score 1 point for the presence of any 
minor criteria and 2 points for any major criteria; a maximum of 2 points can be obtained per domain. 
Total score ranges from 0-6. 

Abbreviations: HFpEF = heart failure with preserved ejection fraction; HF = heart failure; LVEF = left 
ventricular ejection fraction; BMI = body mass index; PASP = pulmonary artery systolic pressure; Sept. 
e’ = septal e’; yr. = year; Lat.e’ = lateral e’; Av. = average; GLS = global longitudinal strain; LAVI = left 
atrial volume index; SR = sinus rhythm; AF = atrial fibrillation; LVMI = left ventricular mass index; 
RWT = relative wall thickness; NT-proBNP = N-terminal pro-B-type natriuretic peptide; BNP = brain 
natriuretic peptide
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Independent predictors of the 2 scores
Independent significant predictors of the H2FPEF score were age, BMI, AF, NYHA-class, 
RV pressure, E/e’ ratio and number of antihypertensives. For the HFA-PEF score, they 
were age, AF, hyperlipidaemia, NT-proBNP, TR-velocity, LAVI and E/e’ ratio. Notably, 
AF was positively associated with the H2FPEF score but negatively with the H2FPEF 
score (supplemental table 5a and 5b). 

When only including items of the scores themselves, all 6 items of the H2FPEF score 
remained independent predictors of the total score (i.e., age, BMI, atrial fibrillation (AF), 
RV pressure, E/e’ ratio and no. of antihypertensives). For the HFA-PEFF score, this was 
limited to NT-proBNP, TR-velocity, LAVI, E/e’ ratio and lateral LV e’. When correcting for 
age and AF - which are implicitly present in the HFA-PEFF score – the model remained 
similar except lateral e’ was removed (supplemental table 5b). 

H2FPEF

Low
N=20 (5.5%)

Intermediate
N=174 (48%) 

High
N=168 (46%)

HFA-PEFF

Intermediate
N=141 (39%)

High
N=208 (57%)

Low
N=13 (3.6%) 

N=5
N=11

N=4

N=8

N=87

N=79

N=43

N=125

Figure 2: Transition plots according to the H2FPEF and the HFA-PEFF score.

Boxes represent number of patients classified into the low-, intermediate- and high-likelihood categories 
by either score or classified as non-HFpEF or HFpEF by the ESC guideline. Arrow thickness represents 
the number of patients transitioning when comparing scores. 

Abbreviations: HFpEF = heart failure with preserved ejection fraction.
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Figure 3: Classification of patients depending on H2FPEF, HFA-PEFF or 2016 ESC HF guidelines

Boxes represent number of patients classified into the low-, intermediate- and high-likelihood categories 
depending on the score used; H2FPEF or HFA-PEFF versus the 2016 ESC guidelines which classify patients 
into HFpEF or non-HFpEF. 

Abbreviations: HFpEF = heart failure with preserved ejection fraction.
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Table 1. Baseline characteristics of suspected HFpEF patients based on their differential classification 
by the H2FPEF versus the HFA-PEFF score

HFA-PEFF-score versus H2FPEF score P-value

HFA < H2FPEF HFA = H2FPEF HFA > H2FPEF

Age (years) 72±9 75±9 74±9 0.27

Female gender (%) 32 (62) 141 (65) 68 (72) 0.32

BMI (kg/m2) 33±6.4 31±6.1 28±5.0 <0.001

Hypertension 46 (89) 182 (84) 77 (82) 0.62

Hyperlipidaemia 26 (50) 108 (50) 61 (65) 0.04

Diabetes Mellitus 20 (39) 71 (33) 24 (26) 0.24

Atrial fibrillation 43 (83) 134 (62) 8 (8.5) <0.001

Valvular heart disease (mild-
moderate)

3 (5.8) 25 (12) 11 (12) 0.52

Coronary artery disease 7 (14) 55 (25) 25 (27) 0.15

Stroke 4 (7.7) 28 (13) 14 (15) 0.45

COPD 9 (17) 36 (17) 14 (15) 0.92

Sleep apnoea 19 (37) 75 (35) 38 (40) 0.61

Systolic BP (mmHg) 152±21 146±21 150±24 0.19

Diastolic BP (mmHg) 83±13 77±13 77±13 0.007

Heart rate (bpm) 73±12 73±13 72±11 0.88

NYHA class n, (%) (I/II/III/IV) 8(16)/ 28(56)/ 
14(28)

19(9.0)/ 110(52)/ 
83(39)

13(14)/ 57(62)/ 
22(24)

0.06

Haemoglobin (g/L) 8.4±0.8 8.2±1.1 8.2±1.0 0.21

Sodium (mmol/L) 140±2 140±3 140±3 0.78

Potassium (mmol/L) 4.43±0.47 4.43±0.45 4.48±0.40 0.45

BUN (mmol/L) 7.1 [5.5-8.5] 8.1 [6.2-10.5] 6.7 [5.5-9.3] 0.01

Creatinine (mmol/L) 89 [74-114] 100 [81-125] 89 [72-116] 0.006

NT-proBNP (pg/ml) 292 [178-577] 998 [220-1704] 423 [237-770] <0.001

LVEF (%) 60±5 60±5 60±5 0.80

IVS (mm) 10 [9.0-10] 9.0 [8.0-10] 9.0 [8.0-10] 0.41

PW (mm) 9.0 [9.0-10] 9.0 [8.0-10] 9.0 [8.0-10] 0.30

LAVI (ml/m2) 36 [29-46] 45 [33-60] 40 [35-50] <0.001

LVMI (grams/m2) 81 [73-93] 78 [67-95] 84 [72-102] 0.13

Mitral E (cm/s) 78 [61-97] 86 [66-108] 71 [55-87] 0.001

e‘ mean (cm/s) 8.9 [7.3-10] 8.0 [6.7-9.5] 7.5 [5.7-8.7] 0.001

E/e’ mean 12 [8.2-16] 12 [9.6-16] 13 [8.6-17] 0.74

TR-velocity (m/sec) 2.6 [2.3-2.9] 2.6 [2.3-3.1] 2.5 [2.3-2.8] 0.12

RV pressure (mmHg) 30 [28-39] 34 [28-46] 30 [24-40] 0.008

ACEi and/or ARB 35 (67) 152 (70) 55 (59) 0.14
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Table 1. Continued

HFA-PEFF-score versus H2FPEF score P-value

HFA < H2FPEF HFA = H2FPEF HFA > H2FPEF

Beta-blocker 33 (64) 148 (68) 58 (62) 0.48

Aldosterone antagonist 1 (1.9) 22 (10) 1 (1.1) 0.003

Loop diuretic 29 (56) 124 (57) 40 (43) 0.06

Thiazide 10 (19) 58 (27) 20 (21) 0.41

CCB 18 (35) 52 (24) 30 (32) 0.16

No. antihypertensives 3 (2-3) 3 (2-3) 2 (1-3) 0.11

Statin 18 (35) 121 (56) 53 (56) 0.02

Platelet aggregation inhibitor 1 (1.9) 45 (21) 45 (48) <0.001

Oral anticoagulant* 32 (62) 126 (58) 17 (18) <0.001

Patients are divided by their classification into low, intermediate or high likelihood by the H2FPEF 
versus the HFA-PEFF score. Data are presented as mean (SD), median [25th-75th percentile], or n (%), as 
appropriate. *Vitamin-K antagonist or DOAC
Data are presented as mean (SD), median [25th-75th percentile], or n (%), as appropriate. 
HFpEF, heart failure with preserved ejection fraction; BMI, body mass index; CCB = calcium channel 
blocker; COPD, chronic obstructive pulmonary disease; BP, blood pressure; NYHA, New York Heart 
Association; BUN, Blood Urea Nitrogen; NT-proBNP, n-terminal pro-brain natriuretic peptide; LVEF, 
left ventricular ejection fraction; IVS, intraventricular septum; PW, posterior wall; LAVI, left atrial 
volume index; LVMI, left ventricular mass index; TR, tricuspid regurgitation, ACEi; angiotensin 
converting enzyme inhibitor; ARB, angiotensin receptor blocker. 
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DISCUSSION

This study demonstrates the ongoing diagnostic uncertainty in the field of HFpEF by 
presenting the impact of applying two recent HFpEF diagnostic algorithms - the HFA-PEFF 
and H2FPEF score - in a deeply phenotyped cohort of suspected HFpEF. In other words, the 
two scores disagree in classifying suspected HFpEF patients in 40% of cases (e.g., high-
likelihood by one versus intermediate-likelihood by the other score). Atrial fibrillation, 
followed by BMI and e’ were the main factors determining a differential classification 
category by the 2 scores. Whereas the HFA-PEFF score classified more patients in a 
definite diagnostic category (i.e., low- or high-likelihood, suggested to be used as rule-
out and rule-in) compared to the HF2FPEF score (61% vs. 52%), it still leaves more than 
one third of suspected HFpEF patients in the intermediate-likelihood category where 
exercise echocardiography or invasive haemodynamic testing is suggested by the authors 
of the score. Considering the current and growing prevalence of patients at risk of HFpEF, 
implementing this in clinical practice will put a tremendous burden on health care. 

H2FPEF and HFA-PEFF score: strengths, limitations and differences
A strength of the H2FPEF score is that the clinical and echocardiographic characteristics 
to diagnose HFpEF were selected based on a regression model using the gold standard 
of invasive pressure measurement, including exercise testing if the resting pressures 
were normal. This simple and user friendly score is based on comorbidities and just two 
echocardiographic parameters. However, this algorithm assigns considerable weight to the 
presence of AF and obesity, with the risk of false positive HFpEF diagnoses in subjects with 
these comorbid conditions. The score was developed in the USA, where obesity is overall 
more pronounced compared to most European and other populations 12, 13. Nevertheless, 
the overall BMI between our cohort and the H2FPEF validation cohort was similar 9. The 
absence of natriuretic peptide (NP) levels in this algorithm is a matter of debate. Although 
NPs remain the most established biomarkers in HF and are used as an inclusion criterion 
in many of the large clinical trials 14, their sensitivity may be less in HFpEF versus HFrEF. 
Previous studies showed that up to 30% of patients with elevated cardiac fillings pressure 
– at rest or during exercise – have normal natriuretic peptide levels 7, 15. It is important 
to mention in this regard that the NT-proBNP levels were drawn within 3 months of the 
invasive measurements (gold standard) in the derivation cohort of the H2FPEF-score and 
information about the initiation of any diuretic therapy in this period was not reported. 
This may have caused the exclusion of NT-proBNP in the multivariable model used to build-
up the score.16 Furthermore, it is important to mention that the high pre-test probability 
(60-56%) of HFpEF in the study populations in which the H2FPEF score was designed and 
validated, may influence the generalizability of this diagnostic tool. 
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The strength of the HFA-PEFF score lies in the broad structural and functional cardiac 
evaluation including NPs, with different cut-off values depending on the age and the 
presence of atrial fibrillation. An inherent limitation to this approach is the complexity 
of the algorithm, making it difficult to use in daily clinical practice, especially for non-
heart failure specialists. Also, the score is based upon existing literature and expert opinion 
only; the single validation of this diagnostic algorithm has been performed in an earlier 
version of our cohort with a pre-test probability of 85% of suffering from HFpEF 12. One 
of the main differences in contrast to the H2FPEF-score is that the presence of AF was 
negatively associated with the final total HFA-PEFF score in multivariable analysis – which 
was the other way around for the H2FPEF score. Following our results, it may be speculated 
whether the score could be simplified, since several of the components of the original 
score were not independently associated with the final total score. This however needs to 
be confirmed in other cohorts. 

The observation that 40% of subjects in our cohort were classified into a different 
likelihood category depending on which diagnostic score was used (e.g., low-likelihood 
by the H2FPEF versus intermediate by the HFA-PEFF score) is a major point of discussion. 
These results illustrate the large disagreement between the 2 scores, underlining the 
challenges in diagnosing HFpEF. As expected, the disagreement was associated with 
differential components of the H2FPEF (BMI & AF) and the HFA-PEFF score (e’). After 
multivariable correction, AF was actually associated with a lower total HFA-PEF score 
versus being a main predictor of a higher H2FPEF score. Despite age being an explicit 
component of the H2FPEFF score versus a threshold-increasing factor in the HFA-PEFF 
score, age was similar regardless of the agreement or disagreement between the scores. 
Sex did also not differ in this regard. Subjects in which the two scores agreed in terms of 
likelihood category had most impaired renal function, highest NT-proBNP levels, LAVI, 
RV-pressure and mitral E velocity versus subjects in either disagreeing transition category 
(Table 1). These items can all be related directly or indirectly to elevated intracardiac filling 
pressures. Extrapolating this, it appears that the two scores agree in subjects with apparent 
congestion, whilst in those without congestion the diagnostic challenge seems higher. This 
is especially interesting since natriuretic peptides and LAVI are components of the HFA-
PEFF but not of the H2FPEFF score. Our finding may implicate that other parameters in the 
H2FPEF score entail comparable information to high NT-proBNP levels, which was actually 
postulated for NT-proBNP by the authors of the H2FPEF-score 9. On the other hand, the 
H2FPEF score was only partially and non-significantly correlated with natriuretic peptide 
levels in a sub-cohort of the TOPCAT trial 17. However, natriuretic peptides were part of 
the inclusion criteria of TOPCAT. Moreover, the H2FPEF score could only be calculated 
in only 360 out of 3445 total participants (10.4%) and 935 echocardiographic sub-study 
participants (38.5%) of TOPCAT18.



92   ● Chapter 4

New scores compared to the 2016 ESC HF guideline
The HFA-PEFF score agreed more often with the 2016 ESC HF criteria, both in terms of 
likelihood-categories and in terms of the AUC of the total score. The fact that the HFA-
PEFF score is more analogous to the 2016 ESC HF criteria than the H2FpEF score in terms 
of its determinants will probably have contributed to its better diagnostic performance 
when using the ESC criteria as gold standard. Also, the difference in BMI between HFpEF 
versus non-HFpEF patients was highly significant in the validation cohort of the H2FPEF 
score (28±5.4 vs 33±7.4, P<0.001) 9 whereas it was not different in ours when using the 2016 
ESC HF guideline classification for HFpEF (30±6.9 vs 30±5.9, P=0.50). This could contribute 
to a somewhat lower diagnostic performance of the H2FPEF score in our cohort. However, 
it remains to be determined how the scores perform in a direct comparison of each other, 
preferably using invasive hemodynamic evaluation with exercise as gold standard. 

Clinical implications of the HFA-PEF and H2FPEF score
The HFA-PEFF score was able to classify a larger proportion of patients into a definite 
diagnostic category (i.e., low or high likelihood, implicating rule-out and rule-in of HFpEF) 
versus the H2FPEF score (61% versus 52%, respectively). This is an important issue in terms 
of clinical application, because it will result in less cases with a need for additional testing; 
being either exercise echocardiography or invasive hemodynamic evaluation as suggested 
by the authors of the score 10. Nevertheless, the intermediate-likelihood category of the 
HFA-PEFF score in our cohort remains unacceptably high with 39%. The application of 
these scores in a less selected population could even further increase the number of 
patients classified as ‘intermediate’. 

A major difference when applying the new scores is that less suspected HFpEF patients 
will be ‘ruled-out’ versus the 2016 ESC HF guideline (i.e., 3-4% vs 17%). Many subjects will be 
reclassified as intermediate-likelihood – both previously defined non-HFpEF and HFpEF 
patients by the 2016 ESC guideline. To put this into perspective, the main objective of 
diagnostic tools in the field of HFpEF should be considered. A highly specific test has 
the advantage of selecting the most severe patients with the highest hospitalization and 
mortality rates, where effective treatment strategies are desperately needed. Previous 
HFpEF trials have used enrichment strategies like this; e.g., selecting patients with a 
previous HF hospitalization and/or patients with moderate to severely elevated natriuretic 
peptides. Notwithstanding, in these trials, no single drug has shown unequivocal benefit 
in HFpEF. The potential Achilles’ heel of a specific strategy is the risk of selecting only 
those patients in the advanced phase of the disease that could be refractory to therapy. 
We believe that future strategies should focus more on prevention of (advanced) HFpEF. 
For this purpose, more sensitive diagnostic strategies are needed, which offer broader 
opportunities for early stadium and phenotype driven targeted therapy. In this regard, 
the new scores could be helpful. 
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It needs to be said that the effects of actually implementing this new approach, in 
which a yes or no diagnosis gets substituted by likelihood categories for suffering from 
HFpEF, are unknown. This calls for a trial or implementation study looking into the 
outcome of patients subjected to these novel approaches. Until then, it seems reasonable to 
offer both intermediate- and high-likelihood subjects adequate control of risk factors and 
comorbidities while referring them to a specialized centre for further characterization (e.g., 
establish definite diagnosis and if HFpEF, determine aetiology) and potential inclusion in 
scientific initiatives. 

Strengths and Limitations
The Maastricht HFpEF cohort is one of the few prospective cohorts with suspected HFpEF 
patients with a true consecutive, prospective inclusion and a one-day, extensive diagnostic 
evaluation. There may be referral bias due to the fact that all patients were referred to the 
specialized HF outpatient clinic with the suspicion of suffering from HFpEF. Nevertheless, 
our hospital serves both as a district hospital (i.e., secondary care) for the city and suburbs 
of Maastricht as well as a referral hospital for the greater region of Zuid-Limburg (i.e., 
tertiary care). Even more, both scores were designed to be used in high pre-test probability 
cohorts after a pre-test assessment. Still, this is a single centre cohort. Taken together, 
generalizability of our results to the general population can be questioned and our 
results need confirmation in other, preferably less selected populations. Second, in some 
patients, data were missing. To overcome this limitation we used imputed values, but also 
performed sensitivity analyses without imputed data showing similar results. Third, our 
study population shows a low rate of LV hypertrophy, which may be explained by a stricter 
blood pressure regulation as can be expected from a specialized outpatient clinic. 

CONCLUSION

The recently developed HFA-PEFF and H2FPEF diagnostic scores open a new era in the 
diagnosis of HFpEF - substituting the classical binary diagnostic approach with a likelihood 
estimation and a classification into low-, intermediate- and high-likelihood of HFpEF. 

However, the two scores show conflicting result in 40% of suspected HFpEF casus. This 
significant disagreement, classifying patients in different diagnostic likelihood categories, 
underlines the difficulties in diagnosing HFpEF and questions how to implement these 
scores into the clinic. Moreover, implementing these scores may put a large burden 
on health care, because one-third up to half of suspected cases will be classified as 
intermediate-likelihood where additional diagnostic testing is advised. Our findings need 
confirmation in additional, preferably less-selected, multicentre cohorts, highlighting the 
need for well-phenotyped prospective cohorts of suspected HFpEF patients.
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SUPPLEMENTAL TABLES

Supplemental Table 1a. Baseline characteristic of suspected HFpEF patients by H2FPEF-score 
likelihood categories

H2FPEF-score likelihood categories H2FPEF-score likelihood categories P-value

Low Intermediate High

Valid N Value Valid N Value Valid N Value

Age (years) 20 66±13 174 73±10 169 77±7 <0.001

Female gender (%) 20 14 (70) 174 120 (69) 169 107 (63) 0.52

BMI (kg/m2) 20 24±3.1 174 30±5.6 169 32±6.3 <0.001

Hypertension 20 9 (45) 174 150 (86) 169 146 (86) <0.001

Hyperlipidaemia 20 6 (30) 174 103 (59) 169 86 (51) 0.03

Diabetes Mellitus 20 2 (10) 174 41 (24) 169 72 (43) <0.001

Atrial fibrillation 20 0 (0) 174 33 (19) 169 152 (90) <0.001

Valvular heart disease (mild-moderate) 20 1 (5.0) 174 12 (6.9) 169 26 (15) 0.03

Coronary artery disease 20 3 (15) 174 41 (24) 169 43 (25) 0.61

Stroke 20 3 (15) 174 19 (11) 169 24 (14) 0.61

COPD 20 1 (5.0) 174 33 (19) 169 25 (15) 0.24

Sleep apnoea 20 3 (15) 174 69 (40) 169 60 (36) 0.09

Systolic BP (mmHg) 20 143±18 174 149±23 169 147±22 0.39

Diastolic BP (mmHg) 20 79±10 174 77±13 169 78±13 0.76

Heart rate (bpm) 20 72±10 174 73±12 169 73±13 0.84

NYHA class, n (%) (I/II/III/IV) 20 5(26)/ 14(74)/ 0 174 25(15)/ 102(60)/ 
43(25)

169 10(6)/ 195(55)/ 
119(34)

<0.001

Haemoglobin (g/L) 20 8.2±0.5 169 8.3±1.0 165 8.2±1.1 0.54

Sodium (mmol/L) 20 140±2 170 140±3 167 140±3 0.39

Potassium (mmol/L) 20 4.31±0.39 171 4.46±0.40 167 4.45±0.47 0.43

BUN (mmol/L) 18 5.7 [4.6-6.8] 169 6.9 [5.6-8.8] 166 8.6 [6.8-11] <0.001

Creatinine (mmol/L) 20 65 [60-99] 172 89 [74-112] 167 107 [84-135] <0.001

NT-proBNP (pg/ml) 20 101 [51-254] 172 330 [144-734] 166 1209 [590-1905] <0.001

Echocardiography

LVEF (%) 20 58±5 174 61±5 169 60±5 0.10

IVS (mm) 20 9.0 [7.3-9.0] 172 9.0 [8.0-10] 168 10 [9.0-10] <0.001

PW (mm) 20 9.0 [7.3-9.0] 172 9.0 [8.0-10] 167 9.0 [9.0-10] <0.001

LAVI (ml/m2) 19 31 [25-39] 170 37 [29-46] 164 50 [40-64] <0.001

LVMI (grams/m2) 20 82 [70-92] 172 77 [66-91] 167 83 [72-100] 0.008

Mitral E (cm/s) 20 55 [47-64] 173 70 [58-85] 157 97 [79-114] <0.001

e’ mean (cm/s) 17 8.2 [6.9-9.9] 151 7.5 [6.1-8.9] 140 8.4 [7.2-9.7] 0.005

E/e’ mean 17 7.3 [6.6-8.8] 151 11 [8.8-15] 137 14 [11-18] <0.001
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SUPPLEMENTAL TABLES

Supplemental Table 1a. Baseline characteristic of suspected HFpEF patients by H2FPEF-score 
likelihood categories

H2FPEF-score likelihood categories H2FPEF-score likelihood categories P-value

Low Intermediate High

Valid N Value Valid N Value Valid N Value

Age (years) 20 66±13 174 73±10 169 77±7 <0.001

Female gender (%) 20 14 (70) 174 120 (69) 169 107 (63) 0.52

BMI (kg/m2) 20 24±3.1 174 30±5.6 169 32±6.3 <0.001

Hypertension 20 9 (45) 174 150 (86) 169 146 (86) <0.001

Hyperlipidaemia 20 6 (30) 174 103 (59) 169 86 (51) 0.03

Diabetes Mellitus 20 2 (10) 174 41 (24) 169 72 (43) <0.001

Atrial fibrillation 20 0 (0) 174 33 (19) 169 152 (90) <0.001

Valvular heart disease (mild-moderate) 20 1 (5.0) 174 12 (6.9) 169 26 (15) 0.03

Coronary artery disease 20 3 (15) 174 41 (24) 169 43 (25) 0.61

Stroke 20 3 (15) 174 19 (11) 169 24 (14) 0.61

COPD 20 1 (5.0) 174 33 (19) 169 25 (15) 0.24

Sleep apnoea 20 3 (15) 174 69 (40) 169 60 (36) 0.09

Systolic BP (mmHg) 20 143±18 174 149±23 169 147±22 0.39

Diastolic BP (mmHg) 20 79±10 174 77±13 169 78±13 0.76

Heart rate (bpm) 20 72±10 174 73±12 169 73±13 0.84

NYHA class, n (%) (I/II/III/IV) 20 5(26)/ 14(74)/ 0 174 25(15)/ 102(60)/ 
43(25)

169 10(6)/ 195(55)/ 
119(34)

<0.001

Haemoglobin (g/L) 20 8.2±0.5 169 8.3±1.0 165 8.2±1.1 0.54

Sodium (mmol/L) 20 140±2 170 140±3 167 140±3 0.39

Potassium (mmol/L) 20 4.31±0.39 171 4.46±0.40 167 4.45±0.47 0.43

BUN (mmol/L) 18 5.7 [4.6-6.8] 169 6.9 [5.6-8.8] 166 8.6 [6.8-11] <0.001

Creatinine (mmol/L) 20 65 [60-99] 172 89 [74-112] 167 107 [84-135] <0.001

NT-proBNP (pg/ml) 20 101 [51-254] 172 330 [144-734] 166 1209 [590-1905] <0.001

Echocardiography

LVEF (%) 20 58±5 174 61±5 169 60±5 0.10

IVS (mm) 20 9.0 [7.3-9.0] 172 9.0 [8.0-10] 168 10 [9.0-10] <0.001

PW (mm) 20 9.0 [7.3-9.0] 172 9.0 [8.0-10] 167 9.0 [9.0-10] <0.001

LAVI (ml/m2) 19 31 [25-39] 170 37 [29-46] 164 50 [40-64] <0.001

LVMI (grams/m2) 20 82 [70-92] 172 77 [66-91] 167 83 [72-100] 0.008

Mitral E (cm/s) 20 55 [47-64] 173 70 [58-85] 157 97 [79-114] <0.001

e’ mean (cm/s) 17 8.2 [6.9-9.9] 151 7.5 [6.1-8.9] 140 8.4 [7.2-9.7] 0.005

E/e’ mean 17 7.3 [6.6-8.8] 151 11 [8.8-15] 137 14 [11-18] <0.001
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Supplemental Table 1a. Continued

H2FPEF-score likelihood categories H2FPEF-score likelihood categories P-value

Low Intermediate High

Valid N Value Valid N Value Valid N Value

TR-velocity (m/sec) 18 2.2 [2.1-2.5] 148 2.5 [2.2-2.7] 160 2.8 [2.5-3.2] <0.001

RV pressure (mmHg) 18 23 [20-29] 133 28 [24-34] 154 39 [30-47] <0.001

Medication

ACEi and/or ARB 20 3 (15) 174 114 (66) 169 125 (74) <0.001

Beta-blocker 20 4 (20) 174 107 (62) 169 128 (76) <0.001

Aldosterone antagonist 20 0 174 6 (3.4) 169 18 (11) 0.02

Loop diuretic 20 0 174 72 (41) 169 121 (72) <0.001

Thiazide 20 1 (5.0) 174 46 (26) 169 41 (24) 0.09

CCB 20 1 (5.0) 174 49 (28) 169 50 (30) 0.05

No. of antihypertensives 20 0 (0-1) 174 2 (1-3) 169 3 (2-3) <0.001

Statin 20 8 (40) 174 91 (52) 169 93 (55) 0.43

Platelet aggregation inhibitor 20 7 (35) 174 69 (40) 169 15 (8.9) <0.001

Oral anticoagulant* 20 0 174 50 (29) 169 125 (74) <0.001

Patients are divided by their classification into low, intermediate or high likelihood by the H2FPEF score. 
Data are presented as mean (SD), median [25th-75th percentile], or n (%), as appropriate. *Vitamin-K 
antagonist or DOAC

Abbreviations: HFpEF, heart failure with preserved ejection fraction; BMI, body mass index; COPD, 
chronic obstructive pulmonary disease; BP, blood pressure; NYHA, New York Heart Association; BUN, 
Blood Urea Nitrogen; NT-proBNP, n-terminal pro-brain natriuretic peptide; LVEF, left ventricular 
ejection fraction; IVS, intraventricular septum; PW, posterior wall; LAVI, left atrial volume index; LVMI, 
left ventricular mass index; TR, tricuspid regurgitation, ACEi; angiotensin converting enzyme inhibitor; 
ARB, angiotensin receptor blocker. 
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Supplemental Table 1a. Continued

H2FPEF-score likelihood categories H2FPEF-score likelihood categories P-value

Low Intermediate High

Valid N Value Valid N Value Valid N Value

TR-velocity (m/sec) 18 2.2 [2.1-2.5] 148 2.5 [2.2-2.7] 160 2.8 [2.5-3.2] <0.001

RV pressure (mmHg) 18 23 [20-29] 133 28 [24-34] 154 39 [30-47] <0.001

Medication

ACEi and/or ARB 20 3 (15) 174 114 (66) 169 125 (74) <0.001

Beta-blocker 20 4 (20) 174 107 (62) 169 128 (76) <0.001

Aldosterone antagonist 20 0 174 6 (3.4) 169 18 (11) 0.02

Loop diuretic 20 0 174 72 (41) 169 121 (72) <0.001

Thiazide 20 1 (5.0) 174 46 (26) 169 41 (24) 0.09

CCB 20 1 (5.0) 174 49 (28) 169 50 (30) 0.05

No. of antihypertensives 20 0 (0-1) 174 2 (1-3) 169 3 (2-3) <0.001

Statin 20 8 (40) 174 91 (52) 169 93 (55) 0.43

Platelet aggregation inhibitor 20 7 (35) 174 69 (40) 169 15 (8.9) <0.001

Oral anticoagulant* 20 0 174 50 (29) 169 125 (74) <0.001

Patients are divided by their classification into low, intermediate or high likelihood by the H2FPEF score. 
Data are presented as mean (SD), median [25th-75th percentile], or n (%), as appropriate. *Vitamin-K 
antagonist or DOAC

Abbreviations: HFpEF, heart failure with preserved ejection fraction; BMI, body mass index; COPD, 
chronic obstructive pulmonary disease; BP, blood pressure; NYHA, New York Heart Association; BUN, 
Blood Urea Nitrogen; NT-proBNP, n-terminal pro-brain natriuretic peptide; LVEF, left ventricular 
ejection fraction; IVS, intraventricular septum; PW, posterior wall; LAVI, left atrial volume index; LVMI, 
left ventricular mass index; TR, tricuspid regurgitation, ACEi; angiotensin converting enzyme inhibitor; 
ARB, angiotensin receptor blocker. 
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Supplemental Table 1b. Baseline characteristics of suspected HFpEF patients by HFA-PEFF-score 
likelihood categories

HFA-PEFF-score likelihood 
categories

HFA-PEFF-score likelihood categories P-value

Low Intermediate High

Valid N Value Valid N Value Valid N Value

Age (years) 14 60±15 141 72±8 208 76±8 <0.001

Female gender (%) 14 11 (79) 141 90 (64) 208 140 (67) 0.52

BMI (kg/m2) 14 30±8.1 141 31±6.2 208 30±5.9 0.46

Hypertension 14 8 (57) 141 119 (84) 208 178 (86) 0.03

Hyperlipidaemia 14 5 (36) 141 69 (49) 208 121 (58) 0.09

Diabetes Mellitus 14 4 (29) 141 33 (23) 208 78 (38) 0.02

Atrial fibrillation 14 2 (14) 141 65 (46) 208 118 (57) 0.003

Valvular heart disease (mild-moderate) 14 1 (7.1) 141 4 (2.8) 208 34 (16) <0.001

Coronary artery disease 14 1 (7.1) 141 25 (18) 208 61 (29) 0.01

Stroke 14 1 (7.1) 141 12 (8.5) 208 33 (16) 0.10

COPD 14 4 (29) 141 23 (16) 208 32 (15) 0.40

Sleep apnoea 14 3 (21) 141 49 (35) 208 80 (39) 0.39

Systolic BP (mmHg) 14 148±25 141 149±20 208 147±23 0.81

Diastolic BP (mmHg) 14 83±16 141 79±12 208 77±14 0.10

Heart rate (bpm) 14 75±15 141 72±11 208 73±12 0.49

NYHA class n, (%) (I/II/III/IV) 14 5(36)/ 8(57)/ 1(7.1) 141 19(14)/ 82(61)/ 
34(25)

208 16(7.8)/ 105(51)/ 
84(41)

<0.001

Haemoglobin (g/L) 14 8.5±0.4 136 8.4±0.9 204 8.1±1.1 0.05

Sodium (mmol/L) 13 140±1.5 139 141±2.3 205 140±3.1 0.39

Potassium (mmol/L) 13 4.42±0.55 139 4.40±0.39 206 4.48±0.45 0.16

BUN (mmol/L) 12 5.1 [4.4-6.1] 137 6.9 [5.7-8.4] 204 8.4 [6.4-11.1] <0.001

Creatinine (mmol/L) 14 71 [63-93] 139 89 [76-108] 206 102 [79-136] <0.001

NT-proBNP (pg/ml) 14 68 [42-144] 139 254 [110-558] 206 1082 [491-1789] <0.001

Echocardiography

LVEF (%) 14 61±5 141 60±5 208 60±5 0.70

IVS (mm) 14 9 [7.8-10] 138 9 .0 [8.0-10] 208 9.0 [9.0-10] 0.003

PW (mm) 14 9.0 [8.0-9.3] 137 9.0 [8.0-10] 208 9.0 [9.0-10] 0.001

LAVI (ml/m2) 13 28 [22-33] 139 34 [26-43] 201 50 [41-62] <0.001

LVMI (grams/m2) 14 74 [70-85] 137 75 [65-88] 208 85 [72-102] <0.001

Mitral E (cm/s) 14 66 [58-78] 139 71 [56-86] 197 92 [73-112] <0.001

e’ mean (cm/s) 8 11 [10-12] 122 7.7 [6.7-9.4] 178 7.9 [6.2-9.3] 0.001

E/e’ mean 8 7.4 [6.0-9.5] 121 10 [7.8-13] 176 14 [11-18] <0.001

TR-velocity (m/sec) 11 2.2 [2.2-2.6] 119 2.4 [2.2-2.7] 196 2.8 [2.5-3.2] <0.001

RV pressure (mmHg) 11 27 [22-30] 103 28 [24-33] 191 37 [28-47] <0.001
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Supplemental Table 1b. Baseline characteristics of suspected HFpEF patients by HFA-PEFF-score 
likelihood categories

HFA-PEFF-score likelihood 
categories

HFA-PEFF-score likelihood categories P-value

Low Intermediate High

Valid N Value Valid N Value Valid N Value

Age (years) 14 60±15 141 72±8 208 76±8 <0.001

Female gender (%) 14 11 (79) 141 90 (64) 208 140 (67) 0.52

BMI (kg/m2) 14 30±8.1 141 31±6.2 208 30±5.9 0.46

Hypertension 14 8 (57) 141 119 (84) 208 178 (86) 0.03

Hyperlipidaemia 14 5 (36) 141 69 (49) 208 121 (58) 0.09

Diabetes Mellitus 14 4 (29) 141 33 (23) 208 78 (38) 0.02

Atrial fibrillation 14 2 (14) 141 65 (46) 208 118 (57) 0.003

Valvular heart disease (mild-moderate) 14 1 (7.1) 141 4 (2.8) 208 34 (16) <0.001

Coronary artery disease 14 1 (7.1) 141 25 (18) 208 61 (29) 0.01

Stroke 14 1 (7.1) 141 12 (8.5) 208 33 (16) 0.10

COPD 14 4 (29) 141 23 (16) 208 32 (15) 0.40

Sleep apnoea 14 3 (21) 141 49 (35) 208 80 (39) 0.39

Systolic BP (mmHg) 14 148±25 141 149±20 208 147±23 0.81

Diastolic BP (mmHg) 14 83±16 141 79±12 208 77±14 0.10

Heart rate (bpm) 14 75±15 141 72±11 208 73±12 0.49

NYHA class n, (%) (I/II/III/IV) 14 5(36)/ 8(57)/ 1(7.1) 141 19(14)/ 82(61)/ 
34(25)

208 16(7.8)/ 105(51)/ 
84(41)

<0.001

Haemoglobin (g/L) 14 8.5±0.4 136 8.4±0.9 204 8.1±1.1 0.05

Sodium (mmol/L) 13 140±1.5 139 141±2.3 205 140±3.1 0.39

Potassium (mmol/L) 13 4.42±0.55 139 4.40±0.39 206 4.48±0.45 0.16

BUN (mmol/L) 12 5.1 [4.4-6.1] 137 6.9 [5.7-8.4] 204 8.4 [6.4-11.1] <0.001

Creatinine (mmol/L) 14 71 [63-93] 139 89 [76-108] 206 102 [79-136] <0.001

NT-proBNP (pg/ml) 14 68 [42-144] 139 254 [110-558] 206 1082 [491-1789] <0.001

Echocardiography

LVEF (%) 14 61±5 141 60±5 208 60±5 0.70

IVS (mm) 14 9 [7.8-10] 138 9 .0 [8.0-10] 208 9.0 [9.0-10] 0.003

PW (mm) 14 9.0 [8.0-9.3] 137 9.0 [8.0-10] 208 9.0 [9.0-10] 0.001

LAVI (ml/m2) 13 28 [22-33] 139 34 [26-43] 201 50 [41-62] <0.001

LVMI (grams/m2) 14 74 [70-85] 137 75 [65-88] 208 85 [72-102] <0.001

Mitral E (cm/s) 14 66 [58-78] 139 71 [56-86] 197 92 [73-112] <0.001

e’ mean (cm/s) 8 11 [10-12] 122 7.7 [6.7-9.4] 178 7.9 [6.2-9.3] 0.001

E/e’ mean 8 7.4 [6.0-9.5] 121 10 [7.8-13] 176 14 [11-18] <0.001

TR-velocity (m/sec) 11 2.2 [2.2-2.6] 119 2.4 [2.2-2.7] 196 2.8 [2.5-3.2] <0.001

RV pressure (mmHg) 11 27 [22-30] 103 28 [24-33] 191 37 [28-47] <0.001
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Supplemental Table 1b. Continued

HFA-PEFF-score likelihood 
categories

HFA-PEFF-score likelihood categories P-value

Low Intermediate High

Valid N Value Valid N Value Valid N Value

Medication

ACEi and/or ARB 14 5 (36) 141 88 (62) 208 149 (72) 0.01

Beta-blocker 14 6 (43) 141 78 (55) 208 155 (75) <0.001

Aldosterone antagonist 14 0 141 6 (4.3) 208 18 (8.7) 0.20

Loop diuretic 14 4 (29) 141 53 (38) 208 136 (65) <0.001

Thiazide 14 4 (29) 141 30 (21) 208 54 (26) 0.53

CCB 14 5 (36) 141 29 (21) 208 66 (32) 0.05

No. antihypertensives 14 1 (0-3.3) 141 2 (1-3) 208 3 (2-4) <0.001

Statin 14 3 (21) 141 63 (45) 208 126 (61) 0.001

Platelet aggregation inhibitor 14 1 (7.1) 141 33 (23) 208 57 (27) 0.21

Oral anticoagulant* 14 3 (21) 141 59 (42) 208 113 (54) 0.008

Patients are divided by their classification into low, intermediate or high likelihood by the HFA-
PEFF score. Data are presented as mean (SD), median [25th-75th percentile], or n (%), as appropriate. 
*Vitamin-K antagonist or DOAC

Abbreviations: HFpEF, heart failure with preserved ejection fraction; BMI, body mass index; COPD, 
chronic obstructive pulmonary disease; BP, blood pressure; NYHA, New York Heart Association; BUN, 
Blood Urea Nitrogen; NT-proBNP, n-terminal pro-brain natriuretic peptide; LVEF, left ventricular 
ejection fraction; IVS, intraventricular septum; PW, posterior wall; LAVI, left atrial volume index; LVMI, 
left ventricular mass index; TR, tricuspid regurgitation, ACEi; angiotensin converting enzyme inhibitor; 
ARB, angiotensin receptor blocker. 
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Supplemental Table 1b. Continued

HFA-PEFF-score likelihood 
categories

HFA-PEFF-score likelihood categories P-value

Low Intermediate High

Valid N Value Valid N Value Valid N Value

Medication

ACEi and/or ARB 14 5 (36) 141 88 (62) 208 149 (72) 0.01

Beta-blocker 14 6 (43) 141 78 (55) 208 155 (75) <0.001

Aldosterone antagonist 14 0 141 6 (4.3) 208 18 (8.7) 0.20

Loop diuretic 14 4 (29) 141 53 (38) 208 136 (65) <0.001

Thiazide 14 4 (29) 141 30 (21) 208 54 (26) 0.53

CCB 14 5 (36) 141 29 (21) 208 66 (32) 0.05

No. antihypertensives 14 1 (0-3.3) 141 2 (1-3) 208 3 (2-4) <0.001

Statin 14 3 (21) 141 63 (45) 208 126 (61) 0.001

Platelet aggregation inhibitor 14 1 (7.1) 141 33 (23) 208 57 (27) 0.21

Oral anticoagulant* 14 3 (21) 141 59 (42) 208 113 (54) 0.008

Patients are divided by their classification into low, intermediate or high likelihood by the HFA-
PEFF score. Data are presented as mean (SD), median [25th-75th percentile], or n (%), as appropriate. 
*Vitamin-K antagonist or DOAC

Abbreviations: HFpEF, heart failure with preserved ejection fraction; BMI, body mass index; COPD, 
chronic obstructive pulmonary disease; BP, blood pressure; NYHA, New York Heart Association; BUN, 
Blood Urea Nitrogen; NT-proBNP, n-terminal pro-brain natriuretic peptide; LVEF, left ventricular 
ejection fraction; IVS, intraventricular septum; PW, posterior wall; LAVI, left atrial volume index; LVMI, 
left ventricular mass index; TR, tricuspid regurgitation, ACEi; angiotensin converting enzyme inhibitor; 
ARB, angiotensin receptor blocker. 
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Supplemental table 2: Baseline characteristics of HFpEF versus non-HFpEF patients according 
to the 2016 ESC HF guideline

Valid N Non-
HFpEF

Valid N HFpEF P-value

Age (years) 63 67 (11) 300 76 (7.6) <0.001

Female gender (%) 63 40 (63) 300 201 (67) 0.66

BMI (kg/m2) 63 30.2 (6.9) 300 30.5 (5.9) 0.50

Hypertension 63 48 (76) 300 257 (86) 0.08

Hyperlipidaemia 63 21 (33) 300 174 (58) <0.001

Diabetes Mellitus 63 15 (24) 300 100 (33) 0.18

Atrial fibrillation 63 13 (21) 300 169 (56) <0.001

Valvular heart disease
(mild-moderate)

63 3 (4.8) 300 36 (12) 0.11

Coronary artery disease 63 5 (7.9) 300 75 (25) 0.002

Stroke 63 6 (9.5) 300 40 (13) 0.53

COPD 63 13 (21) 300 46 (15) 0.34

Sleep apnoea 63 16 (25) 300 116 (39) 0.06

Systolic BP (mmHg) 63 151 (21) 300 147 (22) 0.93

Diastolic BP (mmHg) 63 80 (14) 300 77 (13) 0.58

Heart rate (bpm) 63 77 (12) 300 72 (12) 0.78

NYHA class n, (%)
(I/II/III/IV)

63 12/23/23/0
(19/37/37/0)

300 3/128/154/11
(1.0/43/51/3.7)

<0.001

Haemoglobin (g/L) 59 138 (15) 295 132 (16) 0.25

Sodium (mmol/L) 60 140.3 (2.5) 297 140.1 (2.8) 0.18

Potassium (mmol/L) 60 4.4 (0.37) 298 4.4 (0.44) 0.31

BUN (mmol/L) 58 6.3 [4.6-7.5] 295 8.0 [6.2-10] <0.001

Creatinine (mmol/L) 60 85 [71-94] 299 100 [78-127] <0.001

NT-proBNP (pg/ml) 60 9.0 [6.0-15] 298 88 [39-189] <0.001

Echocardiography

LVEF (%) 63 60 (5.3) 300 60 (5.0) 0.90

IVS (mm) 63 9.0 [8.0-10] 297 9.0 [8.0-10] 0.008

PW (mm) 63 9.0 [8.0-9.0] 296 9.0 [8.0-10] 0.001

LAVI (ml/m2) 60 30 [25-35] 293 45 [36-57] <0.001

LVMI (grams/m2) 63 72 [66-82] 296 82 [71-98] 0.001

Mitral E (cm/s) 62 63 [52-75] 288 84 [65-106] <0.001

e’ mean (cm/s) 48 7.7 [6.7-9.5] 260 7.9 [6.4-9.4] 0.77

E/e’ mean 47 9.6 [6.9-12] 252 11 [8.1-14] <0.001

TR-velocity (m/sec) 45 2.4 [2.2-2.6] 281 2.6 [2.3-3.0] <0.001

RV pressure (mmHg) 41 28 [22-32] 264 34 [28-44] <0.001
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Supplemental table 2: Continued

Valid N Non-
HFpEF

Valid N HFpEF P-value

Medication

ACEi and/or ARB 63 38 (60) 300 204 (68) 0.24

Beta-blocker 63 31 (49) 300 208 (69) 0.003

Aldosterone antagonist 63 1 (1.6) 300 23 (7.7) 0.09

Loop diuretic 63 16 (25) 300 177 (59) <0.001

Thiazide 63 19 (30) 300 69 (23) 0.25

CCB 63 11 (18) 300 89 (30) 0.06

No. antihypertensives 63 2 (1-3) 300 3 (2-3) <0.001

Statin 63 26 (41) 300 166 (55) 0.05

Platelet aggregation inhibitor 63 17 (27) 300 74 (25) 0.75

Oral anticoagulant 63 11 (18) 300 164 (55) <0.01

Data are presented as mean (SD), median [25th-75th percentile], or n (%), as appropriate. 
ESC = European Society of Cardiology; HF = heart failure; HFpEF, heart failure with preserved 
ejection fraction; BMI, body mass index; CCB = calcium channel blocker; COPD, chronic obstructive 
pulmonary disease; BP, blood pressure; NYHA, New York Heart Association; BUN, Blood Urea Nitrogen; 
NT-proBNP, n-terminal pro-brain natriuretic peptide; LVEF, left ventricular ejection fraction; IVS, 
intraventricular septum; PW, posterior wall; LAVI, left atrial volume index; LVMI, left ventricular mass 
index; TR, tricuspid regurgitation, ACEi; angiotensin converting enzyme inhibitor; ARB, angiotensin 
receptor blocker. 
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Supplemental table 3: Baseline characteristics of patients with versus without a missing value in 
any of the 2 scores. 

Any Missing (N=113) No Missings (N=250) P -value

Age (years) 73 (9.0) 74 (8.8) 0.22

Female gender (n,%) 64 (57) 177 (71) 0.01

BMI (kg/m2) 31 (6.3) 30 (6.0) 0.55

Hypertension (n,%) 96 (85) 209 (84) 0.87

Hypercholesterolemia (n,%) 55 (49) 140 (56) 0.21

Diabetes Mellitus (n,%) 37 (33) 78 (31) 0.80

Atrial fibrillation (n,%) 54 (48) 128 (51) 0.57

Valvular heart disease (n,%) 7 (6.2) 32 (13) 0.06

Coronary artery disease (n,%) 25 (22) 55 (22) 1.0

Stroke (n,%) 16 (14) 30 (12) 0.61

COPD (n,%) 24 (21) 35 (14) 0.09

Sleep apnoea (n,%) 41 (36) 91 (36) 1.0

Systolic BP (mmHg) 149 (22) 147 (22) 0.39

Diastolic BP (mmHg) 79 (14) 77 (13) 0.37

Heart rate (bpm) 73 (13) 73 (11) 0.39

NYHA class (n,%) (I/II/III/IV) 9/38/58/3
(8/34/51.2.7)

6 /116/119/8
(2.4/45/48/3.2)

0.004

Haemoglobin (g/L) 135 (15) 131 (16) 0.04

Sodium (mmol/L) 140 (2.9) 140 (2.6) 0.27

Potassium (mmol/L) 4.4 (0.4) 4.4 (0.4) 0.37

BUN (mmol/L) 7.5 [5.8-9.4] 7.8 [6.0-9.7] 0.43

Creatinine (mmol/L) 97 [77-123] 95 [76-121] 0.95

NT-proBNP (mmol/L) 50 [17-163] 74 [31-176] 0.01

Echocardiography

LVEF (%) 60 (5.3) 60 (5.0) 0.79

IVS (mm) 9 [9-10] 9 [8-10] 0.13

PW (mm) 9 [8-10] 9 [8-10] 0.39

LAVI (ml/m2) 41 (17) 48 (15) 0.001

LVMI (grams/m2) 84 (22) 83 (21) 0.67

Mitral E (cm/s) 70 [58-89] 83 [65-107] <0.001

e’ mean (cm/s) 6.4 [5.5-8.0] 6.7 [5.4-8.2] 0.46

E/e’ mean (cm/s) 11 [8.7-13] 13 [9.0-17] 0.02

TR-velocity (m/sec) 2.5 [2.2-2.9] 2.6 [2.3-3.0] 0.18

RVSP (mmHg) 30 [25-40] 35 [25-40] 0.08

Medication

ACEi and/or ARB (n,%) 77 (68) 165 (66) 0.72

Beta-blocker (n,%) 74 (65) 165 (66) 1.0

Aldosterone antagonist (n,%) 8 (7.1) 16 (6.4) 0.82
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Supplemental table 3: Continued

Any Missing (N=113) No Missings (N=250) P -value

Loop diuretic (n,%) 59 (52) 134 (54) 0.82

Thiazide (n,%) 30 (26) 58 (23) 0.51

Statin (n,%) 61 (54) 131 (52) 0.82

Platelet aggregation inhibitor (n,%) 30 (26) 51 (20) 0.22

Oral anticoagulant (n,%) 49 (43) 126 (50) 0.61

Data are presented as mean (SD), median [25th-75th percentile], or n (%), as appropriate. 
Abbreviations: HFpEF, heart failure with preserved ejection fraction; BMI, body mass index; CCB = 
calcium channel blocker; COPD, chronic obstructive pulmonary disease; BP, blood pressure; NYHA, 
New York Heart Association; BUN, Blood Urea Nitrogen; NT-proBNP, n-terminal pro-brain natriuretic 
peptide; LVEF, left ventricular ejection fraction; IVS, intraventricular septum; PW, posterior wall; 
LAVI, left atrial volume index; LVMI, left ventricular mass index; TR, tricuspid regurgitation, ACEi; 
angiotensin converting enzyme inhibitor; ARB, angiotensin receptor blocker. 

Supplemental table 4: Classification of suspected HFpEF patients according to the H2FPEF and 
the HFA-PEFF score versus the 2016 ESC HF guideline

HFpEF (ESC HF 2016)

HFA-PEFF category

H2FPEF category Low Intermediate High

Low 0 4 4

Intermediate 0 56 78

High 0 38 120

Differential classification (sum) HFA-PEFF < H2FPEF: n=38 (12%);
HFA-PEFF = H2FPEF: n=176 (59%);
HFA-PEFF > H2FPEF: n=86 (29%)

Non-HFpEF (ESC HF 2016)

HFA-PEFF category

H2FPEF category Low Intermediate High

Low 5 7 0

Intermediate 8 31 1

High 1 5 5

Differential classification (sum) HFA-PEFF < H2FPEF: n=14 (22%);
HFA-PEFF = H2FPEF: n=41 (65%);
HFA-PEFF > H2FPEF: n=8 (13%)

Green indicates more accurate classification by the HFA-PEFF score; Orange indicates more accurate 
classification by the H2FPEF score; Grey indicates similar classification by either score.
Abbreviations: HFpEF: heart failure with preserved ejection fraction
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Supplemental Table 5a. Multivariable regression model for the prediction of the H2FPEF score

Model 1 Model 2

Predictor Beta 95% CI P-value Predictor Beta 95% CI P-value

Age 0.025 0.014-0.037 <0.001 Age 0.025 0.014-0.036 <0.001

BMI 0.13 0.12-0.15 <0.001 BMI 0.14 0.12-0.15 <0.001

AF 3.02 2.83-3.21 <0.001 AF 3.07 2.89-3.26 <0.001

NYHA-class 0.29 0.14-0.45 <0.001 RV pressure 0.033 0.024-0.042 <0.001

RV pressure 0.033 0.024-0.041 <0.001 E/e’ ratio 0.064 0.043-0.086 <0.001

E/e’ ratio 0.060 0.038-0.082 <0.001 No. of antihypertensives 0.34 0.27-0.42 <0.001

No. of antihypertensives 0.32 0.25-0.40 <0.001

Model 1: included all variables that were significant univariable predictors of the total score likelihood-
categories in Table 1. Model 2: included only the variables that are components of the scores themselves, 
respectively. Model 1 & 2: Presented here are the remaining significant variables in a backward-stepwise 
fashion. Abbreviations: as in supplemental table 1 & 2.

Supplemental table 5b. Multivariable regression model for the prediction of the HFA-PEFF score

Model 2

Predictor Beta 95% CI P-value Predictor Beta 95% CI P-value

Age 0.020 0.005-0.035 0.008 NT-proBNP 0.001 0.001-0.002 0.001

Hyperlipidaemia 0.31 0.064-0.55 0.013 TR-velocity 0.57 0.27-0.87 <0.001

AF -0.43
-0.71 to

-0.16
0.002 LAVI 0.033 0.026-0.041 <0.001

NT-proBNP 0.001 0.000-0.002 0.004 E/e’ ratio 0.055 0.022-0.088 0.001

TR-velocity 0.53 0.23-0.81 <0.001 e’ lateral* -0.56 -0.10 to -0.008 0.02

LAVI 0.034 0.027-0.042 <0.001

E/e’ ratio 0.060 0.031-0.089 <0.001

* no longer significant when age and AF are forced into the model
Model 1: included all variables that were significant univariable predictors of the total score likelihood-
categories in Table 1. Model 2: included only the variables that are components of the scores themselves, 
respectively. Model 1 & 2: Presented here are the remaining significant variables in a backward-stepwise 
fashion. Abbreviations: as in supplemental table 1 & 2.
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ABSTRACT 

The diversity in clinical phenotypes and poor understanding of the underlying 
pathophysiology of heart failure with preserved ejection fraction (HFpEF) is the main 
reason why no effective treatments have been found yet. Targeted, instead of a one-size-
fits-all, treatment seems the only promising approach for treating HFpEF. To be able 
to design a targeted, phenotype-specific HFpEF treatment, the matrix relating clinical 
phenotypes and underlying pathophysiological mechanisms has to be clarified. This review 
discusses the opportunities of additional evaluation of the underlying pathophysiological 
processes, e.g. to evaluate biological phenotypes on top of clinical routine, to guide us 
towards a phenotype-specific HFpEF treatment. Moreover, a translational approach with 
matchmaking of animal models to biological HFpEF phenotypes will be a valuable step to 
test the effectiveness of novel, targeted interventions in HFpEF. 
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INTRODUCTION

Heart failure with preserved ejection fraction (HFpEF) is a complex syndrome, with high 
morbidity and mortality. In the last decade, with 1% of incidence increase per year, HFpEF 
has become a health care problem of epidemic proportion 1. Despite many efforts, so far, 
no randomized control trial has shown to improve survival. One likely explanation for 
the lack of success in HFpEF trials is the incompatibility of the classical one-size-fits-all 
trial design approach with the highly heterogeneous and comorbid HFpEF population. 
The heterogeneity of HFpEF is constantly referred to in negative terms, sometimes like a 
discouraging mantra, forgetting that this diversity may actually be key to solve the puzzle. 
Up to now there is no unanimity about which clinical phenotypes exist. Nevertheless, 
the importance of a phenotype-based classification was highlighted by several authors 
showing a divergence in prognosis and outcome 2-4. Although the recognition of clinical 
HFpEF phenotypes is important, an improved understanding of the pathophysiological 
processes involved is also required to pinpoint the heterogeneity in HFpEF phenotypes 5. 
From this, specific interventions can follow, targeting individuals based on their biological 
phenotype. 

This review addresses several important steps that are needed in order to accomplish 
successful therapeutic intervention aimed at specific underlying pathological processes, 
e.g. biological phenotypes. First, we will discuss the difficulties in identifying clinical and 
biological phenotypes. Secondly, we review how matching complex animal models with 
human biological phenotypes provides a unique opportunity to develop and test novel 
targeted treatments. Finally, we will discuss innovative trial designs that suit our pursuit 
for personalized targeted therapy.
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PRECISION THERAPY STARTS WITH PHENOTYPING

1. THE DIAGNOSTIC CHALLENGE
One of the main difficulties in clinical practice is the complexity to diagnose HFpEF. In the 
last years, serious efforts have been made to develop more concise and reliable diagnostic 
criteria for HFpEF 6, 7. The different guidelines and diagnostic algorithms agree that HF signs 
and/or symptoms are mandatory but not sufficient; increased natriuretic peptide levels 
and structural and functional cardiac abnormalities are also required 6, 8. Nevertheless, 
there is a lack of agreement about which cut-off values should be used for these parameters. 
Hemodynamic abnormalities, characterized by increased left sided filling pressures, play 
an important role in HFpEF. Cardiac structural and functional alterations are surrogate 
markers, widely used to non-invasively estimate left sided filling pressures. However, these 
estimates lack sensitivity 9. To complicate matters even further, in some patients these key 
features of HFpEF are not evident at rest and are only observed during exercise. Therefore, 
structural incorporation of an exercise evaluation should be considered for the diagnosis 
of HFpEF, in particularly when the clinical diagnosis remains unclear 10, 11. Addition of 
exercise echocardiograph, i.e. exercise E/e’, improves sensitivity, but the most accurate 
basis to diagnose HFpEF will likely be provided by the invasive assessment of hemodynamic 
responses to exercise 10, 12. Once this diagnosis has been secured, further cracking of the 
HFpEF code will be needed for effective treatment. Thereto, a better understanding of the 
underlying pathophysiology by means of translational research, and improved diagnostic 
tools like novel imaging techniques and biomarker panels, are key. 

2. IDENTIFYING CLINICAL PHENOTYPES
HFpEF is related to several comorbid conditions, and has a broad spectrum of clinical 
phenotypes. The systematic assessment of co-morbid conditions and clinical features, has 
demonstrated to be effective to determine prognosis and outcome of these patients 3. In 
current literature a wide variety of clinical phenotypes has been proposed by reviewing 
the most common co-morbid conditions. Samson et al argue that the presence of aging, 
obesity, pulmonary hypertension (PH) or coronary artery disease (CAD) define four specific 
phenotypes, with hypertension underpinning all of them 4. Moreover, a review by Paulus and 
colleagues proposed a phenotyping matrix distinguishing HFpEF patients with a general 
lung congestion/metabolic risk phenotype, also called the “garden variety”, and several 
more specific phenotypes, characterized by atrial fibrillation, arterial hypertension, renal 
insufficiency, chronotropic incompetence, coronary artery disease, COPD, skeletal weakness 
or pulmonary hypertension 2. Evidence supporting the existence of such phenogroups is 
scarce. Only one study based their HFpEF phenogroups on clustering of different clinical 
features, by which 397 HFpEF patients were classified in three categories with a matching 
differential prognosis. Here, younger patients with mild diastolic dysfunction had the 
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best prognosis and outcome, followed by patients with a metabolic phenotype (obesity, 
diabetes and obstructive sleep apnoea). The worst outcome was seen in elderly patients 
with significant chronic kidney disease, electrophysiological and structural myocardial 
remodelling, pulmonary hypertension, and RV dysfunction 3. Additionally, Obokata et al 
identified a distinct obese phenotype; with greater volume overload and more biventricular 
remodelling compared to non-obese HFpEF patients 13. In obese HFpEF patients other factors 
contributed to high left filling pressures, suggesting that pathophysiologic mechanisms 
differ in obese compared to non-obese patients. While these studies have in common that 
subgroups of HFpEF patients may exist, there is no consensus on what these should be.

All in all, there is still a long way to go in order to elucidate which phenotypes are 
clinically relevant. We propose additional evaluation of the underlying pathophysiological 
processes to evaluate biological phenotypes to guide us towards a phenotype-specific 
HFpEF treatment. 

3. BIOLOGICAL PHENOTYPES, THE ORIGIN OF THE DISEASE. 
When we refer to biological phenotypes we refer to the pathophysiological processes 
responsible for the structural and functional cardiovascular alterations seen in HFpEF. In 
the next paragraphs we will discuss the principle pathogenic mechanisms that are believed 
to be involved in the development of HFpEF. We will focus on inflammation, endothelial 
dysfunction, and impaired muscle relaxation due to changes outside (fibrosis) and within 
the cardiomyocyte (increased passive stiffness, impaired electrical-mechanical coupling, 
derangements in calcium handling, energy imbalance) 14.

3.1. Inflammation as a therapeutic target for HFpEF
Systemic low-grade inflammation, produced by the direct influence of diverse comorbid 
conditions, has been proposed to be the driving force in HFpEF development, and is thought 
to induce endothelial dysfunction and microvascular disease (MVD) 14, 15. Circulating 
levels of inflammatory markers are increased in patients with diastolic dysfunction and 
HFpEF 16-19. Besides systemic inflammation, also myocardial inflammation is present, 
shown by studies on human myocardial tissue with high numbers of CD3, CD11 and CD-
45 positive leucocytes 20. Franssen et al. confirmed these findings and showed hallmarks of 
inflammation, upregulation of adhesion molecules (E-selectin and intercellular adhesion 
molecule–1), increased inflammatory cell recruitment and activation, and increased 
oxidative stress in myocardial biopsies from HFpEF patients 21. Since inflammation seems 
to be the initiator of a downward cycle of pathophysiological events culminating in HFpEF, 
it is a logical target for intervention. Still, we are only just starting to understand the 
functions of immune cells in the heart, and further translational studies are of pivotal 
importance to identify which immune and inflammatory processes in the heart are 
detrimental, and which processes should remain untouched 22-24. 
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Currently, there are several promising interventions to target inflammation that show 
potential for HFpEF patients, but none of them made their way into clinical routine yet. 
Firstly, interleukin-1 (IL-1) blockade was shown to improve diastolic function in animal 
models 25. In rheumatoid arthritis patients, anakinra, an IL-1 blocker displayed similar 
findings, improving diastolic function 26. Moreover, in the D-HART study, a pilot study, which 
included only HFpEF patients with high inflammation parameters (defined as plasma high-
sensitivity C reactive protein (CRP) levels >2 mg/l), showed a significantly reduced systemic 
inflammation and improved exercise capacity after 14 days of treatment with anakinra 27. 
Interestingly, reduction of CRP was correlated to improvement in exercise capacity. However, 
D-HART2, a phase 2 study failed to show an increase in peak VO or reduction in CRP after 
24 weeks of treatment (NCT02173548) 28. Nevertheless, CRP level reduction by itself could 
be beneficial, as recently demonstrated in the CANTOS trial, where patients with a history 
of myocardial infarction were treated with canakinumab, another IL-1 blocker 29. In this 
subanalysis only patients who achieved a hsCRP (high sensitivity CRP) reduction with levels 
below 2 mg/L after 3 months of treatment had a mortality rate reduction of 31%. These results 
link anti-inflammatory therapy with improvement of outcome, but only if inflammation was 
measurably diminished, which could be beneficial for (a subset) of HFpEF as well. 

In addition to cholesterol lowering effects, statins have demonstrated anti-
inflammatory effects. Several trials have shown the beneficial effects of statins by reducing 
inflammation, which was associated with reduction in cardiovascular events, independent 
of its lipid-lowering effect. 30-32. Furthermore, statins inhibit LV remodelling and improve 
diastolic function by increasing coronary perfusion restoring endothelial function 
33, 34. Since diastolic dysfunction, hypertrophy, endothelial dysfunction and fibrosis 
are hypothesized to be involved in the aetiology of HFpEF, statins could be beneficial. 
Moreover, less hypertrophy, decreased resting tension and increased PKG activity were 
observed in myocardial biopsies of HFpEF patients treated with statins 15. A meta-analysis 
of 11 studies, including almost 18.000 HFpEF patients, compared statin users compared 
to non-statin users and showed that statin use was associated with a 40% lower risk of 
mortality compared to non-statin users 35. All in all, prospective randomized controlled 
trials to evaluate the effect of statins, are warranted.

Inhibition of inflammation in heart failure patients has been tried before, with limited 
success and even, in some patients, detrimental effects 36. Evaluated candidate treatments come 
from the repurposing of drugs used in inflammatory disease like rheumatoid arthritis. For the 
heart, it seems important to find a balanced inhibitor, that does not totally block inflammatory 
responses but rather dampens them 22. Anakinra may be such an intervention. Other available 
ways to tackle inflammation are limited. One option could be phosphodiesterase enzyme (PDE) 
inhibitors, for which preclinical studies have shown attenuated systemic inflammation in 
animal models of inflammatory and neurological disorders, including Alzheimer’s disease, 
Parkinson’s disease, multiple sclerosis, and many others 37. Particularly PDE4 and -7A isoform 
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inhibitors are known for their potent anti-inflammatory effects 38, 39. PDE4 inhibitors are 
currently tested in humans with psoriasis and psoriatic arthritis in Phase II (NCT02576678) and 
Phase III (NCT01212770) trials. However, the effect of PDE4 and 7A inhibition in HF is unknown. 
Furthermore, an important role of PDE4 in calcium management and in cardiomyocyte 
excitation-contraction coupling has been demonstrated in mice, therefore inhibiting PDE4 
could possibly provoke arrhythmogenic effects 40. 

In conclusion, repurposing of anakinra to treat HFpEF seems a promising strategy 
to dampen systemic inflammation and improve cardiac outcome in the subset of 
HFpEF patients that would benefit most, namely those with high CRP levels. Further 
understanding of the functions of cardiac immune cells and the contribution of local 
inflammation to HFpEF will be essential to develop new therapeutic strategies for cardiac 
inflammation inhibition. 

3.2. Endothelial dysfunction as a therapeutic target for HFpEF
One of the prevailing hypotheses states that inflammation impairs signalling of endothelial 
nitric oxide (NO) to guanylate cyclase, cyclic guanosine monophosphate (cGMP) and 
protein kinase G (PKG), causing endothelial dysfunction 21. Borlaug et al demonstrated that 
endothelial dysfunction was more prevalent in HFpEF patients compared to hypertensive 
and healthy age-matched controls 41. 

When addressing therapeutic options, type 5 phosphodiesterase enzyme (PDE5) 
inhibitors could play an important role. PDE5 inhibition increases cellular cGMP levels, 
thereby promoting NO-dependent vasodilation amongst others 42. Moreover, PDE5 
inhibitors attenuate myocardial fibrosis by inhibiting transforming growth factor beta 
1 (TGF-β1) which stimulates cardiac fibroblast proliferation 43. In animal models, PDE5 
inhibitors like sildenafil have been effective in reducing LV remodelling, hypertrophy and 
fibrosis 44, 45. However, in human studies the use of PDE5 inhibitor showed disappointing 
results. Although a single centre trial showed improvements in haemodynamics after 12 
weeks of sildenafil treatment, larger RCTs, such as the RELAX trial, failed to observe clinical 
benefit of PDE5 inhibition in HFpEF 46, 47. Potential reasons for these disappointing results 
could be the inability of sildenafil to enhance cGMP levels sufficiently. However, maybe the 
NO-cGMP pathway is not a central mechanism of HFpEF, and therefore increasing cGMP 
levels in the cardiomyocyte is not sufficient to improve cardiac function 

Administration of soluble guanylate cyclase (SGc) activators, which was shown to 
improve quality of life and exercise capacity in arterial pulmonary hypertension (PAH) 
patients 48, also looks promising for HFpEF patients to provide a downstream correction of 
the low myocardial cGMP levels. Although the SOCRATES-PRESERVED, a phase-2b study 
with vericiguat, did not show changes in NT-proBNP and LA volume after 12 weeks of 
treatment, encouraging results on quality of life scores warrant further studies, with longer 
follow up and harder endpoints 49. 
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Preliminary data suggest a possible role for glucose co-transporter 2 (SGLT2) inhibitors, 
a diabetic medication, in cardiovascular disease 50. These drugs were tested in type 2 DM 
patients and surprisingly showed a marked reduction in cardiovascular mortality 51-53. 
However, which underlying pathophysiological mechanism is responsible of these positive 
effects remains unclear. The direct impact of SGLT2 inhibitors on the cardio vasculature 
remains controversial since only the SGLT1 isoform, and not SGLT2, is expressed in the 
myocardium. It was suggested that cardiovascular risk reduction was obtained due to 
systemic improvements, such as lower glycaemic index, body weight, increased diuresis 
and blood pressure control, as reviewed by Kaplan et al. 54. These favourable effects on 
DM, hypertension and obesity, could indirectly benefit HFpEF patients. In addition, 
SGLT2 inhibitors could affect the vasculature directly: in Zucker diabetic fatty (ZDF) rats, 
SGLT2 inhibitor treatment prevented oxidative stress and inflammation and improved 
endothelial function 55. However, in a small human study 6-weeks of SGLT2 inhibitor 
treatment did not result in improvement of macrovascular of microvascular function 56. 
Further exploration of the direct and indirect effects of SLGT2 inhibitors in diabetics and 
non-diabetics is therefore warranted and trials in HFpEF with and without DM are ongoing 
(NCT03057951; NCT 03030235). 

3.3. Fibrosis as a therapeutic target for HFpEF
Extracellular matrix (ECM) deposition in the intercellular space between cardiomyocytes 
forms the cement that holds the heart together, but when excessively present reduces 
tissue compliance and consequently diastolic ventricular filling. Extracellular elastin, 
collagen deposition and subsequent chemical alterations (e.g. collagen cross-linking) 
produce myocardial interstitial and perivascular fibrosis 57. Human myocardial biopsy 
samples from HFpEF patients showed myocardial fibrosis with an increased collagen 
volume fraction as compared to healthy controls 20, 58. This was confirmed in patients with 
an ante-mortem diagnosis of HFpEF expressing more myocardial fibrosis on autopsies 
compared to age-matched controls 59. However, not the quantity of collagen seems to 
have functional implications, but more the amount of the stiffer collagen type I over the 
more compliant collagen type III 20. Whether HFpEF hearts also have more collagen type 
I remains unclear. 

Preclinical research has already shown that the renin angiotensin aldosterone system 
(RAAS) is related to myocardial ECM remodelling and fibrosis 60, 61. However, the randomized 
trials performed using RAAS inhibitors in humans, in contrast to the results obtained in 
HFrEF patients, have shown only disappointing results in HFpEF 62-64. Recently, Zhi et al 
have used mice on a hyperhomocysteinemia-inducing diet to induce myocardial fibrosis 
in the absence of pressure overload, to demonstrate that the renin inhibitor, aliskiren, 
effectively reduces myocardial fibrosis 65. Perhaps this opens the door to new clinical trials 
evaluating aliskiren in HFpEF patients with a fibrotic phenotype. 
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Another drug assigned with anti-fibrotic properties is the mineralocorticoid receptor 
antagonist (MRA). The role of the mineralocorticoid receptor has been extensively studied 
in animal models 66 that show that activation of the mineralocorticoid receptor promotes 
inflammation and fibrosis of the myocardium, with negative effects on cardiac structure and 
function. Moreover, inhibition prevents these effects. In HFrEF patients, MRA treatment 
reduces hospitalization and mortality rates 67. However, the results in HFpEF patients were 
not that straightforward. MRA therapy was associated with improvement of diastolic 
function and reduction of fibrosis not only in HFpEF patients, but also in patients with 
asymptomatic diastolic dysfunction 68. However, the TOPCAT study, a large randomized 
control trial, was negative for its primary composite endpoint, but did show a decrease in 
heart failure hospitalizations 69. In this study, there were regional differences between the 
Americas and Russia/Georgia, questioning the validity of conclusions based on outcomes in 
the combined populations and open for debate is whether the correct patients were enrolled 
or even received the drug in the latter region 70. Indeed, in the Americas, spironolactone was 
evidently superior compared to placebo. Therefore, we believe that the use of MRA is still 
advocated, especially in appropriately selected HFpEF patients. Currently, the ongoing phase 
4 SPIRRIT-HFpEF multicentre RCT (NCT02901184), will test the effect of spironolactone 
on mortality and HF hospitalization in the HFpEF population with emphasis on patient 
characteristics and selection. In this trial regional enrolment caps are introduced, with the 
aim of avoiding the extreme geographical patient heterogeneity. 

3.4. Cardiomyocyte stiffness as a therapeutic target for HFpEF
Besides fibrosis, reduced ventricular compliance in HFpEF has also been attributed 
to an increased myocardial passive stiffness and resting tension of cardiomyocytes. 
The giant sarcomeric protein titin is considered to be primarily responsible for the 
changes in cardiomyocyte stiffness 71, 72. The titin protein is encoded by a single gene and 
alternative splicing gives rise to two isoforms in the adult heart, the stiffer N2B and more 
compliant N2BA isoform. Titin stiffness is regulated by isoform switching and through 
phosphorylation. Using a mouse model of diastolic dysfunction, it was recently shown 
that by knocking out RNA Binding Motif-20 (RBM-20), alternative splicing of titin was 
reduced resulting in a higher N2BA/N2B ratio, a reduction in myocardial passive stiffness 
and consequently improved myocardial function and compliance 73.

Accumulating evidence indicates that titin stiffness is primarily regulated by changes 
in its phosphorylation state 74-77. In particular, hypophosphorylation of PKG-dependent 
sites in titin seems to be responsible for the increase myocardial passive stiffness observed 
in HFpEF patients and in rodent models of HFpEF, such as the obese ZSF1 rat 78. Studies 
with cardiomyocytes isolated from obese ZSF1 rats and HFpEF patients demonstrated that 
the administration of protein kinase A (PKA) or PKG reversed titin hypophosphorylation 
and reduced myocyte passive resting tension 58, 77, 78.
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Reversion of titin related myocardial stiffness has also been object of interest in 
different clinical trials, but so far strategies targeting titin hypophosphorylation in HFpEF 
patients have failed. By increasing cGMP and PKG activity Sildenafil, PDE-5 inhibitors or 
nitrates, were supposed to show beneficial effects by reverting titin related myocardial 
alterations, but unfortunately this was not the case 46, 79. 

3.5. Calcium handling as a therapeutic target for HFpEF 
Next to changes in passive stiffness, derangements in active relaxation will also contribute 
to diastolic dysfunction. In mouse models of HFpEF, cardiac levels of the sarcoplasmic 
reticulum Ca2+ ATPase and the phosphorylation of phospholamban were reduced 80. In 
patients with hypertension and aortic stenosis, a heart rate dependent impairment in 
relaxation was observed, which was attributed to a reduction in sarcolemmal Ca2+ removal 
81. In a subsequent study with hypertensive HFpEF patients, the same researchers showed 
that impaired relaxation was associated with increased resting Ca2+ levels, especially at 
higher heart rates 82. However, the mechanism underlying the changes in Ca2+ handling 
remained elusive, as expression levels of proteins involved were not changed and evidence 
for involvement of the Na+/Ca2+ exchanger (NCX) was not found 82. This seems to contrast 
with a preclinical study using the Dahl salt-sensitive rat model of HFpEF, in which blockade 
of the NCX entry mode proved to be beneficial 83. 

3.6. Energy metabolism as a therapeutic target for HFpEF
Cardiac relaxation is an active process that requires chemical energy in the form of ATP, 
to be completed. In HFpEF, microvascular dysfunction and ECM expansion may hinder 
oxygen supply and diffusion 84, resulting in reduced myocardial energy production and, 
consequently, diastolic dysfunction and diminished exercise capacity. Previously, we 
showed that pro-inflammatory signalling as such also impairs cardiac mitochondrial energy 
metabolism 85, 86. Recent preclinical studies point out that Ca2+ is an import determinant of 
mitochondrial function 87, thereby providing a link between alterations in Ca2+ fluxes, as 
observed in HFpEF, with altered mitochondrial function. Cardiomyocyte dysfunction and 
energy imbalance have been demonstrated in animal models and humans with HFpEF 15, 

88. Using cardiac spectroscopy, a reduced PCr/ATP ratio has been demonstrated in HFpEF 
patients during exercise 89. 

Several pharmacological approaches aimed at the modulation of cardiac energy 
metabolism in order to alleviate myocardial dysfunction are being pursued. Approaches 
that are being pursued clinically (NCT03133793) are the administration to HFpEF patients 
of D-ribose, a precursor of ATP synthesis, and ubiquinol (Coenzyme Q10), a critical 
component of the mitochondrial respiratory chain 90. Another approach is the use of 
inhibitors of fatty acid oxidation, like trimetazidine 91-93. Trimetazidine inhibits fatty acid 
oxidation at the level of long-chain 3-ketoacyl CoA thiolase. The rationale behind this 
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intervention is to shift cardiac metabolism more towards the oxidation of glucose, which is 
more energy efficient (less oxygen needed to produce chemical energy, reflected by a higher 
ATP/O ratio). In a small placebo controlled trial, trimetazidine was found to increase the 
PCr/ATP ratio and to improve LV function in HFpEF patients 94. It should be noted that the 
outcome of such metabolic interventions may depend on the clinical HFpEF phenotype. 
In the presence of insulin resistance and diabetes, the ability of the cardiac muscle to 
use glucose is limited and the heart predominantly relies on the use of fatty acids. It is 
conceivable that inhibiting fatty acid oxidation under these conditions may actually have 
adverse effects. 

Taken together, comorbidities like hypertension, diabetes and obesity differentially 
affect cardiac metabolism, and novel matchmaking trials could be designed taking into 
account the specific cardiac metabolic needs – and therapeutic windows – in specific 
HFpEF phenogroups. For example, metabolomics and more specific measures such as 
the cardiac PCr/ATP ratio could be used to link animal models mimicking the metabolic 
syndrome (e.g. ZSF1 rats) to HFpEF patients. The potential beneficial effects of metabolism-
modifying drugs – still to be identified – in such animal models could be translated to 
patients with a comparable phenotype. 

4. NOVEL STRATEGIES FOR TARGETED THERAPY: A MATCHMAKING PROCESS 
Translational research is essential in the long and arduous path for a better understanding 
of the development of HFpEF and search for an effective treatment. The development of 
complex animal models, with the potential to be matched to specific HFpEF phenotypes, is 
necessary to design targeted therapy and to successfully translate effective animal model-
based interventions into humans 95. Table 1 provides an overview of currently available 
animal models of HFpEF. Of note, the closest that most of these models get to clinical 
HFpEF is diastolic dysfunction in the presence of one or multiple co-morbidities. 

4.1. Metabolic syndrome
Most rat and mouse models of diastolic dysfunction show cardiac manifestations of the 
pathophysiological processes underlying HFpEF. In line with the overrepresentation of 
patients with the metabolic syndrome in HFpEF cohorts, many of the current animal 
models of HFpEF are based on the induction of metabolic phenotypes including obesity, 
insulin resistance or diabetes, whether or not in combination with pressure overload 
(Table 1). These models all present with diastolic dysfunction, and most of them also 
show cardiac endothelial dysfunction, cardiac inflammation by immune cell infiltration, 
fibrosis and cardiomyocyte stiffness (Table 1), and therefore support the HFpEF hypothesis 
in which these 4 pathophysiological processes form the stepping stone towards heart 
failure. One of the most complete HFpEF models in that regard, matchmaking the human 
“garden variety” phenotype of HFpEF, is the obese ZSF1 rat model, that recapitulates all 
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pathophysiological hallmarks of human HFpEF and additionally develops clinical features 
involving renal insufficiency and overt heart failure with pulmonary congestion, dying 
preliminarily of kidney failure. In addition, our recently developed mouse model, that 
combines HFD and Angiotensin II infusion, largely recapitulates the pathophysiological 
events leading to diastolic dysfunction and HFpEF, including inflammation, but also 
fibrosis and hypertrophy (unpublished data). 

We should realize that the end-stage of clinical HFpEF, with all its signs and symptoms, will 
not always be reached in the available animal models, which is inherent to the physiology 
of the murine cardiac and circulatory system. Still, the possibility in murine models 
to specifically target candidate genes implicated in the pathophysiological processes 
underlying HFpEF, by genetical or molecular manipulation, offers a powerful tool to 
unravel the molecular pathogenesis of HFpEF.

Moreover, these models will enable a better understanding of the way and extent to which 
pathophysiological pathways, alone or in combination, lead to cardiomyocyte stiffness, 
fibrosis, diastolic dysfunction and HFpEF. Additionally, such models will be highly suitable 
for the assessment of novel therapeutic interventions. 

Still, the list of models is incomplete and mainly representative of the subgroup of 
HFpEF patients with hypertension, obesity and diabetes. For instance, the factor ‘aging’, 
which in humans goes hand in hand with presence of the metabolic syndrome and HFpEF, 
is mostly not included, in metabolic models of HFpEF, but this would be interesting. 
Several studies have found indications for cardiac (diastolic) dysfunction in physiologically 
aged mice 96-98. In addition, the spontaneous senescence prone mouse (SAMP) strains 
show interesting features of diastolic dysfunction associated with cardiac hypertrophy 
and fibrosis 99. However, such models hardly represent the aged, HFpEF-prone human 
population, with its high prevalence of comorbidities. 

Whether or not inflammation and endothelial dysfunction, which in the HFpEF 
paradigm would precede hypertrophy and fibrosis, are implicated in this phenotype is 
currently unknown. Exposure of these mice to a metabolic syndrome environment, e.g. 
by exposing them to low dose Angiotensin II in combination with HFD, could render this 
a promising HFpEF model. 
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Figure 1. Matchmaking animal models with human phenotypes

Clinical phenotyping of HFpEF includes assessment of co-morbidities and structural and functional 
abnormalities. Additional evaluation of underlying pathophysiological processes, e.g. evaluate 
biological phenotypes, can guide us towards targeted treatments based on their biological phenotype. 
A translational approach with matchmaking of animal models to biological HFpEF phenotypes will be 
a valuable step to test the effectiveness of novel, targeted interventions in HFpEF. Chronic Obstructive 
Pulmonary Disease (COPD), Left atrium enlargement (LAE), left ventricle hypertrophy (LVH). 
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Table 1: Murine models suitable for the examination of pathophysiological processes underlying 
HFpEF

Model Pathophysiological process (pre-) 
DM

Obe-
sity

HT AF RI DD Concen-
tric LVH

LAE Pulmo-
nary 

oedema **

Matchmaking 
with human 

HFpEF

Ref.

Inflam-
mation

Endothelial 
dysfunction

Fibrosis Cardiom-
yocyte 

remodelling*

Combined pressure overload and metabolic models

Obese ZSF1 rat yes yes yes 
(mild)

yes yes yes yes no yes yes yes no yes Metabolic 
syndrome

(9)

db/db +AngII mouse no n/a yes yes yes yes yes no no yes yes no yes Metabolic 
syndrome

(27)

HFD +AngII mouse yes n/a yes yes yes yes yes no no yes yes yes yes Metabolic 
syndrome

Rech et al. 
unpublished

Female Dahl/SS/Obese 
rats

yes n/a yes yes yes yes no no no yes yes no no Metabolic 
syndrome

(19)

Metabolic models

HFD mouse/rat no yes no no yes yes no no no yes no no no Obesity and 
diabetes

(28)

db/db mouse n/a yes (males) yes yes yes yes no no no yes no no no Obesity and 
diabetes

(1)

ob/ob mouse yes yes yes no yes yes no no no yes no no no Obesity and 
diabetes

(14)

ZDF rat yes yes yes no yes yes no no no yes no no no Obesity and 
diabetes

(24)

Streptozotocin mouse/
rat

n/a yes yes yes yes no no no no yes no no no Diabetes (type 1) (29)

Pressure overload models

AngII mouse yes yes yes yes no no yes no no yes yes yes yes Hypertension (3, 4, 20, 23, 30)

TAC mouse/rat yes yes yes yes no no no no no yes yes yes yes Aortic valve 
stenosis

(5, 32)

Aldosterone mouse/rat yes yes yes n/a no no yes no no yes yes no no Hypertension (16)

SHR rat yes yes yes yes no no yes no no yes yes yes yes Hypertension (12)

Dahl SS rat yes yes yes yes no no yes no no yes yes yes yes Hypertension (6)

DOCA salt rat yes yes yes yes no no yes no no yes yes yes yes Hypertension (2, 11)

TAC + DOCA mouse yes n/a yes yes no no no no no no yes no no (17, 18)
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Table 1: Murine models suitable for the examination of pathophysiological processes underlying 
HFpEF

Model Pathophysiological process (pre-) 
DM

Obe-
sity

HT AF RI DD Concen-
tric LVH

LAE Pulmo-
nary 

oedema **

Matchmaking 
with human 

HFpEF

Ref.

Inflam-
mation

Endothelial 
dysfunction

Fibrosis Cardiom-
yocyte 

remodelling*

Combined pressure overload and metabolic models

Obese ZSF1 rat yes yes yes 
(mild)

yes yes yes yes no yes yes yes no yes Metabolic 
syndrome

(9)

db/db +AngII mouse no n/a yes yes yes yes yes no no yes yes no yes Metabolic 
syndrome

(27)

HFD +AngII mouse yes n/a yes yes yes yes yes no no yes yes yes yes Metabolic 
syndrome

Rech et al. 
unpublished

Female Dahl/SS/Obese 
rats

yes n/a yes yes yes yes no no no yes yes no no Metabolic 
syndrome

(19)

Metabolic models

HFD mouse/rat no yes no no yes yes no no no yes no no no Obesity and 
diabetes

(28)

db/db mouse n/a yes (males) yes yes yes yes no no no yes no no no Obesity and 
diabetes

(1)

ob/ob mouse yes yes yes no yes yes no no no yes no no no Obesity and 
diabetes

(14)

ZDF rat yes yes yes no yes yes no no no yes no no no Obesity and 
diabetes

(24)

Streptozotocin mouse/
rat

n/a yes yes yes yes no no no no yes no no no Diabetes (type 1) (29)

Pressure overload models

AngII mouse yes yes yes yes no no yes no no yes yes yes yes Hypertension (3, 4, 20, 23, 30)

TAC mouse/rat yes yes yes yes no no no no no yes yes yes yes Aortic valve 
stenosis

(5, 32)

Aldosterone mouse/rat yes yes yes n/a no no yes no no yes yes no no Hypertension (16)

SHR rat yes yes yes yes no no yes no no yes yes yes yes Hypertension (12)

Dahl SS rat yes yes yes yes no no yes no no yes yes yes yes Hypertension (6)

DOCA salt rat yes yes yes yes no no yes no no yes yes yes yes Hypertension (2, 11)

TAC + DOCA mouse yes n/a yes yes no no no no no no yes no no (17, 18)
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Table 1: Continued

Model Pathophysiological process (pre-) 
DM

Obe-
sity

HT AF RI DD Concen-
tric LVH

LAE Pulmo-
nary 

oedema **

Matchmaking 
with human 

HFpEF

Ref.

Inflam-
mation

Endothelial 
dysfunction

Fibrosis Cardiom-
yocyte 

remodelling*

Models of additional phenotypes

Cigarette smoke 
exposure mouse

yes yes yes yes no no yes no no no yes no no COPD (25, 31)

Subtotal nephrectomy 
in rat

yes n/a yes yes no no yes no yes yes yes no no Renal insufficiency (15, 22)

Monocrotaline rat yes yes yes/no yes no no yes no no yes no n/a yes PAH (7, 10, 13) 

SUHx rat no yes yes yes no no yes no no yes no n/a n/a PAH (8, 21, 26)

*cardiomyocyte hypertrophy/metabolic remodelling/passive stiffness by titin involvement and/or 
derangements in active relaxation; **increased lung weight and/or pulmonary congestion 
Abbreviations: DM: diabetes mellitus, HT: hypertension, AF: atrial fibrillation, RI: renal insufficiency, 
DD: diastolic dysfunction, LVH: left ventricular hypertrophy, LAE: left atrium enlargement. ZSF1: 
Zucker spontaneous fatty, HFpEF: heart failure with preserved ejection fraction, AngII: angiotensin 
II, SS: salt sensitive, HF: high fat diet, ZDF: Zucker diabetic fatty, TAC: transverse aortic constriction, 
SHR: spontaneously hypertensive rat, DOCA: deoxycorticosterone acetate, COPD: chronic obstructive 
pulmonary disease, 

SUHx: Sugen combined VEGF receptor 1 (Flt) and 2 (KDR) blocker, SU5416, combined with chronic hypoxia, 
PAH: pulmonary arterial hypertension Still, the pathophysiological processes that accompany clinical 
HFpEF and its comorbidities, are recapitulated in these animal models, rendering them suitable for proof-
of-concept studies that aim to tackle these processes in order to reverse cardiac (diastolic) dysfunction. In 
the upcoming paragraphs, we will describe the most common clinical phenotypes (metabolic syndrome, 
atrial fibrillation, COPD, renal insufficiency and pulmonary hypertension) and their link to individual 
biological processes. We will end with a discussion on the extent to which an experimental model should 
recapitulate clinical phenotypes, and how to deal with the complexity of such models.

4.2. Atrial Fibrillation
A large proportion of the HFpEF patient population has AF, often coinciding with 
hypertension, diabetes and obesity 2. Interestingly, HFpEF and AF seem to share both 
comorbidities and underlying pathophysiological features, including inflammation, 
endothelial dysfunction, capillary rarefaction and fibrosis 100. Unfortunately, the majority 
of murine AF models is genetic and not the result of exposure to a comorbidity 101, making 
it difficult to study the cause-effect relationship between comorbidities, pathophysiology 
and outcome in these inherently pathway-focused models. Although transverse aortic 
constriction (TAC) induces atrial remodelling, this apparently is not sufficient to increase 
AF susceptibility 102. High fat diet (HFD) feeding, on the other hand, enhanced vulnerability 
to AF in mice 103. In this model, systemic administration of anti-inflammatory cytokine IL-
10 attenuated HFD-induced atrial remodelling and AF. These data point out that screening 
for AF in our ‘regular’ murine models of HFpEF, and its potential reversibility by genetic 
or molecular interventions, is advisable. Whether or not, and how, we need to (further) 
enhance AF inducibility in the more complex models of HFpEF involving metabolic 
syndrome comorbidities, can be debated.
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Table 1: Continued

Model Pathophysiological process (pre-) 
DM

Obe-
sity

HT AF RI DD Concen-
tric LVH

LAE Pulmo-
nary 

oedema **

Matchmaking 
with human 

HFpEF

Ref.

Inflam-
mation

Endothelial 
dysfunction

Fibrosis Cardiom-
yocyte 

remodelling*

Models of additional phenotypes

Cigarette smoke 
exposure mouse

yes yes yes yes no no yes no no no yes no no COPD (25, 31)

Subtotal nephrectomy 
in rat

yes n/a yes yes no no yes no yes yes yes no no Renal insufficiency (15, 22)

Monocrotaline rat yes yes yes/no yes no no yes no no yes no n/a yes PAH (7, 10, 13) 

SUHx rat no yes yes yes no no yes no no yes no n/a n/a PAH (8, 21, 26)

*cardiomyocyte hypertrophy/metabolic remodelling/passive stiffness by titin involvement and/or 
derangements in active relaxation; **increased lung weight and/or pulmonary congestion 
Abbreviations: DM: diabetes mellitus, HT: hypertension, AF: atrial fibrillation, RI: renal insufficiency, 
DD: diastolic dysfunction, LVH: left ventricular hypertrophy, LAE: left atrium enlargement. ZSF1: 
Zucker spontaneous fatty, HFpEF: heart failure with preserved ejection fraction, AngII: angiotensin 
II, SS: salt sensitive, HF: high fat diet, ZDF: Zucker diabetic fatty, TAC: transverse aortic constriction, 
SHR: spontaneously hypertensive rat, DOCA: deoxycorticosterone acetate, COPD: chronic obstructive 
pulmonary disease, 

SUHx: Sugen combined VEGF receptor 1 (Flt) and 2 (KDR) blocker, SU5416, combined with chronic hypoxia, 
PAH: pulmonary arterial hypertension Still, the pathophysiological processes that accompany clinical 
HFpEF and its comorbidities, are recapitulated in these animal models, rendering them suitable for proof-
of-concept studies that aim to tackle these processes in order to reverse cardiac (diastolic) dysfunction. In 
the upcoming paragraphs, we will describe the most common clinical phenotypes (metabolic syndrome, 
atrial fibrillation, COPD, renal insufficiency and pulmonary hypertension) and their link to individual 
biological processes. We will end with a discussion on the extent to which an experimental model should 
recapitulate clinical phenotypes, and how to deal with the complexity of such models.

4.2. Atrial Fibrillation
A large proportion of the HFpEF patient population has AF, often coinciding with 
hypertension, diabetes and obesity 2. Interestingly, HFpEF and AF seem to share both 
comorbidities and underlying pathophysiological features, including inflammation, 
endothelial dysfunction, capillary rarefaction and fibrosis 100. Unfortunately, the majority 
of murine AF models is genetic and not the result of exposure to a comorbidity 101, making 
it difficult to study the cause-effect relationship between comorbidities, pathophysiology 
and outcome in these inherently pathway-focused models. Although transverse aortic 
constriction (TAC) induces atrial remodelling, this apparently is not sufficient to increase 
AF susceptibility 102. High fat diet (HFD) feeding, on the other hand, enhanced vulnerability 
to AF in mice 103. In this model, systemic administration of anti-inflammatory cytokine IL-
10 attenuated HFD-induced atrial remodelling and AF. These data point out that screening 
for AF in our ‘regular’ murine models of HFpEF, and its potential reversibility by genetic 
or molecular interventions, is advisable. Whether or not, and how, we need to (further) 
enhance AF inducibility in the more complex models of HFpEF involving metabolic 
syndrome comorbidities, can be debated.

4.3. COPD
A specific HFpEF patient subgroup is formed by patients with COPD, often coinciding 
with hypertension. Interestingly, cardiac dysfunction is regarded by the pulmonologist 
as one of the comorbidities of COPD, rather than the other way around as the cardiologist 
would see it, showing the difference in perspective between these involved disciplines. 
Reflective of this difference in perspective is the limited interest in cardiac consequences 
of COPD in animal models. Elastase treatment and cigarette smoke exposure are being used 
to induce lung emphysema and COPD, but the number of studies addressing the cardiac 
effects of these interventions is very limited. In a mouse model of chronic cigarette smoke 
exposure, hypertension, endothelial dysfunction, cardiac hypertrophy and an impaired 
left ventricular pressure-volume relationship were observed 104. Inflammation is a primary 
cause of end organ damage upon COPD, and a primary target in intervention studies 105. 
It will be interesting to examine whether therapeutic inhibition of inflammation upon 
establishment of cardiac dysfunction in the rather straightforward COPD animal models 
would reverse not only lung but also cardiac issues. 
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4.4. Renal insufficiency
Chronic kidney disease (CKD) is highly prevalent among patients with HFpEF 106. In rat 
models this condition is often mimicked by subtotal nephrectomy. In a recent study it was 
shown that nephrectomy in rats resulted in hypertension, cardiac hypertrophy and fibrosis 
in combination with diastolic dysfunction and preserved EF 107. Diastolic dysfunction was 
attributed to impaired relaxation due to a slowing down of the Ca2+ re-uptake. Interestingly, 
an inhibitor of the Na+/Ca2+ exchanger was found to reduce diastolic dysfunction in this 
setting. Whether or not CKD promotes the development of HFpEF via the accumulation of 
uremic toxins, endothelial dysfunction, or other processes, remains to be determined 108. 

4.5. Pulmonary hypertension
There are many mouse and rat models of PAH, but most of them do not lead to right heart 
failure 109, 110. The two most commonly used models that do cause cardiac issues are included 
in Table 1. The monocrotaline (MCT) rat model represents a complex multi-organ disease 
process that culminates in PAH and right heart failure, in the presence of cardiac capillary 
rarefaction, inflammation and cardiomyocyte hypertrophy 111, 112. The Sugen-hypoxia (SuHx) 
rat model combines chronic hypoxia with VEGF receptor 1 and 2 blockade, and involves 
cardiac endothelial dysfunction, fibrosis and cardiomyocyte hypertrophy but no signs of 
immune cell infiltration 110, 113. Both models develop severe diastolic dysfunction 114, 115 and 
seem suitable for the study of pulmonary mechanisms involved in the development of 
diastolic dysfunction and right heart failure. Current clinical approaches to tackle PAH aim 
at increasing pulmonary vasodilatation, and emerging therapies target inflammation and 
intracellular signalling pathways potentially operational in pulmonary arterial endothelial 
cells, smooth muscle cells and fibroblasts 109. Mouse and rat models of PAH promote the 
idea that both the lungs and the immune system are potentially important players in 
pulmonary vascular remodelling, but whether inflammation is a cause or consequence of 
pulmonary vascular remodelling continues to be debated 110. 

4.6. Simple or complex animal models to study HFpEF
While HFrEF generally starts within the heart, HFpEF is a syndrome that is thought to 
start in the periphery and culminates at the heart. This asks for different animal models 
as compared to HFrEF. Given the heterogeneity seen in HFpEF patients, any animal 
model only represents a certain subgroup and the “ideal” animal model of HFpEF does 
not exist. Still, given that comorbidities are central in the HFpEF paradigm, they should 
be central in animal models of HFpEF as well. Comorbidities of the metabolic syndrome 
are most common in HFpEF patients, and many animal models that mimic the metabolic 
syndrome exist. Table 1 shows that the ZSF1 rat model is a very inclusive model that 
combines common comorbidities of the metabolic syndrome, including obesity, diabetes 
and hypertension and recapitulates many, if not all, of the features of the clinical metabolic 
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HFpEF phenotype as defined by Shah and co-workers, including systemic inflammation, 
diastolic dysfunction and exercise intolerance 2. This rat model seems highly suitable 
for the pre-clinical investigation of novel therapeutic interventions directed towards 
inflammation, endothelial dysfunction, fibrosis, cardiomyocyte metabolism and/or titin-
associated cardiomyocyte stiffness. Unfortunately, inclusion of the factor ‘aging’ is not 
feasible in this model because the rats die preliminarily of kidney failure.

However, rats are not that suitable for higher throughput genetic and molecular 
studies, and mice offer the ease of a quicker, cheaper and genetically-manipulatable 
model. We and others have recently investigated the potential of combining angiotensin 
II infusion and HFD in mice, and found this combination to induce inflammation, fibrosis, 
metabolic remodelling, cardiomyocyte hypertrophy and diastolic dysfunction (Rech et 
al. unpublished data). Although this model is rather complex, it gives the opportunity to 
study genetic manipulations in a relevant setting of metabolic syndrome and diastolic 
dysfunction. Additionally, the factor ‘aging’ can be implemented in this mouse model.

As emphasized before, in the HFpEF field there are many unanswered questions that 
require specific hypotheses. Models that induce HFpEF by the most common comorbidities 
are well-associated with human HFpEF (table 1). An open question is whether diagnosis 
of HFpEF, by showing exercise intolerance and/or post-mortem pulmonary congestion, in 
these models is strictly necessary, although highly desirable. When evaluating therapeutic 
potential of an intervention, surrogate end points like the attenuation of specific 
pathophysiological processes in conjunction with improved cardiac function, should be 
accepted as preliminary evidence in experimental models. This is a common strategy in 
clinical trials, where often surrogate end points are accepted as a preliminary proof of 
effectiveness of therapy. Further evidence has to be generated via the common pipeline by 
studies in larger animal models, although admittedly, these models are still in a developing 
phase 88

Another open question is, whether more simple models of diastolic dysfunction, like 
angiotensin II infusion by itself, are sufficient 1) to enhance understanding on development 
of HFpEF, and 2) to study therapeutic interventions. An intuitive answer is that such 
simple models will not likely further our understanding of the complexity of HFpEF 
pathophysiology per se, but will help to test specific candidate therapeutic interventions. 
The angiotensin II model is highly suitable for the investigation of interventions that 
target inflammation, interstitial fibrosis and cardiomyocyte hypertrophy. Whether titin-
associated stiffness is implicated in this model is yet unknown. The HFD rat model, on 
the other hand, is highly suitable for the study of interventions aimed at improving 
microvascular endothelial functions. Recent studies from our group showed that a 
relatively short period of HFD feeding of rats already compromises cardiac microvascular 
function, as reflected by a diminished cardiac perfusion reserve capacity as assessed by 
contrast-enhanced MRI 116. 
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DESIGN OF FUTURE TRIALS 

In cardiovascular research conventional large-scale randomized control trials are still the 
rule. Although successful in HFrEF, the complexity of HFpEF requires us to leave this 
beaten path. In an era where we advocate personalized medicine, we should look for new 
ways to evolve drug development so that treatment advances are matched to specific 
patients. Other fields, such as oncology, have already incorporated innovative trial designs 
such as the umbrella trial of basket trial design 117. An umbrella trial tests a variety of 
treatments in parallel. For instance, in one single type of cancer with different underlying 
genetic mutations, treatment is targeted at the specific genetic mutation: mutation A 
receives treatment A; mutation B receives treatment B etc. The downside is the large 
amount of patients needed, to enrol enough patients in each treatment-arm. However, for 
a common disease as HFpEF this should not be a problem. Moreover, an umbrella approach 
fits the general consensus that a personalized treatment is needed to successfully treat a 
heterogeneous disease such as HFpEF. 

The basket trial design is centred on a target or specific mutation and not on the 
disease itself. In oncology this means that patients with different types of cancer but 
the same genetic mutations are included in the trials; for example, patients with lung, 
colorectal, ovarian and breast cancer but with the same genetic alteration are receiving 
the same treatment 118, 119. For HFpEF this method would mean focusing on underlying 
pathophysiology. A possible treatment target could be endothelial dysfunction, which is 
highly present in HFpEF, but also in diabetes and in patients with myocardial infarction and 
non-obstructive coronary artery disease (MINOCA). All patients with severe endothelial 
dysfunction would be included, regardless of their underlying disease. However, a major 
drawback is that this approach does not consider that different diseases may respond 
differently despite targeting the same pathway, moreover relevant endpoints could be 
different for the various diseases. Still, commonly used endpoints overarching the 
exemplified diseases are quality of life, exercise capacity and improvement of systolic 
and/or diastolic heart function. 

A common feature, especially in umbrella trials, is biomarker enrichment, where 
treatment is only evaluated if a certain biomarker is positive. This could be a serum 
biomarker (e.g. for inflammation), but also a cardio-vascular imaging-based marker 
(e.g. endothelial dysfunction). Enrichment designs increase the likelihood for a positive 
response to investigational treatments. However, good, relevant preclinical models are 
required not only to identify relevant (bio)markers, but also for the biological knowledge 
of the treatment mechanisms of action. 

These innovative clinical trial designs have the potential to improve drug development 
so that the right therapies can be delivered to the right patients. 
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CONCLUSION

The lack of treatment in HFpEF relies on multiple factors. First and foremost, the classical 
one-size-fits-all clinical trial approach performed successfully in HFrEF was proven 
unsuccessful in a heterogeneous syndrome like HFpEF. A personalized, phenotype-specific 
therapy is probably more fruitful. Selecting the adequate patients for each intervention 
requires a profound and systematical phenotyping. Including underlying pathophysiologic 
processes in this selection, to distinguish biological phenotypes, will provide essential 
additional information. Targeting patients based on their biological phenotype is an 
innovative approach. Animal models are needed to improve understanding of the way, and 
extent to which pathophysiological pathways contribute to HFpEF, and for the assessment 
of novel therapeutic interventions. Then, matching animal models with human HFpEF 
phenotypes based on clinical and pathophysiological properties is a crucial step to design 
targeted therapy and to successfully translate effective animal model-based interventions 
into novel human clinical trials. 
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ABSTRACT

Background: Whether and how iron deficiency (ID) impacts patients with heart failure 
(HF) with preserved ejection fraction (HFpEF) remains unclear. The aim of our study was 
to investigate the impact of ID on functional status, exercise capacity and prognosis in 
HFpEF.

Methods: The study population consisted of 300 HFpEF patients. ID was defined as 
serum ferritin <100µg/L or 100-300µg/L and transferrin-saturation<20%. Baseline 
functional status, quality of life (HADS score and EQ5D index), 6-minute walking test, 
echocardiography and outcome (all-cause mortality and combined all cause-mortality and 
HF hospitalization) were evaluated. 

Results: ID was found in 159 (53%) patients. Patients with ID had a worse prognosis with 
a higher combined endpoint of all-cause mortality and HF hospitalization after 4 year of 
follow-up. Pulmonary hypertension, depression and thyroid disease were more prevalent 
in the ID group. Multivariable analysis showed that ID was independently associated with 
body mass index, pulmonary hypertension and thyroid disease. Although patients with ID 
had a lower exercise capacity compared to patients without ID (393m [294-455] vs. 344m 
[260-441], p=0.008), there was no significant correlation after multivariable correction for 
age, BMI, NT-proBNP, DM and depression. 

Conclusion: HFpEF patients with ID have a worse prognosis and impaired exercise 
capacity compared to those without ID. However, although a trend was observed, after 
multivariable correction ID was no longer significantly associated with a reduced exercise 
capacity. This reflects that impaired exercise capacity in HFpEF is complex and seems 
multifactorial. Interestingly, pulmonary hypertension was an independent predictor of 
both ID and exercise capacity. 
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INTRODUCTION

Iron deficiency (ID) is highly prevalent in heart failure (HF) patients. The effect of ID 
has been extensively studied in HF with reduced ejection fraction (HFrEF) where ID has 
shown to be associated with reduced exercise capacity 1 and poor outcome 2. Intravenous 
iron supplementation is recommended in those patients as it reverses impaired exercise 
capacity, improves quality of life and reduces HF hospitalizations 3-5. The role of ID in HF 
with preserved ejection fraction (HFpEF) remains poorly understood 6, 7. Since no therapy 
has had a clear benefit in HFpEF patients so far, ID could be a promising therapeutic target. 
Recently, a meta-analysis showed that the prevalence of ID may be even higher in HFpEF 
compared to HFrEF 7. To date, only four studies have investigated the relationship between 
ID and exercise capacity in HFpEF, obtaining conflicting results 8-11. Although the majority 
of the studies suggest that ID is related to decreased exercise capacity (lower peak VO2 max 
and lower 6-minute walking distance) in HFpEF, the small size of these studies (the largest 
study included 190 HFpEF patients) and the inconsistent criteria used to define HFpEF do 
not allow to generalize these results to the overall HFpEF population. Furthermore, data 
on prognosis are lacking. 

Reduced intake, systemic inflammation and blood loss probably play an important 
link between ID and HF 12. Also, whether ID affects exercise capacity directly or whether it 
is just a bystander or marker of advanced disease remains to be clarified. 

Therefore, the aim of this large prospective cohort study is to evaluate the impact of 
ID on functional status, exercise capacity and prognosis in HFpEF. Moreover, our deeply 
phenotyped HFpEF cohort allows us to identify which factors associate with ID and 
influence the impact of ID on exercise capacity.
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METHODS

Patient population
Between May 2015 and June 2019, we prospectively included 300 consecutive patients 
diagnosed with HFpEF. All patients underwent a standard set of diagnostic tests, including: 
electrocardiogram, echocardiography, pulmonary function test, exercise testing, six-
minute walking test (6MWT), 24-h Holter monitoring, sleep apnoea screening and blood 
tests. Heart failure hospitalisation and all-cause mortality were recorded during a follow-
up period up to 4 years.

HFpEF was diagnosed according to the 2016 European Society of cardiology (ESC) 
guidelines 13, using the following criteria: 1) the presence of symptoms of HF; 2) a 
preserved ejection fraction, defined as a left ventricular ejection fraction (LVEF) ≥50%; 3) 
elevated levels of natriuretic peptides (NT-proBNP >15 pmol/L (>125 pg/mL)); 4) objective 
evidence of cardiac structural (i.e. increased left atrial volume index (LAVI >34 mL/m2) 
or increased left ventricular mass index (LVMI ≥115 g/m2 for men or ≥95 g/m2 for women) 
and/or functional alterations (E/e’ ≥13 and/or mean e’ septal and lateral wall <9 cm/s). A 
right heart catheterization was performed in cases of clinical uncertainty; a pulmonary 
capillary wedge pressure ≥15 mmHg was considered diagnostic for HFpEF. Patients with 
a documented previous LVEF£40% (i.e. recovered EF), diagnosis of a cardiomyopathy 
(e.g. dilated or hypertrophic cardiomyopathy), a greater than moderate valvular disease, 
hemodynamically significant congenital disease, restrictive cardiomyopathies, constrictive 
pericarditis, or a history of heart transplantation were excluded.

An increased right ventricular pressure >45 mmHg on echocardiography was 
used to define pulmonary hypertension (PH). Depression was defined by the presence 
of at least an episode of depression diagnosed by the general practitioner, clinical 
psychologist or psychiatrist or a score >7 points in the depression domain of the 
Hospital Anxiety and Depression Scale (HADS) score. The study protocol was approved 
by the local ethics 

6 minute-walking test: The 6MWT was performed according to the 2002 guidelines of 
the American Thoracic Society (ATS) 14. A well-trained technician supervised each test and 
used a stopwatch to monitor the time and a mechanical lap counter to measure the walker 
distance. Blood pressure and pulse oxygen saturation (SpO2) measurement was performed 
at baseline and directly after completion of the test. 

Quality of life: All patients were asked to self-complete the following questionnaires: 
HADS Score and EuroQoL 5-Dimensional Descriptive System index (EQ5D-index) 
(Supplemental material). 
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Iron status and anaemia: ID was defined in line with the Kidney Disease Outcomes 
Quality Initiative 15 and with previous studies evaluating ID in HF 11, 16, 17 as serum ferritin 
<100 µg/L (absolute ID) or serum ferritin of 100-299 µg/L in combination with a transferrin 
saturation <20% (functional ID). Anaemia was defined as haemoglobin <7.5 mmol/L (<<12.0 
g/dL) for women and <8.0 mmol/L (<13.0 g/dL) for men 18, 19. 

Statistical analysis: Continuous variables are expressed as mean ± standard deviation 
or as median (interquartile range) as appropriate. Categorical variables are expressed as 
numbers with percentages. Intergroup differences were tested using Chi-square method, 
Student’s t-test, or Mann-Whitney U-test as appropriate. Normality was visually analysed 
using QQ-plots and not normally distributed data (6MWT distance, 6MWT predicted 
distance (%), NT-proNP and hs-CRP) were underwent logarithmic transformation before 
all statistical analyses were performed. Mortality and hospitalization rates were compared 
between patients with and without ID using Cox regression analysis and visualized using 
Kaplan-Meier curves.

Univariable associations were analysed using the Pearson’s or Spearman’s correlation 
coefficient, depending if the variables were normally distributed or not. Besides age and 
sex, statistically significant parameters (p<0.05) of the univariable analysis (Body Mass 
Index (BMI), 6MWT distance, HADS-depression, EQ5D-index, haematocrit, leucocytes, 
high sensitivity CRP (hs-CRP), PH, depression, anaemia, thyroid disease, e’ average and 
TR-speed) were analysed in a multivariable logistic regression analysis using the backward 
method, to evaluate which variables were independent predictors of ID. Network analysis 
was performed to visualize the relationship between the different variables and ID. 
The graphical representation of the network analysis shows how close (distance of the 
variable to ID) and how strong (thickness of the line connecting the variables and ID) the 
relationship of the different variables and ID is. 

Multicollinearity testing was used to exclude highly correlated variables and selected 
a single representative and clinically relevant variable for each domain. A p-value of <0.05 
was considered to be significant and for interaction tests a p of 0.10 were considered 
statistically significant. All calculations were performed using the SPSS statistical package 
version 24 SPSS Inc. Chicago, IL USA.
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− Interaction p < 0.05 
− Interaction trend p < 0.1 
− No interaction 

Figure 1: Network analysis for variables associated with iron deficiency (ID). 

NYHA, New York Heart Association; EQ5D, European quality of life 5 Dimensional Questionnaire; Ht, 
Haematocrit; TSH, Thyroid Stimulating Hormone; LAVI, Left Atrium Volume Index; Lc, Leucocytes; 
BUN, Blood Urea Nitrogen; 6MWT, 6 Minute Walking Test; IVST, Intraventricular Septum Thickness; 
Hb, Haemoglobin; N-terminal pro-B-type Natriuretic Peptide; CABG, Coronary Artery Bypass Grafting; 
SBP, Systolic Blood Pressure; CVA, Cerebrovascular Accident; BMI, Body Mass Index; HT, Hypertension; 
hs-CRP, High Sensitivity C-reactive Protein; DM, Diabetes Mellitus; AF, Atrial Fibrillation; COPD, 
Chronic Obstructive Pulmonary Disease; TR-velocity, Tricuspid Regurgitation velocity; HR, Heart Rate; 
LVMI, Left Ventricular Mass Index; PH, Pulmonary Hypertension; PAD, Peripheral Arterial Disease; 
GFR, Glomerular Filtration Rate; CAD, Coronary Artery Disease; OSA, Obstructive Sleep Apnoea. 



●   151Iron deficiency in HFPEF

6

RESULTS

ID was diagnosed in 159 (53%) HFpEF patients, absolute ID in 120 (40%) and functional 
ID in 39 (13%). Baseline characteristics are summarized in Table 1. Network analyses that 
evaluated the interaction between different variables and ID displayed that haemoglobin, 
haematocrit, EQ-5D index, depression, anaemia, TR-velocity, PH and hs-CRP were the 
strongest variables correlated to ID (Figure 1). Multivariable logistic regression analysis 
showed that BMI, PH and thyroid disease were independent predictors for iron deficiency 
(Table 2). 

ID and prognosis 
The median follow-up was 47 months (95% CI: 46-49). A total of 31 deaths and 48 HF 
hospitalizations were observed within this period of time The combined endpoint (all-
cause mortality and HF hospitalization) was significantly higher in ID versus non-ID 
HFpEF patients (HR=1.99, 95% CI 1.19, 3.32, p=0.008, Figure 2b). Cox regression and Kaplan 
Meier survival analysis showed that ID was significantly associated with an increased 
all-cause mortality (HR=3.55, 95% CI 1.52, 8.25, p=0.003) but not with HF hospitalizations 
(HR=1.6, 95% CI 0.90, 2.95, p=0.10, Supplemental table 1).

Table 1: Baseline Characteristics according to iron status

Demographic and clinical variables n= No ID 
(N=141, 47%)

n= ID 
(N=159, 53%)

P-value

Age, years 141 76.2 (7.1) 159 75.3 (8.0) 0.32

BMI, kg/m² 141 29.7 (5.4) 159 31.1 (6.2) 0.04

Female, % 141 88 (62.4) 159 111 (70.3) 0.15

Systolic BP, mmHg 141 146.5 (12.8) 159 147.6 (21.7) 0.68

Diastolic BP, mmHg 141 77.5 (12.8) 159 77.0 (13.2) 0.74

Heart rate, BPM 141 71.3 (12.2) 159 72.5 (12.7) 0.37

Functional Class 0.18

NYHA I-II, % 141 70 (49.6) 159 64 (40.3)

NYHA III, % 141 68 (48.2) 159 88 (55.3)

NYHA IV, % 141 3 (2.1) 159 7 (4.4)

Test Results

6MWT distance (m) 130 378.9 (112.4)
392.5 [294-455]

142 341.5 (125.7)
344.0 [260-441]

0.01
0.008

6MWT % predicted 130 66.6 [52-78] 142 59.2 [44-73] 0.01

Baseline O2 sat 6MWT 128 94.9 (2.4) 142 94.5 (2.7) 0.24

Minimum O2 sat 6MWT 128 91.4 (5.2) 142 91.6 (4.3) 0.73
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Table 1: Continued

Demographic and clinical variables n= No ID 
(N=141, 47%)

n= ID 
(N=159, 53%)

P-value

Quality of life

HADS

Distress 141 4.0 [0-7.0] 159 5.0 [1.0-8.0] 0.11

Depression 141 3.2 [0-6.0] 159 4.0 [1.0-8.0] 0.01

EQ5D-index (0-100) 89 64.8 (13.6) 111 58.4 (15.0) 0.01

Laboratory

Hb, mmol/L 137 8.4 (0.9) 157 7.9 (0.9) 0.85

Ht, L/L 135 0.41 (0.04) 156 0.40 (0.04) 0.02

Leukocytes, 10E9/L 132 7.0 () 151 8.0 () 0.02

Urea, mmol/L 136 8.0 [8.0-10.0] 159 7.9 [6.1-10.4] 0.71

Creatinine, µmol/L 140 106.9 (44.3) 159 108.6 (39.0) 0.71

eGFR, ml/min/1,73/min 134 52.0 (15.6) 159 51.1 (17.4) 0.68

NT-proBNP, pmol/L 139 88.0 [36.0-195.0] 159 84.0 [41.0-185.0] 0.71

Cholesterol, mmol/L 139 4.7 (1.2) 157 4.5 (1.2) 0.18

HDL, mmol/L 139 1.4 (0.4) 157 1.3 (0.5) 0.25

LDL/ mmol/L 139 2.5 (1.2) 157 2.4 (1.0) 0.36

Tsat, % 141 25.0 [21.0-31.5] 159 17.0 [13.0-20] <0.01

Ferritin, µg/L 141 228.0 [153.5-371.5] 159 65.0 [38.0-96.0] <0.01

TSH, µU/L 75 1.9 (1.1) 94 2.6 (4.2) 0.27

hs-CRP 130 2.0 [1.1-4.3] 158 3.6 [1.4-6.6] 0.001

Comorbidities

Myocardial infarction, % 141 10 (7.1) 159 18 (11.3) 0.20

CAD, % 141 37 (26.2) 159 38 (23.9) 0.64

PCI, % 141 23 (16.3) 159 22 (13.8) 0.54

CABG, % 141 5 (3.5) 159 14 (8.8) 0.06

Valvular disease (mild-moderate), % 141 21 (14.9) 159 33 (20.8) 0.18

CVA, % 141 22 (15.6) 159 18 (11.3) 0.27

Peripheral vascular disease, % 141 10 (7.1) 22 (13.8) 0.05

Diabetes Mellitus, % 141 40 (28.4) 159 59 (37.1) 0.10

Hypertension, % 141 124 (87.9) 159 133 (83.6) 0.28

Hypercholesterolemia, % 141 83 (58.9) 159 92 (57.9) 0.86

COPD, % 141 16 (11.3) 159 30 (18.9) 0.07

Sleep apnoea, % 141 55 (39.0) 159 61 (38.4) 0.90

Pulmonary hypertension, % 141 21 (14.9) 159 45 (28.3) 0.005

Depression 141 11 (7.8) 159 27 (17.0) 0.01

Rheumatoid arthritis 141 6 (4.3) 159 10 (6.3) 0.43
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Table 1: Continued

Demographic and clinical variables n= No ID 
(N=141, 47%)

n= ID 
(N=159, 53%)

P-value

AF 141 81 (57.4) 88 (55.3) 0.71

Kidney Failure
(eGFR <60ml/min/173/min, %)

141 49 (34.8) 159 66 (41.5) 0.23

Anaemia, % 137 32 (22.7) 158 74 (46.5) 0.001

Thyroid disease, % 141 12 (8.5) 159 26 (16.4) 0.04

Echocardiography

LVEF (Teichholz) 141 60.3 (4.9) 159 60.0 (5.1) 0.70

LVEDd (mm) 141 46.9 (5.4) 159 47.9 (5.6) 0.11

IVS (mm) 140 9.0 [8.2-10.0] 157 9.0 [8.0-10.0] 0.73

PW (mm) 140 9.0 [8.0-10.0] 157 9.0 [8.0-10.0] 0.97

LAVI (ml/m2) 135 45.7 [36.1-56.3] 156 44.9 [35.6-57.3] 0.82

LVMI (g/m2) 120 81.4 [67.2-96.7] 132 82.6 [72.0-101.0] 0.28

EA ratio 86 0.87 [0.72-1.35] 99 0.88 [0.71-1.32] 0.94

e’ average 118 7.5 [6.1-9.2] 136 8.4 [6.7-9.5] 0.03

E/e average 118 10.2 [8.0-13.6] 136 10.9 [8.3-13.9] 0.43

TR-speed (m/s) 131 2.5 [2.3-2.9] 148 2.7 [2.3-3.1] 0.01

Data are n (%), mean ± SD or median [IQR]. 
Abbreviations: AF, Atrial Fibrillation; BMI, Body Mass Index; BP, Blood Pressure; BPM, Beats Per 
Minute; CABG, Coronary artery bypass grafting; CAD, Coronary Artery Disease; COPD, Chronic 
Obstructive Pulmonary Disease; CVA, Cerebrovascular Accident; EQ5D, European quality of life 5 
Dimensional Questionnaire; eGFR, Estimated Glomerular Filtration Rate; HADS, Hospital Anxiety 
and Depression Scale; Hb, Hemoglobin; HDL, High Density Lipoprotein; Ht, Hematocrit; hs-CRP, High 
Sensitivity C-Reactive Protein; ID, Iron Deficiency; IVS, Intraventricular Septum Thickness; LAVI, Left 
Atrium Volume Index; LVEDd, Left Ventricular End-Diastolic Diameter; LVEF, Left Ventricular Ejection 
Fraction; LVESd, Left Ventricular End-Systolic Diameter; LVMI, Left Ventricle Mass Index; LDL, Low 
Density Lipoprotein; 6MWT, 6 Minute Walking Test; NT-proBNP, N-terminal pro-B-type Natriuretic 
Peptide; NYHA, New York Heart Association; PCI, Percutaneous Coronary Intervention; PW, Posterior 
Wall Thickness; Tsat, Transferrin Saturation; TR, Tricuspid Regurgitation; 
TSH, Thyroid Stimulating Hormone.
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Figure 2: Boxplot 6 Minute Walking Test (6MWT) in non-iron deficient (ID) heart failure with 
preserved ejection fraction (HFpEF) and ID-HFpEF

P=0.008 

Figure 3: Impact of iron deficiency in all-cause mortality and combined end point.
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ID and exercise capacity 
Patients with ID had a lower exercise capacity compared to those without ID (6MWT 
distance 393m [294-455] vs. 344m [260-441], p=0.008, Figure 3). Linear regression analyses 
did not show a correlation between 6MWT and ferritin (R=0.07, p = 0.23), but did show a 
very weak correlation between 6MWT and transferrin saturation (R=0.16, p=0.07).

Univariable regression analysis showed that multiple clinical, laboratory and 
echocardiographic parameters predicted exercise capacity (6MWT distance (m) and 
predicted distance (%) (Supplemental table 2). In the multivariable analysis only 
the most clinically relevant variables were included (age, sex, BMI, iron deficiency, 
haemoglobin, creatinine, log NT-proBNP, log hs-CRP, DM, depression, average E/e’ 
and TR-speed).

This analysis showed that a trend, however ID was not a significant independent 
predictor of exercise capacity measured by 6MWT distance (m) (β: -26.4, 95% CI: -55.14 
to 2.28, p=0.070), while other factors such as age, BMI, NT-proBNP, DM and depression 
remained as independent predictors of exercise capacity in the model (Supplemental table 
3). Similar results were found using 6MWT predicted distance (%) (Data not shown).

ID and quality of life
Patients with ID scored higher on the HADS questionnaire for depression (4.0 [1.0-8.0] vs. 
3.4 [0-6.0], p=0.01) and lower on the EQ5D-index (58.4 (15.0) vs. 64.8 (13.6, p=<0.01, Table 1). 
In contrast, multivariable analysis demonstrated that the HADS score for depression and 
EQ5D-index were not independent predictors for ID (Table 2). 
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Table 2: Multivariable logistic regression analysis No Iron deficiency vs. Iron Deficiency

Univariable Multivariable

P-value P-value OR (95% CI)

Age 0.32 ns

Sex 0.15 ns

BMI 0.04 0.003 1.0 (1.0,1.1)

6MWT distance (m) 0.01 ns

HADS-depression 0.01 ns

EQ5D-index 0.01 ns

Ht 0.02 ns

Leukocytes 0.02 ns

hs-CRP 0.001 ns

Pulmonary hypertension 0.005 0.008 3.0 (1.2,7.6)

Depression 0.01 ns

Anaemia 0.001 ns

Thyroid disease 0.04 0.01 4.2 (1.3,13.6)

e’ average 0.03 ns

TR-speed 0.01 ns

Abbreviations: BMI, Body Mass Index; CI, Confidence Interval; EQ5D, European quality of life 
5-Dimensional Questionnaire; hs-CRP, High Sensitivity C-Reactive Protein; Ht, Haematocrit; HADS, 
Hospital Anxiety and Depression Scale; 6MWD, 6-minute walking distance; OR, Odds Ratio; TR, 
Tricuspid Regurgitation.
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DISCUSSION

This study demonstrates that ID in HFpEF is associated with higher all-cause mortality 
and combined endpoint (all-cause mortality and HF hospitalization) rates. Our results 
show, that although ID influences exercise capacity, ID is not independently associated 
with a reduced exercise capacity at baseline and impaired exercise capacity in HFpEF 
seems multifactorial. However, additionally, this study shows body mass index, pulmonary 
hypertension and thyroid disease are independent predictors of ID in HFpEF. 

As far as we know, our study is the first showing the impaired prognosis of ID-HFpEF 
patients. The recent meta-analysis of Beale et al. summarizes all abstracts presented until 
date, in which ID is related with a poorer prognosis in HFpEF 7. Unfortunately, these 
abstracts are only presented at conferences. The complete data of these abstracts has not 
been published yet. The findings of our study have important clinical and therapeutic 
implications and support the need for further prospective studies analysing the impact 
of iron supplementation in patients with HFpEF. 

The first study reporting the association between ID and exercise capacity in HFpEF 
dates back to 2013. In that study, the authors did not find any difference in exercise capacity 
and peak VO2 max between 15 ID and 11 non-ID HFpEF patients 11. In contrast, the following 
three studies obtained opposite results. One study that included 637 ID HF patients showed 
that ID was associated with a decreased VO2max. Unfortunately, only 43 of the total of 637 
patients were diagnosed with HFpEF, making it impossible to extrapolate these results to 
the HFpEF population 10. A small study by Nuñez et al. found a positive correlation between 
VO2max, ferritin (r=0.30, p=0.008) and transferrin saturation (r=0.46, p=0.003), irrespective of 
haemoglobin levels, in 40 advanced HFpEF patients 8. Bekfani et al. recently demonstrated 
in 190 HFpEF patients (58.6% of them with ID) that patients with ID performed worse 
during the 6MWT (420 ± 137 vs. 344 ± 124 m, p = 0.008) and had a shorter exercise time 
during cardiopulmonary exercise testing (645 sec ± 168 sec vs. 538 sec ± 178 sec, p = 0.03). 
It is important to underline that from all the studies mentioned above, only the study of 
Bekfani et al. performed a multivariable analysis to determine independent predictors of 
ID 9. However, this study had several methodological limitations. First, only 88 (46%) of 
the ID patients underwent 6MWT, which could possibly include a selection bias that was 
not discussed by the authors. Also, a multivariable logistic regression (with an arbitrary 
6MWT cut off value) was used to determine which variables were independent predictors 
of impaired exercise capacity in HFpEF, instead of linear regression model with 6MWT as a 
continuous variable; the approach we used in our study. Moreover, the number of variables 
in the final logistic regression model was limited (ID (yes/no), haemoglobin, NT-proBNP, 
hsCRP, E/e’) and important factors such as age of sex were not included. With the aim of 
comparing the results of both studies, we performed additional analyses using the same 
statistical approach with our data, obtaining comparable results, were ID, NT-proBNP, but 
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also hs-CRP were independent predictors of impaired exercise capacity in HFpEF (data not 
shown). All in all, the results of our study show that although ID plays a role, ID it is not 
independently associated with impaired exercise capacity in HFpEF. 

This study shows, that the impaired exercise capacity in HFpEF is multifactorial. 
It is related to multiple clinical factors including age, BMI, NT-proBNP and important 
cardiovascular comorbid conditions as DM and depression. Interestingly, PH, a well-known 
predictor of poor prognosis and impaired exercise capacity in HFpEF, was highly prevalent 
and independently associated with ID. The correlation between ID and PH in HFpEF has 
not been described before. Animal and human studies have shown that hypoxia inducible 
factor pathway plays a central role in the exaggerated response to hypoxia observed in ID, 
which could contribute to pulmonary hypertension20. A couple of small human studies 
have corroborated this, showing that patients with ID have a greater increase in systolic 
pulmonary artery pressure (SPAP) after a period of hypoxia compared to controls, reversible 
after intravenous iron supplementation 20, 21. 

Inflammatory cytokines could play an essential in the exaggerated response to 
hypoxia produced by ID in HFpEF. The activation of inflammatory cytokines, specially 
IL-6, are responsible for the activation of the JAK-STAT signalling pathway, responsible 
of the increase of hepatic hepcidin production. Hepcidin levels are responsible for the 
internalization and degradation of ferroportin, a necessary transporter for intracellular 
iron excretion into the blood22. A comorbidity driven generalized low-grade inflammation 
has been postulated as the main pathophysiological mechanism responsible for HFpEF, 
ratified by the increased level of inflammatory biomarkers found in these patients23. The 
combination of HFpEF and ID may enhance the inflammatory state present in both entities 
and could suppress even more compensatory mechanisms activated in iron deficient states, 
as the increase in circulating hepcidin levels, worsening the effects of ID. Furthermore, 
hypoxia present in ID could result in a profound pulmonary vascular remodelling in ID-
HFpEF patients. This process has already been demonstrated in iron-deficient diet rats. 
After 4 weeks, the authors observed that ID rats developed PH and important pulmonary 
vascular abnormalities, i.e. smooth muscle hypertrophy, lumen reduction and inflammatory 
cell infiltration 24. 

The relationship between ID and PH could also be the other way around. It is well 
known that PH is one of the most significant determinants and modifiers of HF severity 
and prognosis25. A more severe PH-HFpEF phenotype could suffer more frequently from 
ID and this would be a secondary and reinforcing comorbid condition. This “chicken and 
egg” calls for further research, preferably in mechanistic studies and longitudinal cohorts.

Furthermore, our study shows that ID-HFpEF patients suffer more frequently from 
thyroid disease. Different studies have shown how ID may affect thyroid hormone 
metabolism 26-28. The pathophysiological mechanism responsible for this alteration 
is still poorly understood. Several theories could explain this alteration, including ID 



●   159Iron deficiency in HFPEF

6

driven impaired erythropoiesis, hepatic typhoid hormone inactivation, and even reduced 
thyroperoxidase activity with consequently thyroid hormone production 26-28. The 
mechanism and the therapeutic consequence of thyroid disease in ID-HFpEF patients has 
not been studied yet. Our finding provides a new opportunity of enhancing future research. 

Study limitations 
There are study limitations to acknowledge. This is a single-centre study of patients that 
were referred to the Maastricht University Medical Centre, which serves both as a local and 
as a tertiary medical centre. Thus, our result may not be generalizable to the patients in the 
general community, other countries and ethnicities. However, the baseline characteristics 
of our HFpEF cohort are comparable to the ones presented by others 29, 30. Furthermore, 
we currently do not have data on the use of iron supplementation during the follow up 
period. Although this is the largest study published until date analysing the effect of ID 
in HFpEF, the limited amount of patients still can affect the study results. Therefore, we 
underline that there is a trend between ID and impaired exercise capacity that could be 
statistically significant in a larger study. Finally, one of the limitations of this study is the 
lack of power to correct the survival analysis for possible confounders such as age or PH. 

This study is the first to highlight reduced exercise capacity in HFpEF as multifactorial, 
and not independent associated with ID. Although iron suppletion treatments have showed 
to improve exercise capacity, quality of life and prognosis in HFrEF, it is uncertain whether 
iron suppletion will have the same positive effects in HFpEF. These results stress out the 
importance of the systematic and deep phenotyping in HFpEF. 



160   ● Chapter 6

REFERENCES

1. Jankowska EA, von Haehling S, Anker SD, Macdougall IC and Ponikowski P. Iron deficiency and 
heart failure: diagnostic dilemmas and therapeutic perspectives. Eur Heart J. 2013;34:816-29.

2. Jankowska EA, Kasztura M, Sokolski M, Bronisz M, Nawrocka S, Oleskowska-Florek W, Zymlinski 
R, Biegus J, Siwolowski P, Banasiak W, Anker SD, Filippatos G, Cleland JG and Ponikowski P. Iron 
deficiency defined as depleted iron stores accompanied by unmet cellular iron requirements 
identifies patients at the highest risk of death after an episode of acute heart failure. European 
heart journal. 2014;35:2468-76.

3. Drozd M, Jankowska EA, Banasiak W and Ponikowski P. Iron Therapy in Patients with Heart 
Failure and Iron Deficiency: Review of Iron Preparations for Practitioners. Am J Cardiovasc Drugs. 
2017;17:183-201.

4. McDonagh T and Macdougall IC. Iron therapy for the treatment of iron deficiency in chronic 
heart failure: intravenous or oral? Eur J Heart Fail. 2015;17:248-62.

5. Beale AL, Warren JL, Roberts N, Meyer P, Townsend NP and Kaye D. Iron deficiency in heart 
failure with preserved ejection fraction: a systematic review and meta-analysis. Open Heart. 
2019;6:e001012.

6. Nunez J, Dominguez E, Ramon JM, Nunez E, Sanchis J, Santas E, Heredia R, Gonzalez J, Minana G, 
Lopez L, Chorro FJ and Palau P. Iron deficiency and functional capacity in patients with advanced 
heart failure with preserved ejection fraction. International journal of cardiology. 2016;207:365-7.

7. Bekfani T, Pellicori P, Morris D, Ebner N, Valentova M, Sandek A, Doehner W, Cleland JG, Lainscak 
M, Schulze PC, Anker SD and von Haehling S. Iron deficiency in patients with heart failure with 
preserved ejection fraction and its association with reduced exercise capacity, muscle strength 
and quality of life. Clin Res Cardiol. 2019;108:203-211.

8. Martens P, Nijst P, Verbrugge FH, Smeets K, Dupont M and Mullens W. Impact of iron deficiency 
on exercise capacity and outcome in heart failure with reduced, mid-range and preserved ejection 
fraction. Acta cardiologica. 2018;73:115-123.

9. Kasner M, Aleksandrov AS, Westermann D, Lassner D, Gross M, von Haehling S, Anker SD, 
Schultheiss HP and Tschope C. Functional iron deficiency and diastolic function in heart failure 
with preserved ejection fraction. International journal of cardiology. 2013;168:4652-7.

10. Grote Beverborg N, van der Wal HH, Klip IT, Anker SD, Cleland J, Dickstein K, van Veldhuisen DJ, 
Voors AA and van der Meer P. Differences in Clinical Profile and Outcomes of Low Iron Storage 
vs Defective Iron Utilization in Patients With Heart Failure: Results From the DEFINE-HF and 
BIOSTAT-CHF Studies. JAMA cardiology. 2019;4:696-701.

11. 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 and van der Meer P. 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;37:2129-200.

12. Frise MC, Cheng HY, Nickol AH, Curtis MK, Pollard KA, Roberts DJ, Ratcliffe PJ, Dorrington KL 
and Robbins PA. Clinical iron deficiency disturbs normal human responses to hypoxia. The Journal 
of clinical investigation. 2016;126:2139-50.



●   161Iron deficiency in HFPEF

6

13. Smith TG, Balanos GM, Croft QP, Talbot NP, Dorrington KL, Ratcliffe PJ and Robbins PA. The 
increase in pulmonary arterial pressure caused by hypoxia depends on iron status. J Physiol. 
2008;586:5999-6005.

14. Lee P, Peng H, Gelbart T, Wang L and Beutler E. Regulation of hepcidin transcription by 
interleukin-1 and interleukin-6. Proceedings of the National Academy of Sciences of the United States 
of America. 2005;102:1906-10.

15. Paulus WJ and Tschope C. A novel paradigm for heart failure with preserved ejection fraction: 
comorbidities drive myocardial dysfunction and remodeling through coronary microvascular 
endothelial inflammation. Journal of the American College of Cardiology. 2013;62:263-71.

16. Cotroneo E, Ashek A, Wang L, Wharton J, Dubois O, Bozorgi S, Busbridge M, Alavian KN, 
Wilkins MR and Zhao L. Iron homeostasis and pulmonary hypertension: iron deficiency leads to 
pulmonary vascular remodeling in the rat. Circ Res. 2015;116:1680-90.

17. Gavazzi A, Ghio S, Scelsi L, Campana C, Klersy C, Serio A, Raineri C and Tavazzi L. Response of the 
right ventricle to acute pulmonary vasodilation predicts the outcome in patients with advanced 
heart failure and pulmonary hypertension. American heart journal. 2003;145:310-6.

18. Maldonado-Araque C, Valdes S, Lago-Sampedro A, Lillo-Munoz JA, Garcia-Fuentes E, Perez-Valero 
V, Gutierrez-Repiso C, Goday A, Urrutia I, Pelaez L, Calle-Pascual A, Castano L, Castell C, Delgado 
E, Menendez E, Franch-Nadal J, Gaztambide S, Girbes J, Ortega E, Vendrell J, Chacon MR, Chaves 
FJ, Soriguer F and Rojo-Martinez G. Iron deficiency is associated with Hypothyroxinemia and 
Hypotriiodothyroninemia in the Spanish general adult population: Di@bet.es study. Sci Rep. 
2018;8:6571.

19. Eftekhari MH, Keshavarz SA, Jalali M, Elguero E, Eshraghian MR and Simondon KB. The 
relationship between iron status and thyroid hormone concentration in iron-deficient adolescent 
Iranian girls. Asia Pac J Clin Nutr. 2006;15:50-5.

20. Veltri F, Decaillet S, Kleynen P, Grabczan L, Belhomme J, Rozenberg S, Pepersack T and Poppe 
K. Prevalence of thyroid autoimmunity and dysfunction in women with iron deficiency during 
early pregnancy: is it altered? Eur J Endocrinol. 2016;175:191-9.

21. McMurray JJ, Packer M, Desai AS, Gong J, Lefkowitz MP, Rizkala AR, Rouleau JL, Shi VC, Solomon 
SD, Swedberg K and Zile MR. Angiotensin-neprilysin inhibition versus enalapril in heart failure. 
N Engl J Med. 2014;371:993-1004.

22. 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 and McKinlay SM. Spironolactone for heart failure 
with preserved ejection fraction. N Engl J Med. 2014;370:1383-92.



162   ● Chapter 6

SUPPLEMENTAL MATERIAL 

1. Inclusion/Exclusion Criteria
1.1. Inclusion criteria:
1. Diagnosis of HFpEF by the 2016 European Society of Cardiology (ESC) guidelines: 

• Symptoms or signs of heart failure
• Left ventricular ejection fraction (LVEF) ≥50%
• Increased NT-proBNP levels (> 15 pmol/L)
• Objective evidence of: 

▪ cardiac structural (increased left atrial volume index (LAVI>34 mL/m2) and/
or an increased left ventricle mass index (LVMI ≥ 115 g/m2 for men or ≥ 95 g/
m2 for women)) 

▪ and/or functional alterations (E/e’ ≥ 13 and mean e’ septal and lateral wall < 
9 cm/s).

2.2 Exclusion criteria
2. Documented previous LVEF£40% (i.e. recovered EF)
3. Diagnosis of a cardiomyopathy (e.g. dilated or hypertrophic cardiomyopathy)
4. A greater than moderate valvular disease
5. Hemodynamically significant congenital disease
6. Restrictive cardiomyopathies
7. Constrictive pericarditis
8. History of heart transplantation 

2. Definition of pulmonary hypertension and depression
An increased right ventricular pressure >45 mmHg on echocardiography was used to 
define pulmonary hypertension (PH). Depression was defined by the presence of at least 
an episode of depression diagnosed by the general practitioner, clinical psychologist or 
psychiatrist or a score >7 points in the depression domain of the Hospital Anxiety and 
Depression Scale (HADS) score. 
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SUPPLEMENTAL TABLES

Supplemental table 1: Univariable and multivariable Cox regression analysis for all-cause mortality 
and HF hospitalization

All-cause mortality

Univariable Multivariable

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

Age 0.05 1.0 (0.9, 1.1) ns

Sex 0.73 0.8 (1.4, 1.8) ns

BMI 0.55 1.0 (0.9, 1.0) ns

Pulmonary hypertension <0.001 5.7 (2.6, 12.1) <0.01 4.5 (2.0, 10.2)

Depression 0.25 1.6 (0.6, 4.1) ns

Anaemia 0.24 1.5 (0.7, 3.1) ns

Thyroid disease 0.18 1.8 (0.7, 4.4) ns

Iron deficiency 0.003 3.5 (1.5, 8.2) 0.01 3.0 (1.1, 7.9)

HF hospitalization

Univariable Multivariable

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

Age 0.49 0.1 (0.9, 1.0) ns

Sex 0.16 0.6 (0.3, 1.1) ns

BMI 0.05 1.0 (1.0, 1.1) ns

Pulmonary hypertension <0.01 2.6 (1.4, 4.6) 0.01 2.5 (1.3, 4.5)

Depression 0.73 1.1 (0.5, 2.5) ns

Anaemia 0.07 1.6 (0.9, 2.9) ns

Thyroid disease 0.97 0.9 (0.4, 2.3) ns

Iron deficiency 0.10 1.6 (0.9. 2.9) ns

Combined end-point: All-cause mortality + HF hospitalization

Univariable Multivariable

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

Age 0.73 1.0 (0.9, 1.0) ns

Sex 0.21 0.7 (0.4, 1.1) ns

BMI 0.36 1.0 (0.9, 1.0) ns

Pulmonary hypertension <0.001 3.2 (1.9, 5.1) <0.01 2.9 (1.7, 4.8)

Depression 0.20 1.5 (0.8, 2.8) ns

Anaemia 0.01 1.8 (1.1, 3.0) 0.02 1.6 (1.0, 2.8)

Thyroid disease 0.80 1.0 (0.5, 2.2) ns

Iron deficiency 0.008 1.9 (1.1, 3.3) ns

Abbreviations: BMI, Body Mass Index; CI, confidence interval; HR, hazard ratio; HF, heart failure. 
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Supplemental table 2: Univariable analysis parameters correlated with 6MWT distance (m) and 
predicted distance (%)

Demographic and clinical variables 6MWT distance (m) 6MWT predicted 
distance (%)

Correlation 
coefficient

P-value Correlation 
coefficient

P-value

Age, years -0.23 <0.01 0.01 0.82

BMI, kg/m² -0.35 <0.01 -0.10 0.10

Female, % -0.08 0.19 -0.08 0.19

Systolic BP, mmHg 0.15 0.01 0.12 0.03

Diastolic BP, mmHg 0.08 0.15 0.02 0.63

Heart rate, BPM -0.18 0.02 -0.09 0.10

Functional Class (NYHA) 0.19 <0.01 -0.43 <0.01

Quality of life

HADS

Distress 0.04 0.51 0.07 0.22

Depression -0.11 0.06 -0.08 0.14

EQ5D-index (0-100) 3.55 <0.01 0.35 <0.01

Laboratory

Hb, mmol/L 0.21 <0.01 0.10 0.09

Ht, L/L 0.12 0.04 0.05 0.38

Leukocytes, 10E9/L -0.18 0.03 -0.21 <0.01

Urea mmol/L -0.25 <0.01 -0.25 <0.01

Creatinine, µmol/L -0.27 <0.01 -0.11 0.05

eGFR, ml/min/1,73/min 0.28 <0.01 0.11 0.06

NT-proBNP, pmol/L -0.15 0.01 -0.17 <0.01

Cholesterol, mmol/L 0.15 0.01 -0.001 0.98

HDL, mmol/L 0.24 <0.01 0.07 0.22

LDL/ mmol/L 0.06 0.27 -0.02 0.68

Tsat, % 0.16 <0.01 0.14 0.01

Ferritin, µg/L 0.13 0.02 0.12 0.03

TSH, µU/L 0.08 0.28 0.002 0.97

hs-CRP -0.22 <0.01 -0.07 0.22

Comorbidities

Iron deficiency, % -0.15 0.01 0.16 <0.01

Myocardial infarction, % -0.11 0.06 0.08 0.16

CAD, % -0.08 0.18 0.01 0.80

PCI, % -0.34 0.57 0.07 0.25

CABG, % -0.12 0.04 -0.06 0.22

Valvular disease, % -0.13 0.02 -0.07 0.19

CVA, % -0.11 0.05 -0.07 0.25

Peripheral vascular disease, % -0.16 <0.01 -0.08 0.15
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Supplemental table 2: Continued

Demographic and clinical variables 6MWT distance (m) 6MWT predicted 
distance (%)

Correlation 
coefficient

P-value Correlation 
coefficient

P-value

Diabetes Mellitus, % -0.29 <0.01 -0.09 0.12

Hypertension, % 0.004 0.94 0.03 0.61

Hypercholesterolemia, % 0.05 0.36 0.02 0.73

COPD, % -0.12 0.03 -0.09 0.11

Sleep apnoea, % -0.04 0.69 -0.10 0.08

Pulmonary hypertension, % -0.14 0.01 0.08 0.16

Depression -0.13 0.02 0.03 0.60

Rheumatoid arthritis -0.08 0.18 -0.06 0.32

AF -0.04 0.57 -0.02 0.65

Kidney Failure
(eGFR<60ml/min/173/min,%)

-0.18 <0.01 0.04 0.42

Anaemia, % -0.18 <0.01 -0.01 0.77

Thyroid disease, % -0.04 0.46 -0.05 0.38

Echocardiography

LVEF (Teichholz) 0.04 0.43 0.04 0.43

LVEDd (mm) -0.01 0.99 -0.001 0.99

IVS (mm) -0.16 <0.01 -0.18 <0.01

PW (mm) -0.16 <0.01 -0.17 <0.01

LAVI (ml/m2) 0.05 0.36 0.05 0.34

LVMI (g/m2) -0.05 0.40 -0.09 0.14

EA ratio 0.08 0.27 0.16 0.02

e’ average 0.11 0.07 0.05 0.37

E/e average -0.15 0.02 -0.10 0.12

TR-speed (m/s) -0.15 0.01 -0.15 0.01

Data are n (%), mean ± SD or median [IQR]. 
Abbreviations: AF, Atrial Fibrillation; BMI, Body Mass Index; BP, Blood Pressure; BPM, Beats Per 
Minute; CABG, Coronary artery bypass grafting; CAD, Coronary Artery Disease; COPD, Chronic 
Obstructive Pulmonary Disease; CVA, Cerebrovascular Accident; EQ5D, European quality of life 5 
Dimensional Questionnaire; eGFR, Estimated Glomerular Filtration Rate; HADS, Hospital Anxiety 
and Depression Scale; Hb, Hemoglobin; HDL, High Density Lipoprotein; Ht, Hematocrit; hs-CRP, High 
Sensitivity C-Reactive Protein; ID, Iron Deficiency; IVS, Intraventricular Septum Thickness; LAVI, Left 
Atrium Volume Index; LVEDd, Left Ventricular End-Diastolic Diameter; LVEF, Left Ventricular Ejection 
Fraction; LVESd, Left Ventricular End-Systolic Diameter; LVMI, Left Ventricle Mass Index; LDL, Low 
Density Lipoprotein; 6MWT, 6 Minute Walking Test; NT-proBNP, N-terminal pro-B-type Natriuretic 
Peptide; NYHA, New York Heart Association; PCI, Percutaneous Coronary Intervention; PW, Posterior 
Wall Thickness; Tsat, Transferrin Saturation; TR, Tricuspid Regurgitation; 
TSH, Thyroid Stimulating Hormone.
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Supplemental table 3: Multivariable linear regression analysis of exercise capacity measured by 
6MWT distance (m) 

Univariable Multivariable

P-value P-value β (95% CI)

Age <0.01 <0.01 -4.7 (-6.7,-2.7)

Sex 0.19 ns

BMI <0.01 <0.01 -7.2 (-9.7, -4.7)

Iron deficiency 0.01 0.070 -26.4 (-55.1,-2.2)

Hb <0.01 ns

Creatinine <0.01 ns

Nt-pro BNP 0.01 <0.01 -44.0 (-76.7, -11.4)

hs-CRP <0.01 ns

Diabetes mellitus <0.01 0.01 -38.5 (-69.7, -7.3)

Depression 0.02 <0.01 -61.3 (-101.8, -20.7)

E/e’ average 0.02 ns

TR-speed 0.01 ns

Abbreviations: BMI, Body Mass Index; CI, Confidence Interval; Hb, Hemoglobin; HDL, hs-CRP, High 
Sensitivity C-Reactive Protein 6MWT, 6 Minute Walking Test; N-Terminal pro-B-type Natriuretic 
Peptide; TR, Tricuspid Regurgitation.
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GENERAL DISCUSSION

Heart Failure with Preserved Ejection Fraction (HFpEF) remains one of the most 
complicated mysteries of modern cardiology. This thesis aimed to get a step further 
understanding HFpEF, especially concerning the pathophysiology, comorbidities and 
systemic entity of the syndrome. Furthermore, we propose novel strategies for developing 
effective treatment, phenotype-based personalised medicine, development of adequate 
animal models and implementing different trials designs. 
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DIAGNOSING HFPEF 

The first part of the thesis focuses on the challenge of diagnosing HFpEF. Although 
different guidelines and risk-scores to diagnose HFpEF have been proposed 1-6, diagnosing 
HFpEF continuous to be difficult 7. While all these guidelines and risk-scores use signs/
symptoms of HF, echocardiographic parameters indicative of elevated LV-pressured and/
or Natriuretic peptides (NPs) to diagnose this heterogeneous syndrome, they differ in the 
included parameters as well as the cut-off values used. This heterogeneity highlights the 
uncertainty of the HFpEF diagnosis.

Currently the diagnosis of HFpEF is based on the presence of HF symptoms with a 
left ventricular ejection fraction (LVEF) ≥50% combined with significant cardiac structural 
(increased left atrial volume index (LAVI>34 mL/m2) or left ventricle mass index (LVMI ≥ 
115 g/m2 for men or ≥ 95 g/m2 for women)) or functional abnormalities (mean E/e’ ≥ 13 and/
or mean e’ septal and lateral wall < 9 cm/s) with additional increased levels of N-terminal 
pro-B-type natriuretic peptide (NT-proBNP) 2. 

Nevertheless, signs and symptoms can be non-specific, especially in the elderly 
where HFpEF is more prevalent. Exertional dyspnoea or decreased exercise tolerance can 
be caused by coexisting comorbidities such as obesity, hypertension (HT) or pulmonary 
disease 8. Moreover, in recompensated HFpEF patients, signs of HF can be absent; the 
diagnosis is then solely based on HF symptoms. 

Echocardiographic parameters are used as a surrogate for elevated intracardiac 
filling pressures, but their accuracy herein is limited 9. The European Association of 
Cardiovascular Imaging (EACVI) has recently evaluated the diagnostic accuracy of 
different echocardiographic parameters predicting invasively measured left ventricular 
filling pressures (LVFP), with some shocking results 9. They pointed out that the single use 
of mitral inflow of tissue Doppler velocity parameter is weakly correlated with LVFP. In 
patients with HFpEF, lateral E/e’ was strongly correlated with increased LVFP. Nevertheless, 
averaged E/e’ —the most used echocardiographic measurement to determine diastolic 
dysfunction in clinical practice— only showed a mild relationship with increased LVFP. 
Moreover, left atrial volume index (LAVI) was not correlated to increased filling pressures 9. 

In parallel, determining the diagnostic value of natriuretic peptides (NP) and 
appropriate cut-offs for HFpEF is ongoing10, 11. Natriuretic peptides are elevated in patients 
with increased LV diastolic filling pressures12, but have a limited diagnostic function in 
patients with mild diastolic dysfunction at rest. This can be explained by the absence of 
chronic increased LV pressure and therefore wall stress at rest in HFpEF, which is mandatory 
for NP release. Moreover, comorbid conditions can also influence the secretion of NP 2. 
Almost 80% of HFpEF patients are obese, and obesity has been defined as a genuine and 
differentiated HFpEF phenotype 13. The increased metabolism of adipose tissue could be 
responsible for lower NP levels in obese patients 14, 15. Recently, de Boer et al. analysed the 
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association of 12 biomarkers of renal dysfunction, endothelial dysfunction, inflammation 
and congestive state to HFpEF versus heart failure with reduced ejection fraction (HFrEF). 
The authors observed that only NP and urinary albumin to creatinine ratio (UACR) were 
associated with incident HFpEF 16. These results are confirmed by prior studies, which 
suggests that patients with HFpEF have lower levels of NP than those with HFrEF 17, 

18. Contrarily, female, elderly and atrial fibrillation, prevalent among HFpEF patients, 
are related to higher levels of NP 19-21. All in all, which echocardiographic of biomarker 
parameters—or combination of parameters—should be used and at what cut-off value 
remains a matter of debate 22.

Until date, the majority of diagnostic criteria for HFpEF used in clinical practice have 
been based upon expert consensus 4, 23. As a consequence, clinical trials continue to recruit 
patients with HFpEF using a wide variety of diagnostic definitions. The heterogeneity 
of the included patients has been postulated as one of the contributing factors for the 
negative trials in HFpEF over the last years 24. Also, the presence of a variety of distinct 
clinical phenotypes makes it difficult to diagnose HFpEF patients using one unifying 
diagnostic approach 25. 

Recently, the classic black or white approach, in which diagnostic tools were used to 
determine if a patient has the disease or not has been questioned. These two diagnostic 
algorithms, discussed in chapter 3 and 4, classify patients in likelihood categories (low, 
intermediate or high) for suffering from HFpEF. The H2FPEF is a risk score based on a 
regression model looking into predictors of the gold standard of invasively measured 
elevated LVFP, which includes clinical and echocardiographic parameters 6. The HFA-PEFF 
score classification employs a step-wise approach based upon existing literature and expert 
opinion 5. The HFA-PEFF score system was designed for a population with a high pre-test 
probability as the first step includes a pre-test assessment, which rules out some non-
cardiac causes. The second step uses functional and morphological cardiac features and 
NP, with different cut-off values depending on age and the presence of atrial fibrillation 
5. Both scores propose that the disease can be ruled-in and ruled-out for the low and high 
likelihood categories, respectively. Still, additional tests (exercise echocardiography or 
invasive measurement of cardiac filling pressures) are necessary for patients classified in 
the intermediate category. 

Nevertheless, both scores have advantages and disadvantages. The main strength of 
the H2FPEF score is that the clinical and echocardiographic characteristics to diagnose 
HFpEF were selected based on a regression model using the gold standard of invasive 
pressure measurement, including exercise testing if the resting pressures were normal. 
Furthermore, the H2FPEF is a user-friendly and straightforward score, based on common 
comorbidities and only two echocardiographic parameters. The most important limitation 
of this score is that the algorithm assigns considerable weight to the presence of AF and 
obesity, with the risk of false positive HFpEF diagnoses in subjects with these comorbid 
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conditions. An important subject of debate is the absence of NP levels in this algorithm. 
As mentioned previously, different studies have shown that NP levels are lower in HFpEF 
compared to HFrEF. Even more, NP have a low sensitivity to diagnose HFpEF showing 
normal levels in up to 30% of HFpEF patients with confirmed elevated cardiac fillings 
pressure, at rest or during exercise 10, 26. It is important to mention, in the derivation cohort 
of the H2FPEF-score, the NT-proBNP levels were drawn within 3 months of the invasive 
measurements (gold standard) 6. Furthermore, information about the initiation of any 
diuretic therapy in this period was not reported. This may have caused the exclusion of 
NT-proBNP in the multivariable model used to build-up the score.

The advantages of the HFA-PEFF score rely on the complete structural and functional 
cardiac evaluation including NPs, with different cut-off values depending on the age and 
the presence of atrial fibrillation. However, this broad analysis complicates the algorithm, 
making it difficult to use in daily clinical practice, especially for non-HF specialists. Also, 
the score is based upon existing literature and expert opinion only. 

As shown in this thesis, the two scores have important discrepancies and disagree in 
classifying suspected HFpEF patients in 40% of cases (e.g. high-likelihood by one versus 
intermediate-likelihood by the other score). The important disagreement between the 
scores implies that their usefulness in daily clinical practice gets questioned; depending 
on the diagnostic score used, patients will get a different diagnosis. This diagnostic 
incongruence could also continue affecting HFpEF clinical trials, which already have been 
seriously affected by the heterogeneity of the included patients 27-32. 

Furthermore, a major difference between the new scores and the 2016 ESC HF guideline 
is that the new scores rule-out the disease in a lower amount of patients (i.e. HFA-PEFF 
or H2FPEF: 3-4% vs. 2016 ESC HF guidelines: 17%). Thus, independently of the diagnostic 
score, one third to a half of all patients are classified in the intermediate likelihood category 
and need additional testing (exercise echocardiography or invasive measurement of 
cardiac filling pressures). These additional tests have important differences and their own 
advantages, but also many limitations. On the one hand, exercise echocardiography is a 
consolidated imaging technique, and the recommended imaging modality when patients 
referred to stress echocardiography can exercise 33-35. Furthermore, it is cost-effective and 
safe. The main limitations of exercise echocardiography are the poor acoustic window, 
especially in some patients as in the obese. In addition, patients with a limited exercise 
capacity can obtain inconclusive results. Being both, obesity and impaired exercise capacity 
very common among the HFpEF population 36. On the other hand, invasive measurement 
of cardiac filling pressures, measured during exercise if the pressure is normal at rest, is 
the gold standard to diagnose HFpEF 2. This invasive test requires specialised training and 
equipment, has high medical costs and can produce complications. 

The effects of actually implementing the H2FPEF and HFA-PEFF score to daily clinical 
practice are unknown. To evaluate their effect, diagnostic trials or implementation studies 
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looking into the outcome of patients subjected to these novel approaches are needed. 
Moreover, the cost-effectiveness of this diagnostic strategy should be calculated. 

Another important issue that has to be addressed is the objective that a diagnostic 
tool in the field of HFpEF should achieve. On the one hand, highly specific diagnostic tools 
can identify the most severe patients where treatment strategies are desperately needed. 
The potential risk is that these patients could already be refractory to therapy, as has been 
seen in all HFpEF trials so far 37. On the other hand, more sensitive diagnostic strategies 
offer broader opportunities for detecting early stadiums of the disease and provide in this 
phase phenotype driven targeted therapy. In this regard, the new diagnostic algorithms 
could be helpful, but phenotyping HFpEF patients remains essential to find and evaluate 
effective therapies. 
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HFPEF MORE THAN A 
COMPILATION OF COMORBIDITIES

Comorbidities have been postulated to be responsible for low-grade systemic inflammation, 
which is considered to be the first step of the pathophysiological cascade responsible for the 
onset and development of HFpEF 38. Although comorbidities are common in both, HFrEF 
and HFpEF 39, population studies show that HFpEF patients are older, more frequently 
women and have a high prevalence of cardiovascular and non-cardiovascular comorbidities 
40, 41. The latter in particular, non-cardiovascular comorbidities such as chronic kidney 
disease (CKD), chronic obstructive pulmonary disease (COPD), anaemia, cancer or thyroid 
disease are more frequent in HFpEF 42. The high prevalence of comorbidities and the 
importance that has been given to them in the pathophysiology of HFpEF has led to the 
question if HFpEF is a disease on itself or merely a compilation of comorbidities. 

Recently, several population-based studies have demonstrated that HFpEF represents 
more than a sum of all its comorbidities 43, 44. A community-based studies showed that, 
after correcting for age, sex, and comorbidities such as obesity, type 2 diabetes mellitus 
(DM), anaemia or renal dysfunction, HFpEF patients presented significantly higher 
ventricular and vascular alterations than controls without HF or hypertensive controls 
43. This study observed that more cardiac remodelling (larger concentric left ventricular 
hypertrophy and left atrial volume index), lower LV ejection fraction, more diastolic 
dysfunction (higher E/e’, PASP, lower e’ and early mitral inflow deceleration time), and 
impaired vascular stiffness, compliance and elastance was present in HFpEF compared to 
the other two groups 43. Furthermore, significantly higher hospitalisation and mortality 
rates were observed in HFpEF trials compared to HFrEF trials, although the HFpEF patients 
had a lower comorbid burden 44. Whether the previously mentioned cardiac and vascular 
structural and functional abnormalities explain this prognostic difference is a question 
that still has to be addressed. It is essential to be aware that the relationship between 
comorbidities and HF is bidirectional 45. For example, hypoxia, pulmonary parenchymal 
changes and airflow limitation present in COPD can lead to LV diastolic dysfunction and 
HFpEF. But, the other way around, the increased LVFP present in HFpEF can affect the 
severity of COPD. This bidirectional relationship, together with the different comorbid 
conditions that can be present in a HFpEF patient, the so-called “heterogeneity” of the 
disease, complicates the whole picture. 

The heterogeneity of HFpEF is constantly referred to in negative terms, sometimes like 
a discouraging mantra, forgetting that this diversity may actually be essential to solve the 
puzzle. Although there is a believe than not any effective treatment for HFpEF exists, this 
is not entirely true. A closer evaluation of HFpEF clinical trials shows that several drugs 
can improve exercise capacity, quality of life and reduce HF hospitalisation in selected 
patient groups. The systematic assessment of comorbid conditions and clinical features 
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has demonstrated to be useful to determine the prognosis and outcome of these patients 
25. Up to now, there is no unanimity about which clinical phenotypes exist. Some authors 
have defined ageing, obesity, pulmonary hypertension (PHT) and coronary artery disease 
(CAD) as separate phenotypes, with HT overlapping them all 46. But the same authors 
outlined that comorbidities were linked between them building a complex network (e.g. 
atrial fibrillation (AF), COPD and frailty were related to age and obstructive sleep apnoea 
(OSA), CKD and DM were related to obesity 46. Other researchers defined obesity/metabolic, 
HT, CAD, and CKD as independent clinical phenotypes which could be combined with 
different comorbidities (pulmonary congestion, AF, PHT and skeletal muscle weakness) 
47. Additionally, Obokata et al. identified a distinct obese phenotype; with greater volume 
overload and more biventricular remodelling compared to non-obese HFpEF patients 13. 
In obese HFpEF patients, other factors contributed to high LVFP, suggesting that different 
pathophysiologic mechanisms are present in obese-HFpEF compared to non-obese-HFpEF 
patients. While these studies have in common that subgroups of HFpEF patients may exist, 
there is no consensus on what these should be. Trying to solve this problem, Multiple 
Criteria Decision Analysis (MCDA) based on cluster analysis has also been used as a novel 
approach for identifying different phenogroups. Using this strategy, various authors have 
defined distinct phenotypic groups with different clinical characteristics and outcome 25, 

48. These studies are a clear example of how phenotypic stratification can identify patients 
with different clinical characteristics and prognosis. 

Elucidating and understanding the matrix relating clinical phenotypes and underlying 
pathophysiological mechanisms is essential to find targeted, phenotype-specific HFpEF 
treatments. Identifying the different phenotypes allows to determine different underlying 
pathophysiological mechanisms (chapter 2 and 5). This step is necessary before targeted 
therapeutic strategies are developed and used for each patient group. Besides a better 
understanding of the pathophysiology, deep phenotyping could allow us to identify 
markers for early recognition of HFpEF. In these early stages, therapeutic strategies could 
be more effective than in advanced stages and will provide the opportunity to implement 
preventive measurements in patients at high risk for developing HFpEF before irreversible 
damage is present (Figure 1). 

A clear example of how the systematic phenotyping of HFpEF patients can help 
to understand the pathophysiology and lead the way to targeted therapy is shown in 
chapter 6, where we study the relationship between Iron Deficiency (ID) and HFpEF. 
The role of ID has been broadly studied in HFrEF, where is related to reduced exercise 
capacity and poor outcome 49, 50, being all reversible when intravenous iron is administrated 
2. The current lack of effective treatments for HFpEF makes ID a promising therapeutic 
target. Until date, only few small studies, with inconsistent criteria for defining HFpEF, had 
analysed the role of ID in HFpEF 51-54. In chapter 6 we show the impact of ID on functional 
status and exercise capacity in HFpEF. In addition, our study is the first to analyse the 
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prognostic effects of ID in HFpEF. This study demonstrates that ID is associated with a 
poorer prognosis (higher all-cause mortality and combined endpoint rates) in HFpEF. But, 
this study also confirms how intricate the relationship of the different comorbidities and 
HFpEF pathophysiology is, showing that, although ID influences exercise capacity, ID is 
not independently associated with reduced exercise capacity. Rather, exercise capacity 
seems to be multifactorial. 

The multifactorial results of our study highlight the challenges facing when designing 
a HFpEF trials. These results underline the importance of deep phenotyping prior to the 
inclusion of HFpEF patients in clinical trials. 
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ROLE OF MICROVASCULAR DYSFUNCTION 
IN PATHOPHYSIOLOGY HFPEF

In this thesis, we also analyse the role of microvascular dysfunction (MVD) in HFpEF. The 
most accepted theory postulates that the main pathophysiological mechanism leading to 
HFpEF involves comorbidities, which cause a systemic low-grade inflammation leading to 
generalized microvascular dysfunction and myocardial interstitial fibrosis 38. Nevertheless, 
studies evaluating the presence of coronary and peripheral MVD in HFpEF, as well as the 
role of MVD in the early stages of the disease, such as pre-clinical diastolic dysfunction, 
are lacking. 

HFpEF 

    

Diagnosis in an early state 
when the disease is 

treatable 

Deep phenotyping 

Phenotype based 
targeted therapy 

Early 
detection 

Understanding 
underlying 

pathophysiology 

General  
population 

Targeted 
Therapy 

Be
ne

fic
ia

l 

Biomarker 
Diagnostics 

Benefit from 
individualized treatment 

Ad
ve

rs
e 

ef
fe

ct
s 

One-size 
fits-all 

No
 ef

fe
ct

 

Figure 1: Challenges in HFpEF: Understanding pathophysiology is key for early detection and 
phenotype based targeted therapy. 

In chapter 7, we evaluate the association between retinal and skin microvascular function 
and echocardiographic parameters of diastolic dysfunction in cross-sectional data from 
The Maastricht Study. The study concludes there is no association between retinal or skin 
MVD and echocardiographic measurements of diastolic dysfunction. However, we observe an 
independent positive association between central retinal arteriolar (CRAE) and venular (CRVE) 
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diameters and LAVI. It is essential to mention that CRAE and CRVE are robust, validated 
and prognostic relevant measurements of microvascular function, which provide similar 
information as invasively measured subcutaneous small arteries by using micromyography 55. 

The positive association between CRVE and LAVI has already been described previously, 
showing that wider CRVE was associated with a higher incidence of HF 56. Yet, the positive 
association between CRAE and LAVI contradicts the result of previous studies 56, 57. 

These opposite results could be explained by different retinal MVD severity measured 
in these studies. When subtle retinal MVD is present, an absent autonomic nerve activation 
increases retinal capillary blood flow and pressure, producing retinal capillary dilation 58, 59. 
This phenomenon has been broadly studied in type 1 and type 2 DM, where early stages and 
uncomplicated diabetes is associated with wider CRAE in contrast with the narrowing of retinal 
arteriolar capillaries present in more advanced disease phases, as in diabetic retinopathy 60-64. 

As far as we know, this study proposes a novel strategy to understand the pathophysiology 
of HFpEF beyond the limits of the disease itself. Prediastolic dysfunction, as a proven precursor 
of HFpEF 65, offers a unique opportunity for studying early pathophysiological alterations of the 
disease. Understanding these early pathophysiological alterations could be crucial to develop 
targeted therapies in a potentially reversible stage. 

Other important aspect of the theory proposed by Paulus and Tschöpe also postulates that 
HFpEF is a systemic disease. Consequently, MVD should be present in the heart but also in 
other organs. These microvascular alterations should also be framed by other cardiac and extra-
cardiac abnormalities, such as cardiac fibrosis or skeletal muscle metabolism abnormalities. 
This issue is further analysed in chapter 8, where we present the first study in which coronary 
and peripheral microvascular function, cardiac fibrosis, as well as skeletal muscle 
metabolism of HFpEF and hypertensive controls were evaluated. The results of this study 
corroborate the earlier postulated theory, demonstrating that coronary microvascular function 
is deteriorated in HFpEF compared to controls matched for hypertension. Moreover, although 
no differences in peripheral microvasculature are observed, skeletal muscle metabolism is 
significantly altered in the HFpEF group. 

Throughout the years several efforts have been made to determine the presence of in 
coronary microvascular and peripheral microvascular and endothelial dysfunction in HFpEF 
as we show in table 1. 

The first study analysing the presence of coronary microvascular dysfunction (CMD) 
in HFpEF, used immunohistochemistry and digital image acquisition of myocardial tissue 
from autopsies of HFpEF, HFrEF and controls without HF in their medical history. All of 
them underwent coronary bypass surgery. The results of this study revealed HFpEF has more 
coronary microvascular rarefaction and fibrosis than HFrEF or controls. Also, microvascular 
density was inversely associated with fibrosis in HFpEF 66. However, the broad inclusion period 
and the lack of detailed phenotyping at inclusion were the main limitations of this study. 
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Other studies used different invasive measurements (Thrombolysis in myocardial 
infarction Frame Count (TFC), Myocardial Blush Grading (MBG), Coronary Flow Reserve (CFR) 
and Index of Microcirculatory Resistance (IMR)) to analyse coronary microvascular function 
in HFpEF and controls. Overall, these studies conclude that coronary MVD is more frequently 
present in HFpEF compared to controls 67, 71. Except, measurements such as TFC and MBG 
are semiquantitative measurements of coronary microvascular function. Therefore, these 
techniques do not allow quantitative measurement such as flow, flow velocities or myocardial 
blood volume. Even more, TFC and MBG are subjective measurements of myocardial 
reperfusion, an important limitation that can cause a high interobserver variability if the 
techniques are not performed by highly experienced interventional cardiologists 86, 87. One of 
the main advantages of IMR is that it is not affected by epicardial coronary stenosis, which has 
to be previously excluded when other invasive techniques are used 88, 89. However, measuring 
IMR is not an easy task and there are some technical aspects that have to be considered, such 
as the position of the sensor that has to be accurately placed at the same distance from the 
coronary ostium for each subsequent measurement in the same individual. Furthermore, the 
main limitation of the technique relies on the fact that the IMR measurement is a snapshot 
of the microvascular resistance within a concrete coronary territory in different time points. 
This hinders the definition of normal or abnormal IMR values, even the extrapolation of these 
values to different individuals 89, 90. 

Throughout the years, non-invasive imaging techniques have been developed and allow 
the evaluation of the microvasculature. Adenosine stress cine magnetic resonance imaging 
(MRI) of the coronary sinus show that a reduced CFR (<2.5) is present in 76% of HFpEF patient. 
Moreover, CFR is significantly lower in HFpEF (CRF:2.21±0.55) than hypertensive controls with 
left ventricular hypertrophy (CRF:3.05±0.74) and healthy controls (CRF: 3.83±0.73), p<0.001 68. 
Regarding non-invasive imaging techniques, cardiac positron emission tomography (PET) is 
currently the gold standard to evaluate myocardial blood flow. There have been two studies 
in which PET is performed in HFpEF and non-HFpEF patients with suspected coronary artery 
disease. These studies conclude that CMD is almost three times more frequent in HFpEF, and 
CMD is independently associated with a higher incidence of HFpEF and LV dysfunction 69, 70. 
Further, myocardial flow reserve (MFR) is significantly lower in HFpEF (2.16±0.69) compared 
to normotensive controls (2.89±0.70), p<0.0001, even compared to hypertensive controls 
(2.54±0.80) p<0.02 69. Moreover, CFR was independently associated with echocardiographic 
parameters of diastolic dysfunction (E/e’ septal > 15: OR 2.58, 95%CI 1.22–5.48) and entailed 
worse prognosis with higher hospitalisations rates due to HFpEF (HR 2.47, 95%CI 1.09–5.62) 70. 
Nonetheless, PET scan is an expensive and time-consuming technique that is only available in 
a few specialised medical centres, important disadvantages that limit the use of this technique 
for the serial evaluation of coronary microvascular function. 
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Table 1: Current evidence of coronary microvascular and peripheral microvascular and endothelial 
dysfunction in HFpEF

Author, year Sample size Study design Method Mayor finding

Coronary microvascular dysfunction

Mohammed, 201566 HFpEF: 124
HFrEF: 27
No HF:104

Retrospective
Single centre

Autopsy HFpEF more coronary microvascular rarefaction and 
fibrosis. Microvascular density was inversely associated 
to fibrosis. 

Sucato, 201567 HFpEF: 155
No HFpEF*: 131

Retrospective
Single centre

Invasive CAG (TIMI frame/perfusion 
grade)

HFpEF worse TIMI frame/perfusion grade

Kato, 201668 HFpEF: 52
HT (LVH): 13
Controls: 18

Prospective
Single centre

Cardiac MRI
(CMD: CFR<2.5)

CMD in 76% of HFpEF
CFR lower in HFPEF than HT(LVH) and controls
CFR correlated NT-proBNP levels

Srivaratharajah, 201669 HFpEF: 78
No HFpEF*: 298

Retrospective
Single centre

Rb-82 PET
(CMD: CFR<2.0)

CMD in 40% of HFpEF
HFpEF x2.6 CMD than controls (corrected comorbid.)

Taqueti, 201770 Consecutive (suspected CAD)
HFpEF: 36
No HFpEF*: 165

Retrospective
Single centre

Rb-82 PET
(CMD: CFR<2.0)

CMD independent risk factor for incident HFpEF
CMD associated with worse LV dysfunction

Dryer, 2018 71 HFpEF: 30
Controls: 14

Prospective
Multicentre (2 centres)

Invasive coronary doppler
CFR and IMR
CMD: CFR<2.0+IMR≥23

CMD in 37% HFpEF, 47% if CMD defined as CFR <2.0

Shah, 201872 HFpEF: 202 Prospective
Multicentre (5 centres) 

Adenosine stress transthoracic Doppler 
echocardiography
CMD: CFR<2.5

CMD in 75% HFpEF
CMD associated with history of smoking and AF 

Peripheral vascular dysfunction

Endothelium dependent macrovascular function

Hundley, 200673 HFpEF: 9
HFrEF: 10
Healthy controls**: 11

Case-control FMD (MRI) 
%change femoral artery

No differences

Haykowsky, 201374 HFpEF: 66 (70±7y)
Healthy controls: 111 
-16 young (25±3y)
-31 old (71±13y)

Case-control FMD (ultrasound)
%dilation brachial artery

FMD higher in young healthy vs. old controls (6.13±0.53 
vs. 4.0 ± 0.38; p < .0002) and HFpEF (6.13±0.53 vs. 3.64% 
± 0.28; p < .0001)
No differences between old controls vs. HFpEF (p=0.86) 

Farrero, 201475 HFpEF: 28
Controls HT**:70

Case-control FMD (ultrasound)
%dilation brachial artery

FMD lower in HFpEF vs. controls
(1.9 [-0.8, -4.9] vs. 5.0 [3.9, -10.0]), p=0.002

Kishimoto, 201776 HFpEF: 41
Controls: 165

Case-control FMD (ultrasound)
%dilation brachial artery

FMD lower in HFpEF 
(2.9±2.1 vs. 4.6±2.7%, p<0.001)

Endothelium dependent microvascular function
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LDF: lower blood flow in HFpEF
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HFpEF vs. control p=,0.001)
Venous capacitance lower in HFpEF vs. HFrEF 
(1.34±0.34 vs. 1.75±0.41, p<0.05)
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Table 1: Current evidence of coronary microvascular and peripheral microvascular and endothelial 
dysfunction in HFpEF

Author, year Sample size Study design Method Mayor finding
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Retrospective
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No HFpEF*: 165

Retrospective
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Rb-82 PET
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Dryer, 2018 71 HFpEF: 30
Controls: 14

Prospective
Multicentre (2 centres)

Invasive coronary doppler
CFR and IMR
CMD: CFR<2.0+IMR≥23

CMD in 37% HFpEF, 47% if CMD defined as CFR <2.0

Shah, 201872 HFpEF: 202 Prospective
Multicentre (5 centres) 

Adenosine stress transthoracic Doppler 
echocardiography
CMD: CFR<2.5

CMD in 75% HFpEF
CMD associated with history of smoking and AF 

Peripheral vascular dysfunction

Endothelium dependent macrovascular function

Hundley, 200673 HFpEF: 9
HFrEF: 10
Healthy controls**: 11

Case-control FMD (MRI) 
%change femoral artery

No differences
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Healthy controls: 111 
-16 young (25±3y)
-31 old (71±13y)

Case-control FMD (ultrasound)
%dilation brachial artery

FMD higher in young healthy vs. old controls (6.13±0.53 
vs. 4.0 ± 0.38; p < .0002) and HFpEF (6.13±0.53 vs. 3.64% 
± 0.28; p < .0001)
No differences between old controls vs. HFpEF (p=0.86) 
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Controls HT**:70
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%dilation brachial artery
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Table 1: Current evidence of coronary microvascular and peripheral microvascular and endothelial 
dysfunction in HFpEF

Author, year Sample size Study design Method Mayor finding

Borlaug, 201078 HFpEF: 21
HT and no HF: 19
No CV disease: 10

Case-control RHI (Endo PAT) digital blood flow after 
brachial artery occlusion

RHI lower in HFpEF vs. healthy (0.85±0.42 vs. 1.33±0.34, 
p<0.05)
but no HFpEF vs. HT (0.85±0.42 vs. 0.92±0.38, n.s.)

Akiyama, 201279 HFpEF: 321 
Controls ***: 173

Prospective
Single centre

RHI (Endo PAT) digital blood flow after 
brachial artery occlusion

RHI lower in HFpEF (0.53±0.20 vs. 0.64±0,20, p<0.001)

Matsue, 201380 HFpEF: 159 Prospective
Single centre

RHI (Endo PAT) digital blood flow after 
brachial artery occlusion

RHI independent predictor of HF-related events (HR 
0.56, 95% CI: 0.39-0.80)

Vitiello, 201481 HFpEF: 18
Healthy controls: 14

Case-control Venous occlusion pletismography 
(venous capacitance of the forearm)

No differences

Yamamoto, 201582 HFpEF: 64
Controls ****: 64

Case-control RHI (Endo PAT) digital blood flow after 
brachial artery occlusion

RHI lower in HFpEF (1.70 [1.55,1.88] vs. 2.01 [1.64,2.42], 
p<0.001)

Shah, 201872 HFpEF: 202 Prospective
Multicentre (5 centres) 

RHI (Endo PAT) digital blood flow after 
brachial artery occlusion

No absolute values
Association with CMD (R:0.21, p=0.04)

Gevaert, 201983 HFpEF: 26
Healthy controls**: 26

Prospective
Single centre

RHI (Endo PAT) digital blood flow after 
brachial artery occlusion

No absolute values
RHI lower in HFpEF p=0.03

Endothelium dependent macro and microvascular function

Lee, 201684 HFpEF: 24
Controls:

Case-control FMD % dilatation brachial artery RHI 
Blood flow AUC after cuff release 

FMD lower in HFpEF (3.06±0.68 vs.5.06±0.53), but 
no difference in when corrected for shear rate RHI 
(ultrasound) AUC lower in HFpEF (454±35 vs.659±63 
mL/min, p=0.03)

Marechau, 201685 HFpEF: 45
Controls***: 45

Case-control FMD brachial artery 
RHI (LDF) before and after arterial 
occlusion

FMD lower in HFpEF (3.6% [0.4,7.4] vs. 7.2% [3.2±12.7]), 
also after correction for confounders. 
LDF rest and after occlusion lower in HFpEF, (Peak 
blood flow 135 [104,206] vs.177 [139,216] PU, p = 0.03)

*LVEF≥50%
** matched for age
*** matched for age, gender, HT and T2DM
**** matched for age, gender and comorbidities

Abbreviations: HFpEF: heart failure with preserved ejection fraction; HFrEF: heart failure with reduced 
ejection faction; HF: heart failure; CAG: coronary angiogram; TIMI: thrombolysis in myocardial 
infarction; HT: hypertension; LVH: left ventricular hypertrophy; CMD: coronary myocardial 
dysfunction; CFR: coronary flow reserve; PET: positron emission tomography; CAD: coronary artery 
disease; LV: left ventricle; IMR: index of microcirculatory resistance; AF: atrial fibrillation; FMD: flow 
mediated dilation; LDF: laser doppler flow; MRI: magnetic resonance imaging; Endo PAT: endothelial 
function testing using peripheral artery tonometry; RHI: reactive hyperaemia index.
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The assessment of peripheral microvasculature is even more complicated; therefore, 
the majority of studies have studied peripheral macrovascular instead of microvascular 
function in HFpEF. Several studies have analysed endothelium-dependent peripheral 
macrovasculature, measuring flow-mediated dilation of femoral or brachial arteries 73-

76, 84, 85. Others have studied peripheral endothelium-dependent microvascular function 
using venous occlusion plethysmography, digital blood flow measurements after brachial 
artery occlusion using endothelial peripheral arterial tonometry (EndoPAT) or laser 
Doppler flowmetry (LDF) 72, 77-83. The majority of studies analysed changes in digital reactive 
hyperaemic blood flow (RHI) after brachial artery occlusion using EndoPAT, a technique 
that measures slightly bigger blood vessels than what can be defined as microcirculation 91. 

The PROMIS trial is the first study integrating the assessment of coronary microvascular 
function using a Doppler transthoracic echocardiography to measure the coronary flow 
at rest and after adenosine, and peripheral endothelial vascular function using EndoPAT 
in 202 HFpEF patients 72. The study concludes that CMD, defined as a CFR <2.5, is present 
in 75% of the HFpEF patients. Additionally, a significant but modest positive association 
exists between coronary microvascular function and peripheral, endothelium-dependent, 
vascular function (R=0.21, p=0.04). In conclusion, independently of the technique, most 
studies conclude that peripheral vascular function (lower blood flow and lower RHI) is 
impaired in HFpEF compared to controls.

The technological development of the last year has allowed to develop techniques 
for the measurement and visualisation of peripheral microvasculature. The two studies 
included in chapter 7 and 8 of this thesis are the first ones using these novel techniques 
for the evaluation of peripheral microvasculature in prediastolic dysfunction and HFpEF 
patients. The absence of an association between retinal and skin microvascular function 
with structural and functional measurements of diastolic dysfunction has been discussed 
previously (chapter 7). The lack of difference in microvascular function that we observe 
between HFpEF and hypertensive controls (chapter 8) can rely on the lack of power of this 
study to assess peripheral MVD, as measurements of MVD show a much smaller inter-
group difference than coronary microvascular function measurements, and, therefore, 
require a higher enrolment rate. 

In conclusion, the studies presented in chapter 7 and 8 underline the importance of 
MVD in HFpEF, but also reflects that the role of MVD in HFpEF still has to be clarified. In 
the future, larger studies should be designed to evaluate the specific role MVD plays in the 
pathophysiological process of the disease. 
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FUTURE PERSPECTIVES: 
CHALLENGES AND OPPORTUNITIES

This thesis contributes to the important progress of the last decades in improving 
diagnosing and understanding HFpEF in order to find any effective treatment. Due to its 
heterogeneity and non-straight forward pathophysiology, this chronic syndrome has been 
not only challenging but demanding and controversial at the same time. 

Although the diagnosis of HFpEF has evolved and improved tremendously throughout 
the years diagnosing HFpEF remains challenging. This is particularly difficult in some 
patient groups as elderly, obese, patients with multi-comorbidities or patients only 
presenting HFpEF features during exercise. Trying to improve the diagnosis of HFpEF, new 
diagnostic strategies have been proposed to replace the rigid yes/no diagnostic algorithms 
with a risk stratification approach. These novel diagnostic algorithms identify patients 
classified in an intermediate category with diagnosis uncertainty, and propose additional 
tests (exercise echocardiography or invasive pressure measurements during exercise) 
to diagnose or exclude HFpEF definitively. However, these algorithms have important 
mismatches between them and the amount of patients who require additional tests is 
unacceptably high. 

Diagnostic algorithms and scores are necessary, but will not solve the problem of 
diagnosing HFpEF. Therefore, novel strategies regarding clinical trial design and 
translational research are needed. In chapter 5, we discuss the opportunities that deep 
clinical phenotyping offers as a prior step to understand underlying pathophysiological 
mechanisms. We also address the importance of translational research and provide a 
comprehensive overview of the different animal models that can be matched to biological 
HFpEF phenotypes, intending to evaluate the effectiveness of novel, targeted interventions 
in HFpEF. 

Finding an effective treatment for HFpEF will be the objective for the next decade 
and therefore clinical trials in highly phenotyped patient groups will be crucial. The 
development of standardised HFpEF diagnostic programs with national and international 
network systems will be crucial in the phenomapping and classification process of 
the different HFpEF patients into different targeted therapies. Furthermore, a close 
collaboration with pre-clinical researchers and the enhancement of translational research 
will be essential. 
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SUMMARY

In the introduction of the thesis we provide an overview of important that steps have been 
taken for diagnosing and understanding heart failure with preserved ejection fraction 
(HFpEF) in the last decades. We also address how this process have been complicated by the 
complexity and heterogeneity of the disease and why effective treatments are still lacking. 

The first part of the thesis is focused on the challenge of diagnosing HFpEF. Defining 
clearly which patients suffer from HFpEF is essential, especially because classical heart 
failure (HF) treatments have failed treating HFpEF as one generic patient population 
and, thus, phenotype based targeted therapeutic strategies are needed. In chapter 2 we 
review why specialized HFpEF outpatient clinics are needed. We discuss how standardized 
diagnostic work-ups are key to detect the different cardiac and extra-cardiac abnormalities 
that should be treated, as well as to identify the different pheno-groups that can benefit 
from specific treatment strategies. Furthermore, we address the need for national and 
international clinical and research collaboration networks. 

In chapters 3 and 4 we validate and compare two novel algorithms (HFA-PEFF and 
H2FPEF score) to diagnose HFpEF with respect to the current HF guidelines of the European 
Society of cardiology (ESC). This two chapters show how the way of diagnosing HFpEF 
has evolved from a static yes/no to a patient classification approach, in which the most 
challenging patients, the ones with an uncertain diagnosis, get identified and additional 
tests are recommended. 

These studies show that, although these scores are a step forward in the diagnostic 
process and provide a more realistic picture of the disease, limitations are still present. The 
main issue relies on the high percentage of patients classified in the intermediate group 
and who require additional tests asking for enormous logistic changes in the diagnostic 
process. Furthermore, 40% of our cohort subjects were classified into different likelihood-
categories, depending on the score used. These two issues limit the applicability of the 
scores, both clinically and scientifically. Therefore, although the H2FPEF and HFA-PEFF 
scores can be used for estimating the likelihood of suffering from HFpEF, their limitations 
and discrepancies require that more uniform diagnostic approaches develop in the future. 

The last chapter of this first section, chapter 5, evaluates the opportunities offered 
by phenotyping and elucidating the matrix relating clinical phenotypes and underlying 
pathophysiological mechanisms in the process of testing the efficacy of novel, targeted 
interventions in HFpEF. We show how important the role of translational research is in this 
process. The development of complex animal models that can truly be matched to specific 
clinical phenotypes is key to evaluate the effect of different therapies and translate them 
into humans. We also discuss the different trials design models and the pros and cons that 
implies their use in HFpEF research. 
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All in all, in section I we address the difficulty of diagnosing HFpEF and we provide new 
strategies to improve this challenge by underlying the importance of clinical phenotyping 
as first step for targeted therapy.

In the part II we focus on comorbidities. The most accepted/acknowledged 
pathophysiological theory proposes comorbidities as a hallmark of HFpEF. A comorbidity 
driven low grade systemic inflammation is the precursor of different systemic abnormalities 
such as endothelial and microvascular dysfunction (MVD), myocardial fibrosis and 
impaired muscle metabolism. These changes are responsible for maladaptive structural 
and functional cardiac and extra-cardiac alterations that lead to HFpEF. The range of 
comorbidities related to HFpEF is wide and varies from metabolic impairments such as 
hypertension, diabetes mellitus, or obesity, to pulmonary or renal disease, anaemia, or 
iron deficiency. 

Iron deficiency is a very common comorbidity in heart failure with reduced ejection 
fraction and its intravenous supplementation has proven beneficial results to improve 
exercise capacity, quality of life and prognosis. In chapter 6 we analyse the role of iron 
deficiency (ID) on prognosis and exercise capacity in HFpEF. The novelty of the study relies 
on the deep phenotyped and relatively large amount of studied patients, the evaluation of 
the prognostic effects of ID in HFpEF, as well as the evaluation of which clinical factors are 
related to both impaired exercise capacity and ID in HFpEF. This study concluded with a 
novel finding that ID affects prognosis and impaired exercise capacity in HFpEF. Moreover, 
impaired exercise capacity is multifactorial. Although ID plays a role, it is not the only 
factor related to this alteration. 

The results of this study show, how intricate the interaction network between the 
different comorbid conditions is in HFpEF which could be the reason behind the failure of 
traditional treatment strategies in the general HFpEF population. Therefore, these results 
underline the importance of systematic and deep phenotyping in HFpEF. 

Part III of this thesis studies the role of MVD in the pathophysiology of HFpEF. As 
previously said, a comorbidity driven systemic inflammation is thought to be responsible 
for systemic endothelial dysfunction and MVD. Although several studies show that 
preclinical diastolic dysfunction can develop into HFpEF, the presence of MVD has not 
been studied in individuals with preclinical diastolic dysfunction. Chapter 7 studies 
the association between prediastolic dysfunction and MVD through echocardiographic 
parameters of diastolic dysfunction or structural abnormalities related to increased LV 
filling pressures (E/e’ ratio, left atrial volume index (LAVI) and left ventricular mass index 
(LVMI)), and retinal and skin microvascular function, in the Maastricht Study population 
cohort. The study concludes there is not an association between flicker light-induced 
retinal microvascular dilation, skin MVD and diastolic dysfunction. Nevertheless, a 
negative association between central retinal arteriolar and venular diameters and LAVI 
was observed. A positive association between central retinal venular diameters and LAVI 
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has already been shown in other studies. But, the positive association between central 
retinal arteriolar diameters and LAVI are novel and could indicate the presence of subtle 
MVD prior to a central retinal arteriolar constriction that could be present in more severe 
forms of diastolic dysfunction, as is the case in in other diseases such as diabetes mellitus 
and diabetic retinopathy. In any case, this study opens the door to further studies in which 
the presence and role of MVD in preclinical diastolic dysfunction, as a precursor for HFpEF, 
can be studied. 

In chapter 8 we study the presence of coronary and peripheral MVD, as well as 
impaired skeletal muscle metabolism, in HFpEF and controls matched for hypertension. 
The novelty of the study relies on the fact that the study evaluates, for the first time, 
coronary and peripheral microvascular beds, and skeletal muscle metabolism in the same 
patient population, trying to demonstrate the systemic entity of the disease. For this 
purpose, besides the standard medical care performed in the specialized HFpEF outpatient 
clinic (see chapter 2), we performed adenosine stress Cardiac Magnetic Resonance 
(CMR), 31P-MRS (Phosphorus Magnetic Resonance Spectroscopy) of skeletal muscle, and 
peripheral microvascular measurements (skin heat-induced hyperemia, skin flowmotion, 
and sublingual glycocalyx thickness) in 28 HFpEF patients and 20 matched hypertensive 
(HT) controls without HF. The study results show that coronary microvascular function 
as well as skeletal muscle metabolism are impaired in HFpEF compared to hypertensive 
controls, also after correction for important confounders such as age, blood pressure, 
renal function or atrial fibrillation. The study was not powered for the measurements of 
peripheral microvascular function, which were not significantly different between the two 
groups. These results reinforce the theory of HFpEF being a systemic disease in which not 
only the heart is altered, but also skeletal muscle metabolism. 
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SAMENVATTING

In de introductie van het proefschrift geven we een overzicht van belangrijke stappen welke 
in de afgelopen decennia zijn gezet voor het diagnosticeren en begrijpen van hartfalen 
met behouden ejectiefractie (HFpEF). Tevens wordt besproken hoe de complexiteit en 
heterogeniteit van de ziekte dit proces hebben gecompliceerd en waarom effectieve 
behandelingen nog steeds ontbreken.

Het eerste deel van het proefschrift is gericht op de uitdaging van het diagnosticeren 
van HFpEF. Het is essentieel om duidelijk te definiëren welke patiënten aan HFpEF 
lijden, vooral omdat klassieke behandelingen voor hartfalen (HF) er niet in zijn geslaagd 
HFpEF als een gehele patiëntenpopulatie te behandelen en er dus fenotype gebaseerde 
gerichte therapeutische strategieën nodig zijn. In hoofdstuk 2 bespreken we waarom 
gespecialiseerde HFpEF poliklinieken nodig zijn. Ook bespreken we hoe gestandaardiseerde 
diagnostische schema’s de sleutel zijn voor detectie van de verschillende cardiale en extra-
cardiale afwijkingen die moeten worden behandeld, en om de verschillende fenotype 
groepen te identificeren die baat kunnen hebben bij specifieke behandelingsstrategieën. 
Verder wordt de behoefte aan nationale en internationale samenwerkingsverbanden voor 
zowel kliniek als onderzoek besproken.

In hoofdstuk 3 en 4 valideren en vergelijken we de nieuwste algoritmen (HFA-PEFF en 
H2FPEF-score) om HFpEF te diagnosticeren in vergelijking met de huidige HF-richtlijnen 
van de European Society of cardiology (ESC). In deze twee hoofdstukken wordt getoond hoe 
de wijze om HFpEF te diagnosticeren is geëvolueerd van een statische ja/nee benadering 
naar een patiënten classificatie, waarbij de meest uitdagende patiënten, degenen met een 
onzekere diagnose, worden geïdentificeerd en aanvullende testen worden aanbevolen.

Deze studies tonen aan dat, hoewel deze scores een verbeterstap zijn voor het 
diagnostische proces en een realistischer beeld van de ziekte schetsen, er ook beperkingen 
zijn. Het belangrijkste probleem is het hoge percentage patiënten welke in de tussengroep 
zijn geclassificeerd en aanvullende tests nodig hebben, welke enorme logistieke 
veranderingen in het diagnostische proces vereisen.

Het laatste hoofdstuk van het eerste deel, hoofdstuk 5, evalueert de mogelijkheden voor 
fenotypering en translatie van klinische fenotypen en onderliggende pathofysiologische 
mechanismen in de zoektocht naar nieuwe werkzame, gerichte interventies in HFpEF. 
We tonen aan hoe belangrijk de rol van translationeel onderzoek in dit proces is. De 
ontwikkeling van complexe diermodellen welke gerelateerd zijn aan specifieke klinische 
fenotypen, is van cruciaal belang om het effect van de verschillende therapieën te evalueren 
en te vertalen naar de mens. We bespreken tevens de verschillende onderzoeksmodellen 
en de voor- en nadelen om deze in onderzoek naar HFpEF te gebruiken.
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De rode draad van sectie I is de complexiteit om HFpEF te diagnosticeren, waarin we 
nieuwe strategieën voorstellen om deze uitdaging te verbeteren door middel van klinische 
fenotypering als eerste stap voor gerichte therapie.

In het tweede deel richten we ons op comorbiditeiten. De meest geaccepteerde 
pathofysiologische theorie stelt dat comorbiditeiten een belangrijk kenmerk van HFpEF 
zijn. Een door comorbiditeit aangedreven laaggradige, systemische ontstekingsreactie is de 
voorloper van verschillende systemische afwijkingen zoals endotheel en microvasculaire 
disfunctie (MVD), myocardiale fibrose en verminderde spierstofwisseling. Deze 
veranderingen zijn verantwoordelijk voor ongunstige structurele en functionele cardiale 
en extra-cardiale veranderingen welke tot HFpEF leiden. Het aantal comorbiditeiten 
gerelateerd aan HFpEF is groot en varieert van metabool gerelateerd, zoals hypertensie, 
diabetes of obesitas, tot long- of nierziekten, zoals bloedarmoede of ijzertekort.

IJzertekort is een veel voorkomende comorbiditeit bij hartfalen met een verminderde 
ejectiefractie. Hierbij heeft intraveneuze suppletie positieve resultaten laten zien om de 
inspanningscapaciteit, kwaliteit van leven en prognose te verbeteren. In hoofdstuk 6 
analyseren we de rol van ijzertekort (ID) op prognose en inspanningscapaciteit bij HFpEF. 
De studie is uniek door het breed gefenotypeerde en relatief grote aantal bestudeerde 
patiënten, de evaluatie van prognostische effecten van ID in HFpEF, evenals de evaluatie 
welke klinische factoren met beide verband houden, verminderde inspanningscapaciteit 
en ID in HFpEF. De conclusie van deze studie is dat ID de prognose en verminderde 
inspanningscapaciteit bij HFpEF beïnvloed. Desalniettemin wordt de verminderde 
inspanningscapaciteit multifactorieel bepaald. Hoewel ID hier een rol in speelt, is het 
niet de enige factor die verband houdt met verminderde inspanningscapaciteit.

De resultaten van deze studie tonen aan hoe ingewikkeld het interactienetwerk 
tussen de verschillende comorbide aandoeningen in HFpEF is, wat de reden kan zijn 
waarom traditionele behandelstrategieën in de algemene HFpEF-populatie falen. Daarom 
onderstrepen deze resultaten het belang van systematische en brede fenotypering bij 
HFpEF.

Het derde deel van dit proefschrift bestudeert de rol van MVD in de pathofysiologie 
van HFpEF. Zoals eerder vermeld wordt momenteel de theorie aangehouden dat 
comorbiditeiten leiden tot een systemische ontsteking, welke vervolgens verantwoordelijk 
is voor systemische endotheel dysfunctie en MVD. Hoewel verscheidene onderzoeken 
aantonen dat preklinische diastolische dysfunctie zich kan ontwikkelen tot HFpEF, is 
de aanwezigheid van MVD niet onderzocht bij personen met preklinische diastolische 
dysfunctie. Hoofdstuk 7 bestudeert het verband tussen preklinische diastolische 
dysfunctie en MVD middels echocardiografische parameters van diastolische dysfunctie 
of structurele afwijkingen gerelateerd aan verhoogde LV-vullingsdruk (E/e ‘ ratio, linker 
atriale volume-index (LAVI) en linker ventrikel massa-index (LVMI)), en microvasculaire 
functie van retina en huid, in het Maastricht Studie populatiecohort. De studie concludeert 
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dat er geen verband bestaat tussen retinale microvasculaire dilatatie geïnduceerd door 
flitsend, MVD van de huid, en diastolische disfunctie. Desalniettemin werd een negatieve 
associatie waargenomen tussen centrale arteriële retinale en venulaire diameters en 
LAVI. Een positieve associatie tussen centrale retinale venulaire diameters en LAVI 
is reeds aangetoond in andere studies, maar de positieve associatie tussen centrale 
retinale arteriolaire diameters en LAVI is nieuw. Deze positieve associatie kan wijzen op 
de aanwezigheid van subtiele MVD voorafgaand aan een centrale retinale arteriolaire 
vernauwing die aanwezig zou kunnen zijn in ernstigere vormen van diastolische disfunctie, 
zoals het geval is bij verergering van andere ziektes zoals diabetes mellitus met diabetische 
retinopathie. Deze studie is in ieder geval een aanzet naar verdere studies waarin de 
aanwezigheid en rol van MVD bij preklinische diastolische dysfunctie, als een voorloper 
van HFpEF, kan worden bestudeerd.

In hoofdstuk 8 bestuderen we de aanwezigheid van coronaire en perifere MVD, evenals 
een verminderd metabolisme in skeletspieren bij HFpEF patiënten en controle patiënten 
met hypertensie. De studie is vernieuwend omdat het voor het eerst de coronaire en 
perifere microvasculatuur en het skeletspiermetabolisme bij dezelfde patiëntenpopulatie 
evalueert. Hiermee trachtte de studie de systemische entiteit van HFpEF aan te tonen. 
Hiertoe werd naast de standaard medische zorg van de gespecialiseerde HFpEF polikliniek 
(zie hoofdstuk 2), een adenosine stress Cardiac Magnetic Resonance (CMR), 31P-MRS 
(Phosphorus Magnetic Resonance Spectroscopy) van skeletspier en perifere microvasculaire 
metingen (hyperemie van de huid geïnduceerd door warmte, bloed doorstroming door de 
huid, en glycocalyxdikte onder de tong) verricht bij 28 HFpEF patiënten en 20 controle 
patiënten met hypertensie (HT) maar zonder HF. De studieresultaten tonen aan dat de 
coronaire microvasculaire functie en het skeletspiermetabolisme in HFpEF verminderd 
zijn vergeleken met hypertensieve controles, ook na correctie voor belangrijke verstorende 
factoren zoals leeftijd, bloeddruk, nierfunctie of atriumfibrilleren. De studie was niet 
berekend om verschillen in de metingen van de perifere microvasculaire functie aan te 
tonen, waarin geen significant verschil werd gevonden tussen de twee groepen. Deze 
resultaten bevestigen de theorie dat HFpEF een systemische ziekte is waarbij niet alleen 
het hart, maar ook het metabolisme van de skeletspieren wordt veranderd.
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SOCIO-ECONOMIC RELEVANCE

Affecting 26 million people worldwide, heart failure (HF) is the leading cause of 
hospitalization among older adults and one of the major causes of death and disability 1. 
In the following years, due to aging, the increase of comorbidities and the improvement 
of survival due to therapeutic advances, it is expected that the prevalence of HF will 
continue to increase 2. Despite therapeutic advances, HF morbidity and mortality remain 
unacceptably high, being the first cause of hospitalization above 65 years from which only 
a quarter to one third survive 5 years after admission 3. Consequently, HF represents an 
important health care burden and is responsible for 1-2% of the health care expenses in 
Europe or United States 4. 

Around one half of HF patients suffer from HF with preserved ejection fraction 
(HFpEF). Ageing and an increase of comorbid conditions have made that HFpEF has 
become a serious health care problem with 1% incidence increase per year 5. Patients with 
HFpEF are older, more often women and present a higher rate of comorbid conditions 
such as diabetes, hypertension or atrial fibrillation 6, 7. Many efforts have been focused 
on elucidating the nature of this disease and trying to find effective treatments. The 
heterogeneity of HFpEF with different clinical phenotypes and the poor understanding 
of the underlying pathophysiology is the main reason why no effective treatments have 
been found yet. Until date, numerous trials have shown that the classical one-size-fits-all 
strategy is not effective for treating HFpEF. Elucidating and understanding the matrix 
relating clinical phenotypes and underlying pathophysiological mechanisms is essential 
to find targeted, phenotype-specific HFpEF treatments. Finding effective treatments 
which improve prognosis in HFpEF is desperately needed for improving quality of life and 
prognosis of HFpEF patients, and also to decrease health care expenses which otherwise 
will increase even further. 

In this thesis we aim to provide an overview of the current knowledge about HFpEF 
and the unanswered gaps, as well as we focus on different steps that should be taken to 
pursue the objective of finding effective treatments for HFpEF. First, diagnosing HFpEF 
is key. If we are not able to determine which patients suffer from the disease, an amalgam 
of individuals will be included in clinical trials, influencing the effects of any treatment 
strategy. Although different diagnostic guidelines and algorithms have been proposed, 
diagnosing the disease remains difficult. Therefore, specialized outpatient HFpEF clinics, 
with clear diagnostic work-up pathways are necessary. Moreover, a national collaborative 
network system between primary, secondary and tertiary or ‘reference’ centres is 
important to evaluate and share results and knowledge with the aim of improving the 
whole process. 



276   ● Chapter 11

Secondly, comorbidities play a central role in HFpEF, but, like different population-
based studies show, HFpEF is more than a compilation of comorbidities 8, 9. Increasing 
knowledge and understanding the role comorbidities play in HFpEF, which mostly are not 
single players, is key for novel trial designs. Phenotype based targeted therapy, currently 
the only hope for treating HFpEF, first requires proper clinical phenotyping. Understanding 
pathophysiological aspects of the disease like the role of microvascular dysfunction in 
HFpEF, but also in incipient stages of the disease like prediastolic dysfunction (PDD), can 
open the door to novel diagnostic and treatment strategies. 

Finally, enhancing translational research and matching complex animal models 
with human HFpEF phenotypes provides a unique opportunity to develop and test novel 
targeted treatments. Furthermore, we propose which innovative trial designs could be 
most useful to achieve the goal of finding effective, personalized targeted therapy in HFpEF. 
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TARGET GROUPS

The results of this thesis are important for HF patients, but also to cardiologists, 
pulmonologists, internists, general practitioners and the scientific community. First of all, 
this thesis creates awareness. It also proposes systematic diagnostic strategies and clinical 
phenotyping as the first step for designing novel trials in which targeted therapy can be 
tested. All these steps concern HF patients, more specifically those suffering from HFpEF, 
but also patients suspected of suffering from HFpEF. Furthermore, a better understanding 
of the pathophysiology, which has not been only evaluated in HFpEF, but also in patients 
at risk of developing the disease, extends the targeted group to all individuals at risk 
of developing HFpEF. Besides patients, medical professionals including cardiologists, 
other specialists concerned with HFpEF (such as pulmonologists or internists), and 
general practitioners benefit from the concepts developed in this thesis. Finally, the 
development of complex animal models and how these models can be linked to clinical 
and pathophysiological phenotypes will be crucial. Furthermore, novel trial designs and 
their role in future research projects as well as the major steps concerning elucidation of 
pathophysiological processes involved in HFpEF are of special interest for the scientific 
community.
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ACTIVITIES, PRODUCTS AND INNOVATION

During this thesis, one of the main objectives has been to create awareness and to explain 
what that great unknown, called HFpEF, is to patients, cardiologists, other medical 
specialists and general practitioners. We believe specialized HFpEF outpatient clinics are 
the only way to phenotype patients and develop targeted therapy. 

In addition, in this thesis we show that iron deficiency (ID) influences prognosis in 
HFpEF. Impaired exercise capacity, however, is not only related to ID, but is multifactorial. 
These results stress out the importance of the systematic and deep phenotyping in HFpEF. 
In this example, only patients with specific comorbid conditions related to ID-HFpEF, like 
pulmonary hypertension as independent predictor of both ID and exercise capacity, could 
respond to intravenous iron therapy. 

Finally, the finding that HFpEF patients present with altered coronary microvascular 
function and peripheral muscle metabolism in comparison to hypertensive controls, 
supports the theory that HFpEF is a systemic disease, affecting not only the heart but also 
skeletal muscle metabolism. These novel results open the door to future trials in which 
specific exercise training or pharmacological strategies could be tested. For example, Just 
like it has been shown to be effective in improving angina, stress exercise testing, myocardial 
perfusion, coronary endothelial function, and microvascular function in patients suffering 
from myocardial non-obstructive coronary artery disease (MINOCA), maximum intensity 
statins and maximum tolerated angiotensin converting enzyme inhibitors or angiotensin 
receptor blockers could be also effective in selected HFpEF patients 10. 
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PLANNING AND IMPLEMENTATION

Although important achievements have been made in understanding and diagnosing 
HFpEF, there is still a long way to go. The goal for the next decade is to find effective 
treatments that improve quality of life and prognosis of HFpEF patients. Deep phenotyped 
HFpEF cohorts will be key to analyse the different pathophysiological processes linked 
to each clinical phenotype. But currently, the Maastricht HFpEF cohort is one of the few 
prospective cohorts worldwide with suspected HFpEF patients with a true consecutive, 
prospective inclusion and extensive diagnostic evaluation. The implementation of 
specialized HFpEF outpatient clinic programs can change this picture, and can be 
used as the first step to build up larger well phenotyped HFpEF cohorts. Furthermore, 
Multiple Criteria Decision Analysis (MCDA) based on cluster analysis, performed in 
these well phenotyped HFpEF cohorts, will play an important role in identifying the 
different clinical phenogroups and correlating them to biomarkers that could be used 
for diagnostic, therapeutic or prognostic purposes. In this regard, the Maastricht HFpEF 
cohort has biobanking, where biological samples of patients suffering from HFpEF but 
also controls have been stored. This samples will be used in future projects focused on 
studying biomarker and DNA profiles and DNA. Both, biomarkers and DNA can be helpful 
for a better understanding of the underlying pathophysiology and consequently improve 
diagnosis. Furthermore, discover and validate biomarkers in early stages of the disease, 
such as in PDD, can identify and stratify those patients allowing to implement treatment 
strategies in an early, reversible stage of the disease. 

As we show in this thesis, coronary microcirculation is altered in HFpEF patients. 
Our study in chapter 8 was not sufficiently powered, however, to address peripheral 
microvascular function. The ongoing “HFpEF and peripheral microcirculation study” 
(METC 19-005) will try to evaluate if there is a difference in peripheral microvascular and 
macrovascular function between HFpEF and controls without HF. 

There are also ongoing projects focused on iron deficiency and peripheral muscle 
metabolism. The “Iron Muscle study” (METC 181034) is currently recruiting HFpEF patients 
with and without iron deficiency, to study if iron deficiency effects skeletal muscle 
metabolism, as measured by Magnetic resonance spectroscopy. 

Science communication, as an exercise to communicate and share scientific knowledge 
and research results, is of enormous importance in a field such as HFpEF. The development 
of the Maastricht HFpEF cohort and the results of the different studies have been presented 
at national and international congresses. Education sessions for general practitioners have 
been organized and regional cardiologists have been informed about the development and 
scientific achievements of the Maastricht HFpEF cohort. Furthermore, we have actively 
informed the local community through articles and interviews in local news media, and 
we have actively participated in patient meetings. 
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The market is waiting for effective drugs for treating HFpEF to be found. However, 
negative results obtained by all clinical trials until date have created a pessimistic scenario 
that needs to be turned around. To create a more encouraging setting and achieve our goals, 
the strategies that have been used until date have to change. In order to fully understand 
the disease, phenotyping and classifying patients will be key. 
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