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Chapter 7

Starting point of the thesis

The most frequently used measure of cardiac function if the left ventricular 

ejection fraction (LVEF). LVEF is the amount of blood volume pumped from 

the left ventricle per beat (stroke volume) divided by the total volume of blood 

collected in the left ventricle at the end of diastolic filling (end-diastolic volume). 

The important role of LVEF in assessing cardiac function originates from the 80s 

of the previous century, when the first randomized clinical drug trials in patients 

with heart failure were initiated. These studies used LVEF as the most important 

inclusion criterion, and therefore angiotensin-converting enzyme inhibitors, 

beta-blockers and mineralocorticoid receptor blockers were initially only studied 

in patients with a reduced LVEF, usually less than 35-40%. The majority of these 

trials resulted in positive outcomes, i.e. a reduction of morbidity and mortality, 

and guidelines therefore recommended to provide these drugs to patients 

with heart failure and a reduced LVEF (HFrEF). Already at that time, it was well 

recognized that heart failure could also exist with a normal or mildly reduced 

LVEF. These two groups of patients were recently defined as heart failure with 

preserved LVEF (HFpEF) and heart failure with a mid-range LVEF (HFmrEF). 

Importantly, the great majority of drugs that proved to improve clinical outcomes 

in patients with HFrEF, did not show beneficial effects in patients with HFpEF. 

Therefore, LVEF has become the most important parameter of cardiac function 

in patients with heart failure, since it determines the treatment that they receive. 

At the time I started with my thesis, the 2016 ESC guidelines on diagnosis and 

management of heart failure had just been published. Previously, in the 2012 

guidelines, heart failure patients with an ejection fraction <40% were categorized 

as heart failure with a reduced ejection fraction (HFrEF), while patients with 

an ejection fraction >50% were categorized as heart failure with a preserved 

ejection fraction (HFpEF). Those patients with an ejection fraction in-between 

were described as a ‘grey area’. Hence, in the 2016 guidelines, patients with 

an ejection fraction between 40-49% were now explicitly labelled as having a 

‘mid-range’ ejection fraction (HFmrEF).1 One of the main reasons to identify this 

subgroup of patients in the middle of those with reduced versus preserved LVEF, 

was that “Identifying HFmrEF as a separate group will stimulate research into 

the underlying characteristics, pathophysiology and treatment of this group of 

patients”. 
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Aims of this thesis

In light of the above, the aims of this thesis were twofold. First, I aimed to study 

the clinical characteristics of patients with HFmrEF, identifying similarities and 

differences with patients with HFrEF and HFpEF, in order to investigate whether 

patients with HFmrEF should be treated more like HFrEF or more like HFpEF. 

Our second aim was to explore the clinical value and diagnostic application 

of additional echocardiographic parameters, other than LVEF, in particular in 

patients with HFpEF and HFmrEF. 

In chapter 2 we introduced an overview on the strengths and limitations of 

ejection fraction for assessing cardiac function. The strengths of LVEF are that 

this measurement is straightforward and easy to understand and interpret, both 

for clinicians and patients. Ejection fraction can be used reliably to diagnose 

HFrEF.

There are also several limitations to LVEF. First, the measurement of LVEF is 

not very precise. Correlation between biplane echocardiography and the gold 

standard of magnetic resonance imaging (CMR) was 0.5, and correlation 

between biplane echocardiography and SPECT was 0.6 in respectively 204 and 

385 participants of the STICH trial.2 Although 3D echocardiography has been 

proven to have superior accuracy and is a better predictor for mortality, most 

centers still rely on 2D echocardiography for routine determination of LVEF.3,4

Second, LVEF can vary according to both preload and afterload. For instance, 

in the normal heart, an increase in aortic pressure (increased afterload) leads 

to an increase in left ventricular-end diastolic volume, leading to an increase in 

contractile force (called the Anrep effect). Conversely, increased preload (due to 

increased venous return to the heart) leads to an increased stroke volume due to 

increased diastolic volume, with little effect on LVEF. As a result of this, a normal 

LVEF does not necessarily exclude heart failure, because cardiac output can be 

impaired while LVEF is normal.

Multiple alternative or additional measurements to ejection fraction have been 

proposed. As an additional measurement, left ventricular deformation imaging 

(e.g. strain measurement) can be used to further assess systolic function. In 

contrast to LVEF, which is a volume based measurement, strain measures 

deformation of the myocardial muscle. Global longitudinal strain (GLS), the 

deformation in the long axis, is the most commonly applied measurement of 
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myocardial strain. However, circumferential and radial strain can be measured 

as well. In patients with acute heart failure, global longitudinal strain was a better 

prognosticator than LVEF.5 In a proportion of patients with HFpEF, deformation 

measurements are abnormal as well. So in these cases, although LVEF is normal, 

strain measurement can be used to identify abnormalities in left ventricular 

function. One study found that in patients with an LVEF >40%, a GLS <14 

selected patients who benefited from beta-blocker therapy. In addition to the 

left ventricular function, assessment of other chambers of the heart like left atrial 

function, and right ventricular function, are important as well.

In chapter 3 we identified the most important lessons that we have learned one 

year after the introduction of HFmrEF as a new category of patients with heart 

failure. The most important and consistent findings was that recommended 

treatments for patients with HFrEF (ACE-inhibitors/ARBs, beta-blockers and 

MRAs) also seem to reduce morbidity and mortality in patients with HFmrEF, but 

not in patients with HFpEF. Although most of this data comes from secondary 

analyses of clinical trials, this suggests that 40% might not be the optimal cut-off 

to decide when to start those treatments in heart failure. Indeed, the introduction 

of the HFmrEF category raised debate about how to categorize ejection fraction. 

Ejection fraction might reflect a continuous spectrum of disease.6 Patients 

with low ejection fraction are most likely sicker and have the most to gain from 

treatment, but certain patients with higher ejection fractions probably benefit 

as well. The sickest patients, with the lowest ejection fractions, have most to 

gain from therapy, but those patients with only mildly reduced ejection fraction 

(between 40 en 50%), are likely to respond as well. However, in clinical practice 

cut-offs are often desirable to make treatment decisions, even though the 

underlying disease varies gradually (and not binary) in severity.7 Indeed, the 

2019 HFA Clinical practice update on heart failure now states that beta-blockers, 

candesartan and/or spironolactone may be considered in heart failure patients 

with a mid-range ejection fraction.8

In chapter 4 we performed a systematic review of currently recommended 

parameters for the diagnosis of HFpEF. Since LVEF is normal, other 

(echocardiographic) parameters need to provide evidence for a functional or 

structural cardiac abnormality. Several additional parameters are proposed by 

both the ASE/EACVI and the 2016 ESC Heart Failure Guidelines.
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The most commonly proposed parameters are indicators of structural 

abnormalities, such an increase left ventricular mass and an enlarged left atrium. 

In addition, the two most commonly used parameters of impaired diastolic 

function are tissue velocities of the septal/lateral left ventricular annulus of <9 

cm/s or an estimate of increased left atrial and ventricular filling pressures, as 

assessed by E/e’. One of the most important findings of this systemic review 

was that studies had shown only a moderate correlation between invasively 

measured intracardiac pressures and E/e’ (r=0.56). This is an important finding, 

as it shows that the most established parameter of intracardiac pressures has 

only modest correlation with the gold standard. It is therefore difficult to reliably 

estimate intracardiac pressures using non-invasive imaging techniques. The 

2016 ASE/EACVI algorithm to assess diastolic function, which incorporates E/e’, 

might perform only marginally better in classifying diastolic dysfunction.9

Since the publication of our review, two important papers proposing diagnostic 

algorithms for HFpEF have been published.

First, there is the H2PEF score.10 This score was developed by Borlaug et al. 

using the gold standard of invasive hemodynamic measurements to diagnose 

HFpEF. A composite score consisting of clinical and echocardiographic variables 

was created, to predict the probability of HFpEF with an area under the curve 

of 0.84. The characteristics in the score are obesity, atrial fibrillation, age >60 

years, treatment with 2 or more anti-hypertensives, echocardiographic E/e’ 

ratio >9 and echocardiographic pulmonary artery systolic pressure >35 mmHg. 

These characteristics result in a point score, which can be used to assess the 

probability of HFpEF using a nomogram.

Second, there is a new consensus paper from the ESC Heart Failure 

Association, introducing the HFA-PEFF diagnostic algorithm.11 This is a stepwise 

approach, starting with an assessment of a priori risk, followed by standard 

echocardiography. Multiple echo parameters are combined with NT-proBNP 

levels to calculate a point score in step 2 of the algorithm. Minor criteria lead to 

1 point, and major criteria to 2. HFpEF is deemed to be present with 5 points 

or more. In case of persisting diagnostic uncertainty, stress echocardiography 

or invasive hemodynamic measurements may be considered to establish the 

diagnosis.
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Many patients with HFpEF only have symptoms during exercise. Current 

guidelines identify 34-60% of patients with invasively proven HFpEF.9 Adding 

exercise E/e’ improves sensitivity and negative predictive value. Exercise echo 

may help rule out HFpEF. Indeed, the 2019 HFA-PEFF document advises a semi-

supine bicycle test, with echocardiography performed during exercise as the 

final diagnostic step in patients with a high HFA-PEFF score.

In chapter 5 we sought to investigate clinical characteristics, pathophysiology 

and response to treatment of concentric versus eccentric left ventricular 

remodeling in HFrEF. Most patients with HFrEF have eccentric hypertrophy, 

characterized by a dilated ventricle with thin walls. However, around 10% of 

patients with HFrEF have concentric hypertrophy, which is the phenotype more 

commonly exhibited by patients with HFpEF. Using a network analysis of protein-

protein interactions, protein characteristic of inflammatory processes were more 

prominent in HFrEF patients with concentric hypertrophy. Finally, we found that 

up-titration of beta-blockers was associated with a mortality benefit in eccentric 

hypertrophy, but not in concentric hypertrophy. We speculate that perhaps a 

subset of patients with HFpEF, who show a more eccentric geometry, might be 

more likely to benefit from beta blockers or ACE inhibitors. These data implicate 

that LVEF alone might not always identify patients who respond to guide mine-

recommended medical therapies, but that other markers of cardiac structure and 

function might provide more detailed data on whether or not patients respond to 

neurohormonal blockers. 

Finally, in chapter 6 we studied the changes of LVEF over time in patients 

with newly diagnosed heart failure after protocol zed up-titration of Guideline-

directed medical therapy. During a median follow-up of 9 months, improvement 

from HFrEF to HFmrEF/HFpEF was seen in 131/344 of patients (35%), whereas 

decrease from HFmrEF to HFrEF was seen in only 7/344 patients (2%). There 

were no patients with HFpEF that decreased to either HFmrEF or HFrEF. In 

patients with HFrEF, each 5% increase in LVEF was associated with a HR of 

0.84 (0.75-0.94, p<0.001) for mortality in a Cox proportional hazards model 

adjusted for age and sex, and a hazard ratio of 0.87 (0.79-0.95, p<0.001) for the 

combined endpoint of mortality and/or HF hospitalization. These data show that 

an improvement in LVEF early after onset of heart failure frequently occurs and 

is associated with a better prognosis.
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Conclusion

The aims of this thesis were (1) to study the characteristics of patients with 

HFmrEF and (2) to explore the application of additional echocardiographic 

parameters next to ejection fraction in patients with heart failure. I challenged 

the clear but perhaps oversimplified view that heart failure patients can be 

categorized in those with an LVEF <40% who have an indication for medical 

and device therapy, and those with an LVEF above who don’t have an indication.

The following main conclusions can be drawn from my thesis. First, the 

introduction of HFmrEF as a novel category of patients with heart failure has 

resulted in the important and consistent finding that those patients seem to 

benefit similarly to HFrEF therapies. However, patients with HFpEF ( LVEF ≥ 

50%) do not seem to benefit. This has resulted in a novel recommendation for 

treatment with beta-blockers, candesartan and spironolactone, where previously, 

these were no recommended therapies for these patients. A pooled analysis of 

the PARADIGM-HF and PARAGON-HF randomized trials of sacubitril/valsartan 

vs. RAAS inhibitor investigated the interaction between LVEF (as continuous 

variable) with the effect of sacubitril/valsartan on (among other) heart failure 

hospitalization. The treatment benefits appear to extend to patients with a mildly 

reduced ejection fraction.12

These data further support that despite its limitations, LVEF will remain to be an 

indispensible measure of cardiac function in patients with heart failure.13,14 

A second conclusion from my thesis is that there is still room for improvement 

in the characterization heart failure patients. Especially in patients with signs 

and symptoms of heart failure, but with a normal ejection fraction, the search 

for additional objective criteria of myocardial dysfunction continues. Thirdly, I 

have provided data that suggest that LVEF is not the only cardiac parameter 

that determines response to RAAS-blockers and beta-blockers. Patients with 

a low LVEF, but with concentric instead of the most common form of eccentric 

remodeling, seem to have a different underlying pathophysiology and less 

response to treatment with guideline directed HFrEF treatments. 
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Finally, I have shown that LVEF is a dynamic parameter that frequently changes 

over time. Where it was originally thought that heart failure is an incurable 

disease, we have seen substantial improvement in LVEF in patients with new 

onset heart failure. This improvement was associated with better outcomes than 

those without improvement in LVEF. 

Future perspectives

Adoption of other parameters than LVEF as markers for diagnosis or treatment 

initiation in heart failure will depend on whether randomized controlled clinical 

trials have used these parameters for inclusion. For example, future trials might 

randomize patients based on impaired left ventricular strain, irrespective of 

LVEF. When the trial becomes positive, left ventricular strain will become a more 

important parameter that will be measured more frequently, since it determines 

whether or not patients should receive this novel treatment. However, at this 

point in time, the great majority of currently ongoing randomized clinical trials in 

heart failure still use LVEF as the main inclusion criterion. Despite this, two areas 

that hold promise for the near future are analysis of left atrial function, and the 

application of artificial intelligence to echocardiographic images.

Left atrial function

There is increasing recognition that left atrial function might be an important 

biomarker in heart failure with a preserved ejection fraction.15 Especially left atrial 

strain, as assessed by speckle-tracking echocardiography, holds promise. In one 

single center study, left atrial reservoir strain outperformed E/e’ in discriminating 

invasively-proven HFpEF from non-cardiac dyspnea, with an improvement in 

AUC from 0.602 to 0.719.16 In another study, left atrial reservoir strain estimated 

elevated LV filling pressures more accurately than current guidelines.17

Machine learning

The current enthusiasm for the use of artificial intelligence to aid in diagnosis 

in medicine can hardly be understated.18 The application of machine learning 

techniques (e.g. deep neural networks) to echocardiography holds promise, 

especially if algorithms are applied to the raw image data, as opposed to the 

scalar measurements derived from it. This way a computer assisted assessment 
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might be able to retrieve information that is ‘hidden’ to the human eye.19 In 

addition, these techniques might result in more cost-effective review of echo 

images.

At the time of writing, multiple groups have shown algorithms able to automatically 

perform view classification in echocardiography with high accuracy.20,21 The next 

step towards automated echo is review is segmentation of the cardiac chambers 

and automated volume measurements. This is also technically possible.22 

Indeed, most major echo companies now include automated 2D LVEF software. 

These have been shown to have high feasibility (83-100%) and good agreement 

with core laboratory measurements.23

A question of great future interest would be if computer vision techniques 

would achieve higher sensitivity and specificity in diagnosing HFpEF from 

echocardiography than current guidelines and recommendations. In conclusion, 

with all its limitations, LVEF will remain the dominant marker of cardiac function 

in patients with heart failure, but we need to continue our search for better and 

additional markers and techniques that will further improve the diagnosis and 

identification of personalized treatments of patients with heart failure.
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