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Introduction
Analytical frameworks offer researchers not only techniques and 
paradigmatic modes of understanding disease, but also specific ways 
of constructing analogies and developing classifications.

quoted from Amsterdamska and Hiddinga1

Studying the geometry of the left ventricle (LV) is a 
central issue for cardiovascular physiologists since the clas-
sic observations on the pulmonary circulation in the 16th and 
17th centuries described by Miguel Servetus (1511–1553)2 
from Spain, followed by Robert Fludd (1574–1637)3 and 
William Harvey (1578–1657),4 both from England.5 Owing 
to instructions formulated by Calvin, poor Miguel died young 
because he was, together with his book, burnt at the stake 
in Champel (near Geneva). Robert found time to expand his 
ideas about blood circulation by working on a comprehensive 
system to describe the whole of creation,6 besides attempts 
to develop a perpetuum mobile. William, after all, became 
famous, thanks to Robert who encouraged him to get the 
concept on pulmonary circulation published, notwithstanding 
Miguel’s fate. It is not impossible that on a rainy afternoon, 

William discovered Miguel’s book in the library at the time 
when he resided in Padua. Much later, the Irish laryngologist 
Sir Robert H. Woods (1865–1938) emphasized the signifi-
cance of ventricular geometry in the analysis of cardiac func-
tion, when in 1892, he applied Laplace’s law to the heart.7 
A particular shape as well as a matching (or optimal) cavity 
size are important for the proper functioning of the LV.8–14 
The two requirements assure efficient pumping, ie, the desired 
performance (in terms of pressure level and cardiac output 
(CO), both at rest and during exercise) at minimal energetic 
cost in relation to myocardial oxygen consumption.15

The healthy LV resembles an oblique ellipsoid (much like 
a pear, but rather flat on one side – reflecting the interventric-
ular septum), implying that a standard fiber shortening of only 
15% permits up to 70% of forward pumping relative to the LV 
filling volume. This high level of efficiency is achieved by the 
helical course of the muscle fibers, also termed geodesic curves 
arrangement16 or helical ventricular myocardial band17,18 in 
combination with the LV torsion, which becomes manifest 
during contraction. In addition, we observe that a naturally 
occurring vortex movement of the blood within the LV cavity 
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results in an optimal transport direction. Facing the fact that 
both inlet (mitral valves) and outlet (aortic valves) for the LV 
are located in the same geometrical plane, the bloodstream 
has to reverse direction, and this is accomplished by the cre-
ation of a forceful inlet jet initiating rotation of the blood near 
the apex, thus resembling a whirlpool. Obviously, depending 
on the type and extent of aberrations relative to the natural 
shape and size, these two processes (ie, torsion and vortex) 
become disturbed to a mild or more severe degree.

In contrast to the healthy human LV with an ellipsoid 
shape, the pathologically dilated LV tends to become more 
spherical, thus attaining a better volume-to-surface ratio. 
Volume overload and pressure overload are pronounced 
causes of alterations with respect to size and shape. Aortic 
stenosis and chronic hypertension impose pressure overload 
on the LV and induce concentric hypertrophy without appre-
ciable dilatation. LV wall thickness may increase by 25–75%, 
thereby doubling or tripling LV mass. Chronic aortic or mitral 
regurgitation and dilated cardiomyopathy (DCM) impose a 
volume overload with LV chamber dilatation, with or with-
out hypertrophy. This leads to a more globoid heart with 
increased base-apex and short-axis dimensions. Hypertro-
phy decreases myocardial compliance and, as a consequence, 
impairs diastolic filling.19 Impaired diastolic reserve results 
in a dobutamine stress-induced increase in LV end-diastolic 
pressure (EDP) of patients with HF with preserved ejection 
fraction (HFpEF), thus giving rise to exercise intolerance 
with breathlessness.20

Description of dynamic geometrical information on 
the LV comprises time-dependent details on both size and 
shape during the cardiac cycle. When considering the volume 
domain for the characteristics of LV-operating conditions, it is 
obvious that aspects of the shape cannot be neglected. Ideally, 
a three-dimensional graph should be employed to simultane-
ously depict variations in intraventricular volume and charac-
teristics of shape as a function of time.

For practical purposes, the apex to base length of the 
LV has been divided into three portions, namely, basal (cor-
responding to the mitral leaflets and tendinous cords), mid-
ventricular (mitral papillary muscles), and apical levels. Each 
level is then further divided into segments, thus forming the 
basis for regional wall motion analysis.19 Although in the 
past most authors have concluded that major axis shortening 
contributes minimally to volume displacement during ejec-
tion, the exact contribution and the geometry of major axis 
shortening have varied substantially.21 The degree of non-
sphericity has, for example, been calculated and expressed 
as eccentricity,21,22 but unfortunately, this approach was not 
adopted as a routine measure when evaluating the LV func-
tion. With advancing age, a change in LV geometry is also 
observed.19 Recently, the importance of long axis (shorten-
ing) has regained interest, particularly with respect to heart 
failure (HF).23–25 Indeed, it would be informative to include 
such a measure of LV shape into the LV volume domain  

representation. The present contribution primarily concerns 
the LV, but mostly the considerations mentioned equally 
apply to the right ventricle (RV).

Twisting of heart muscle fibers has been described as a 
helical arrangement with geodesic properties.16 An application 
of advanced techniques such as magnetic resonance imaging 
or speckle-tracking echocardiography allows for the accurate 
determination of both apical and basal rotations.26 The latter 
two are in opposite directions during ventricular contraction, 
leading to LV torsional deformation during systole. Twist can 
be defined as the net difference of the two rotation angles. 
Torsion is the net result of counterclockwise rotation of the 
base with respect to the clockwise rotation of the apex along 
the LV long axis.27 Normal torsion is a component of systolic 
function and contributes to an energy-efficient ejection. The 
subsequent LV untwisting is a key determinant of diastolic 
function.27 However, the isovolumic relaxation time con-
stant does not correlate with the untwisting rate in HFpEF 
patients.27 LV torsion can be calculated as twist divided by LV 
size.26 Also, children and young adult patients with acute myo-
carditis and normal values for ejection fraction (EF) having 
LV systolic and diastolic dysfunction (DD) on echocardiog-
raphy were studied. Tissue velocity, deformation, and twist 
parameters (increased twist rate and earlier time to peak twist) 
showed potential to improve the detection of these patients.28 
Twist during contraction contributes to exercise capacity,29 
and delayed untwist significantly limits exercise capacity in 
patients with non-obstructive hypertrophic cardiomyopathy.29 
The effect of DD on the timing of LV diastolic longitudinal 
and circumferential expansions and their load dependence has 
recently been described. The intraventricular pressure differ-
ence (IVPD; as a measure of the strength of LV diastolic suc-
tion, with a value of 2.2 mmHg as the lower limit of normal) 
from the left atrium (LA) to the LV apex is obtained using 
color M-mode Doppler data to integrate the one-dimensional 
incompressible Euler equation. In DD, the normal dependence 
of longitudinal strain rate echocardiography (SRE) on IVPD 
is reduced, while the relationship of circumferential SRE to 
IVPD is unchanged. Normally, the LV expands symmetri-
cally during early diastole, and both longitudinal and circum-
ferential expansions are related to the IVPD. With DD, early 
diastolic longitudinal LV expansion is delayed, occurring after 
the IVPD and LV filling, resulting in their relative indepen-
dence from the IVPD. In contrast, with DD, circumferential 
SRE and mitral inflow are not delayed, while their normal 
relation to the IVPD is unchanged.30 Also, it has been found 
that global LV longitudinal strain is closely associated with 
increased neurohormonal activation after acute myocardial 
infarction (MI) in patients with both HF phenotypes.31

Rankin et al found for instrumented dogs in the conscious 
state, a shortening of the minor axis diameter, lengthening of 
the major axis diameter, and slight thickening or thinning of 
the wall during isovolumic contraction (isovolumic elliptical-
ization pattern, see Fig. 1). During caval vein occlusion, the 
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contraction pattern changed from isovolumic ellipticalization 
to isovolumic sphericalization as the end-diastolic volume 
(EDV) decreased.21 Thus, the exact pattern of left ventricular 
contraction was found to be a function of LV volume.22 The 
geometry of the LV was represented as a three-dimensional 
ellipsoidal shell. Left ventricular eccentricity was found to be 
a linear function of ventricular volume during both diastole 
and ejection. However, the relationship was not the same for 
diastole and ejection, and during diastole, the LV was more 
spherical at large volumes and more elliptical at small vol-
umes than during ejection. The rearrangements in geometry 
observed during isovolumic contraction appear to be transi-
tional stages from the diastolic to the ejection-phase relation-
ship. Thus, during isovolumic contraction, the LV becomes 
more elliptical at large volumes and more spherical at small 
volumes. These relationships are not altered significantly by 
increased afterload or inotropic interventions. Nowadays, 
applying statistically derived fiber models, even personalized 
cardiac geometry comes within reach.32

Hypertrophy
Alterations in cardiac structure and function have been rec-
ognized as markers of increased risk for cardiovascular events. 
LV (static) geometry can be defined on the basis of LV mass 
and relative wall thickness (RWT).14 Chronic LV pressure 
overload states, as seen in long-standing systemic arterial 
hypertension or LV outflow tract obstruction, are well toler-
ated for many years. In such pathophysiologic circumstances, 
an increase in the ratio of LV wall thickness to chamber radius 
mitigates but does not necessarily fully normalize the after-
load (forces against which the myocardium shortens during 
systole). Although beneficial, this adaptive response, known 
as concentric hypertrophy, may also cause a reduction in LV 

chamber distensibility and, in some instances, an increase 
in the elastic stiffness of the myocardium. With extended 
passage of time, the increased afterload imposed by hyperten-
sion or LV outflow obstruction outstrips all salutary adaptive 
mechanisms, preload reserve becomes exhausted despite LV 
chamber dilation, and basal contractility becomes mismatched 
to the level of afterload, provoking a lower extent and speed of 
shortening of the LV chamber. Concomitant elevation of both 
the LV EDP and LA means pressure gives rise to pulmonary 
capillary and alveolar congestion. Accompanying reduced 
fractional shortening is associated with an inadequate CO 
during exercise and sometimes even at rest. The patient with 
a pressure overload condition is then exhibiting the clinical 
syndrome of congestive HF (CHF).33

Ventricular remodeling in Pressure overload states
Though the traditional biomechanical construct of the 
pathophysiology of pressure overload hypertrophy (POH) 
has validity, it fails today to capture fully the much broader 
adaptations (genetic, molecular, and neurohumoral) that are 
known to accompany the development of ventricular dilation, 
and other clinical manifestations of HF, in diseases associ-
ated with POH. These latter changes have come to be known 
as cardiac remodeling, a term that, at first reception, con-
notes gross pathoanatomic change,34 but which, by extended 
definition, encompasses a host of alterations in homeostatic 
mechanisms (endocrine, autocrine, and paracrine). Under 
normal conditions, these mechanisms control vascular tone, 
blood volume, basal contractile state, and apoptosis, as well 
as the architectural integrity and organization of myocar-
dial sarcomeres. These homeostatic mechanisms, like con-
centric hypertrophy, can be considered not only protective 
and reparative but also detrimental. With sustained pressure 
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Figure 1. dynamic geometry of the left ventricle as studied in eight chronically instrumented conscious dogs. esV versus edV. 
Note: Bubble size indicates eccentricity at the end of systole. data derived from rankin et al.21
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overload, experimental and clinical evidence shows that tissue 
heterogeneity develops with an imbalance struck between the 
muscular and non-muscular components of the myocardium. 
Scarring replaces necrotic myocytes, and a reactive fibrosis is 
observed in the interstitium and perivascular areas. Hypertro-
phy and hyperplasia of vascular smooth cells lead to medial 
thickening and loss of coronary arteriolar vasodilator reserve. 
Associated with these changes, the LV dilates, myocardial 
contractility may be either normal or diminished, diastolic 
chamber stiffness is variably normal or decreased, and myo-
cardial stiffness may be variably normal or increased. What 
seems indisputable is that in humans, an augmented incidence 
of CHF, arrhythmias, and coronary events occurs.33

Cardiac remodeling involves molecular, cellular, and 
interstitial changes that manifest clinically as changes in size, 
shape, and function of the heart after injury or stress stimu-
lation. Although the expression cardiac remodeling initially 
referred to changes following MI, it is clear that similar pro-
cesses transpire following other types of injury such as with 
pressure overload, inflammatory disease (myocarditis), idio-
pathic DCM, and volume overload. While the etiologies of 
these diseases differ, they share molecular, biochemical, and 
cellular events to collectively change the shape of the myocar-
dium.35 The net result of these modifications at the ultrastruc-
tural level is expressed by typical macroscopic findings, per 
diagnostic group visible as characteristic properties in terms 
of size and shape (Fig. 2).

relative Pathogenic roles of Myocardial 
contractility and cardiac remodeling
The response of the heart to pressure overload is hypertrophy. 
The initial adaptive hypertrophic response of the myocardium 
is characterized by structural and molecular changes, such as 
wall thickening, and increases in cardiomyocyte size and con-
tractile protein content without cellular proliferation. In later 

stages, LV hypertrophy becomes maladaptive. This maladaptive 
remodeling process is characterized by LV dilation and impaired 
function. It is a major risk factor for the development of CHF 
and a cause for ischemia, arrhythmia, and sudden death.36 It is 
within the broader construct of the natural history of POH that 
the question has been posed: “How important is reduced con-
tractility itself, as opposed to other effects of cardiac remodel-
ing, in the manifestations of CHF?” This question was studied 
in a rat model of POH created by suprarenal artery banding. 
Approximately one-half of the POH animals studied developed 
manifestations of CHF (POH-F group) with lung edema, sig-
nificant LV chamber dilation, and a non-significant increase 
in wall thickness compared to control rats. The other one-half 
showed concentric myocardial hypertrophy in response to the 
pressure overload but no evidence of LV chamber dilation or 
an increase in their lung weight to body weight ratio (POH-
NF group). Compared to controls, both POH groups showed 
reduction in myocardial contractility when assessed by ex vivo 
end-systolic stress–strain relations; by contrast, the in vivo 
systolic myocardial end-systolic myocardial stiffness analysis 
failed to detect a depression of myocardial contractility. The in 
vivo stress-shortening relations suggested a small and equiva-
lent decrement in the two POH groups compared to controls. 
Despite this essential equivalency of myocardial contractility, 
whether normal or depressed, only the POH-F group mani-
fested ventricular dilation, wall thinning, and lung edema, 
leading the investigators to conclude that CHF was dependent 
primarily upon the processes of remodeling. It is important to 
recognize that CHF could not be attributed solely and cat-
egorically to one pathogenetic mechanism as opposed to the 
other. Although there is inconsistency between the in vivo and 
ex vivo systolic stiffness analyses, some reduction in contractil-
ity appeared to be operative in both groups. This depression 
may be time dependent and is witnessed only if the offending 
disease process has been operative for a sufficient period of time. 
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Figure 2. a schematic model for the left ventricle in terms of ellipsoid shape and sphericity for three different conditions, ie, control, hFpeF, and hF with 
reduced ejection fraction (hFreF).
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Nevertheless, because of the important influence of intrinsic 
ventricular size (or chamber remodeling based upon increased 
sarcomeres laid down in series) on the pressure–diameter or 
pressure–volume relation, around the year 1985, some investi-
gators in the field often analyzed myocardial contractility by an 
end-systolic force-normalized dimension relation. Myocardial 
stiffness, calculated from the stiffness constant of the midwall 
stress–strain relation, is particularly appealing for overcoming 
the confounding effects of chamber size. The use of this con-
struct would seem particularly important in an experimental or 
clinical investigation where chamber remodeling is occurring. 
Thus, the finding that end-systolic myocardial stiffness was 
equivalent in both POH groups, despite significant dilation 
only in those showing CHF, appears supportable.33

A recent study reported significant sex differences in LV 
remodeling because of pressure overload. Women develop 
more concentric hypertrophy with smaller ventricular dia-
meter, greater RWT, and a better systolic function, while men 
demonstrate more pronounced chamber dilation. Compared to 
men in this study, the women had a significantly (P , 0.001) 
smaller LV end-diastolic diameter, less (P , 0.004) LV mass, 
and larger (P , 0.036) RWT. Remarkably, EF was not dif-
ferent.36 These sex differences are partly expected to be the 
outcome of differences in myocardial collagen mRNA expres-
sion and architecture between males and females. However, 
the molecular mechanisms underlying the sexually dimorphic 
response of the heart to pressure overload, possibly leading to 
HF, are not completely understood. Moreover, inflammation 
is expected to contribute to sex differences in LV remodeling. 
These authors also found a significant increase in activation of 
inflammatory signaling in female mice lacking estrogen recep-
tor β.37 However, little is known about the regulation of the 
inflammatory response in human LV remodeling. Thus, in 
pressure overload, when comparing men to women, distinct 
molecular processes are found that regulate remodeling. Mal-
adaptive LV remodeling occurs more frequently in men and is 
associated with greater activation of profibrotic and inflamma-
tory markers.36 Recognition of the detrimental role of neurohu-
moral activation in HF has led to neurohumoral antagonism, 
leading to reduced morbidity and mortality. Yet, the persisting 
disability and death rates remain unacceptably high. The search 
for novel strategies requires understanding of basic cardiac 
physiology at levels ranging from the molecular to the systemic 
in order to identify new targets for the treatment of HF. This 
approach includes analysis of diastolic ventricular interaction 
and cardiac energetics. Emerging therapeutic approaches (for 
example, biventricular pacing in HF) have proved successful, 
and identification of novel therapy modes (for example, per-
hexiline as an energy augmentation agent) is on the horizon.38

Adjusting Ventricular size and shape
LV size and muscle mass variation may induce deviations of 
shape (as they occur in certain cardiopathological conditions) 
but usually at the expense of efficiency. Pathologic cardiac 

remodeling can be dramatic and rapid. Myosin heavy-chain 
synthesis increases by as much as 35% within hours after 
exposure to an elevated afterload. Enforced expression of an 
activated transgenic Akt1 gene triggers an increase in cardiac 
mass by 60% in just two weeks. Concentric remodeling is an 
increase in RWT but with normal cardiac mass. Concentric 
hypertrophy is an increase in RWT and cardiac mass with 
little or no change in chamber volume. Eccentric hypertro-
phy is an increase in cardiac mass with increased chamber 
volume.35,39

The highly endurance-trained athlete’s heart represents 
the most extreme form of cardiac adaptation to physical 
stress, but its circulatory alterations largely remain obscure. 
Increased myocardial blood transition time enables higher 
oxygen extraction levels with a lower myocardial blood flow 
and a higher vascular resistance. These physiological adap-
tations to exercise training occur independently of the level 
of oxygen consumption and together with training-induced 
bradycardia may serve as mechanisms to increase functional 
reserve of the human heart.40

Dilation and hypertrophy are common modes of adap-
tation in the failing heart. Many pathological changes are 
accompanied by a tendency of the LV to remodel the shape 
and assume a more spherical form, thus decreasing efficiency. 
Variations in cavity shape are important but difficult to mea-
sure. Alterations in size can rather easily be determined by 
measuring LV end-systolic volume (ESV) and EDV.11 Clearly, 
it is not very informative to consider only the ratio of ESV and 
EDV. Yet, in clinical practice, this route is often followed by 
calculating the index EF as (1 − ESV/EDV) × 100%.

Modification of size and shape by Therapeutic 
Intervention
Various techniques have been developed to modify size and 
shape of the LV in cardiac patients with serious mechanical 
abnormalities of their ventricular wall. In particular, for HF 
patients, a spectrum of surgical interventions aiming at LV 
volume reduction has been developed, partly from a physio-
logic perspective.41 Details on surgical approaches are covered 
by various publications. Reduce or reshape has been a central 
issue.13 LV reconstruction with respect to LV aneurysm and 
reshaping techniques for patients with end-systolic volume 
index (ESVI) .60 mL/m2 has been described.42 Surgical ven-
tricular reconstruction (SVR) involves resection of scar, septal 
exclusion, cavity reduction by endoventricular patch, and com-
plete coronary grafting.43 Recently, the persistence of volume 
reduction employing a technique designed to be used on beat-
ing hearts without ventriculotomy or cardiopulmonary bypass 
was demonstrated. The extent of volume reduction was con-
sistent with results of conventional SVR in experienced cen-
ters. The 11 months follow-up outcomes validate the further 
development of technical iterations, leading to a clinical study 
employing a closed chest endovascular platform.44 Medical 
and device therapies that reduce HF-related morbidity and 
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mortality also lead to decreased LV volume and mass, and 
return to a more normal elliptical shape of the LV. These 
reversal manifestations are because of changes in myocyte 
size, structure, and organization, which have been referred to 
collectively as reverse remodeling.45 Moreover, there are sub-
sets of patients whose hearts have undergone reverse remodel-
ing either spontaneously or after medical or device therapies 
and whose clinical course is associated with freedom from 
future HF events. This phenomenon has been referred to as 
myocardial recovery. Despite the frequent interchangeable use 
of the terms myocardial recovery and reverse remodeling to 
describe the reversal of various aspects of the HF phenotype 
after medical and device therapy, the literature suggests that 
there are important differences between these two phenomena 
and that myocardial recovery and reverse remodeling are not 
synonymous.45 Furthermore, it is known that cardiac resyn-
chronization therapy may reduce ESV up to 30% (with a mod-
erate amelioration of EF), especially in patients referred to as 
super-responders.46

Heart Failure
HF may occur at any level of EF, not just at reduced EF. DD 
is apparent in all patients with HF, regardless of EF.47 How-
ever, diagnosing DD is difficult (particularly when relying on 
echocardiographic images) and not well defined; some of the 
patients in clinical trials may not have had HF, while only 
about 65% of patients in one substudy had objective evidence 
of DD.48

HFpEF indicates that the EDV is appropriate for the 
stroke volume (SV), and HF with reduced ejection fraction 
(HFrEF) means that the EDV is enlarged relative to SV (ie, 
the LV is dilated). Most therapies proven to be effective in 
HFrEF (such as angiotensin converting enzyme (ACE)-
inhibitors, angiotensin receptor blockers, beta-blockers (BB), 
and cardiac resynchronization) reverse LV dilation. However, 
these therapies fail to be effective in HFpEF.47

Remarkably, it is reported that in an HFpEF group, even 
smaller ESVs occur than in a matched group of persons with-
out cardiac disease.49 Also, EF is even significantly (67 vs 62%, 
P , 0.02) higher in the HFpEF group than in controls with 
non-cardiac causes of breathlessness who had significantly 
(P , 0.01) lower systolic and diastolic blood pressures.20 Simi-
lar findings have been noted elsewhere.50

It has been suggested that diastolic and systolic HF form 
a continuum rather than two different entities, despite the 
fact that understanding the mechanisms involved in HFpEF 
remains a complex task.48 Classification and the exact mecha-
nism of HFpEF are still debated.51 The pathophysiology of 
HFpEF is complex, but the molecular aspects of HFpEF as 
well as the profoundly disturbed hemodynamics with particu-
lar focus on exercise hemodynamic abnormalities have been 
studied, indicating that increased vascular and LV stiffness, 
inadequate LV relaxation (related to fibrosis and changed titin 
isoform expression), atrial dysfunction, rising blood pressure 

during exercise, chronotropic incompetence, and comorbidities 
(such as diabetes, obesity, anemia, and kidney problems) all 
contribute.52 Titin is a large cytoskeletal protein involved in 
the resting stiffness of the myocardium. A shift toward the 
stiffer N2B isoform was shown in the HFpEF group, in con-
trast to an N2BA isoform, in the HFrEF group.53 Later, it 
was found that protein kinase G-dependent phosphorylation 
of the N2B was involved. Also, endothelial dysfunction plays 
a certain key role in DD.

Pressure loading in a canine model of LV dysfunction 
with pEF and rEF resulted in similar degrees of LV dilatation, 
increased filling pressures, and increased index of myocardial 
performance.54 Also in dogs, Mathieu et al investigated the 
physiopathology of HFpEF in a model of healed MI induced 
by coronary ligation while using echocardiography, levels of 
neurohormones, and conductance catheter measurements two 
months after a coronary artery ligation, compared to controls. 
Healed MI was associated with preserved echocardiographic 
EF (57%), increased NT-proBNP, decreased aldosterone, 
unchanged norepinephrine, marked decrease of end-systolic 
elastance (2.1 vs 6.1 mmHg/mL, P , 0.001), and coupling 
index (0.6 vs 1.4, P , 0.001), but preserved LV capacitance 
(70 vs 61 mL at 20 mmHg, P = NS) and stiffness constant. 
From their canine model of healed MI, it may be concluded 
that HF is essentially characterized by an altered contractility 
with ventricular-arterial uncoupling despite vascular compen-
sation, rather than by abnormal diastolic function.55

The two phenotypes not only differ in terms of their vol-
ume regulation56 but also dissimilar outcome of BB therapy 
in both HF phenotypes has been observed. Hamdani et al 
investigated whether BB have distinct myocardial effects in 
HFpEF and HFrEF. Myocardial structure, cardiomyocyte 
function, and myocardial protein composition were compared 
in HFpEF and HFrEF patients without or with BB. Patients 
without coronary artery disease were divided into those with 
and without BB for both phenotypes. Using LV endomyocar-
dial biopsies, they assessed collagen volume fraction (CVF) 
and cardiomyocyte diameter (MyD) by histomorphometry, 
phosphorylation of myofilament proteins by ProQ-Diamond 
phosphostained 1D-gels, and expression of beta-adrenergic 
signaling and calcium handling proteins by western immu-
noblotting. Cardiomyocytes were also isolated from the biop-
sies to measure active force (Factive), resting force (Fpassive), and 
calcium sensitivity (pCa50). Myocardial effects of BB therapy 
were either shared by HFpEF and HFrEF, unique to HFpEF 
or unique to HFrEF. Higher Factive, higher pCa50, lower phos-
phorylation of troponin I and myosin-binding protein C, 
and lower beta-2 adrenergic receptor expression were shared. 
Higher Fpassive, lower CVF, lower MyD, and lower expression 
of stimulatory G protein were unique to HFpEF, and lower 
expression of inhibitory G protein was unique to HFrEF.57

In an editorial,12 focus was on restoring the normal 
elliptical shape of the LV in cases of spherical dilation, with 
preference to analyze ESVI in combination with percent 
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asynergy, rather than the single index EF. Furthermore, it was 
noted that the term remodeling is used extensively in current 
research. In the dictionary edited by Segen,58 we find the fol-
lowing description for the lemma remodeling: The progressive 
LV dilation that follows an MI, a finding that has prognostic 
import; remodeling can be quantified by measuring the ESV 
and EDV, along with a reference to a publication.59 As an 
earlier source, we found Pfeffer et al describing that captopril 
attenuates LV remodeling (dilation) and deterioration in per-
formance in rats with chronic MI.34

It is anticipated that HFpEF will emerge as the predom-
inant form of HF throughout the world in the near future 
because of two factors: (1) greater availability of therapeu-
tic interventions that limit myocardial damage (particularly 
in the setting of an acute MI) should reduce the incidence 
of HFrEF and (2) since diastolic properties of the heart that 
occur with aging are clearly involved in HFpEF, this pheno-
type will become more common as the mean age of the popu-
lation increases.60

The healthy LV displays a uniform contraction, more 
precisely, a somewhat asymmetrical 3D-contraction against 
the rather fixed structures of the interventricular septum. 
The contraction process normally starts near the apex and 
moves up toward the base, and is accompanied by a torsion 
that shortens the long axis by about 10%. Dyssynchrony 
constitutes an important disturbance of the process, leading 
to depressed cardiac performance. The combination of mus-
cle fiber shortening, rotation of the apex in the direction of 
the base, and the squeezing action because of the progress-
ing activation pattern normally result in a forward pump-
ing efficiency of about 70%. This means that the amount of 
blood effectively pumped into the aorta (a quantity termed 
SV) comprises more than two-thirds of the filling volume 
(EDV) in humans. This ratio is duly reflected by the term 
EF. Indeed, this fraction is nothing more than a dimension-
less ratio, implying that ventricles of totally different shapes 
and/or sizes may have identical values for EF. This notion 
underscores the intrinsic ambiguity of EF as an indica-
tor of cardiac function. Taking EF as a starting point, one 
may wonder what impact regarding discriminating power 
remains in, for example, HF patients. Clearly, wall motion 
abnormalities deserve special attention because they may 
occur in an LV with near-normal shape and size. Apart from 
ESV, such local wall motion deviations (or percent asynergy) 
need consideration.12

starling’s law and end-systolic volume. With a few 
exceptions,61 the insights offered by a representation of ESV 
versus EDV have not been studied in detail in the literature. 
Of particular interest is the implicit role of EF in this graph-
ical representation. Already in 1981 we published a paper62 
showing that the significant (inverse) correlation between 
EF and ESV becomes blurred in patients chronically using 
BB. When submitting this material, it was not yet clear 
whether the volume regulation graph (VRG) constitutes the 

cornerstone for the analysis of ventricular dynamics. In 1998, 
we demonstrated63 that the VRG (at that time still called 
the alternative starling curve – abbreviated as ASC) offers 
a unifying framework to visually interpret ventricular func-
tion, both for LV and RV. Related clinical studies concerned 
estimation of myocardial oxygen consumption (MVO2) on 
the basis of the VRG,64 effects of aging in dogs with cardiac 
disease,65 and diabetes mellitus66 in humans in connection 
with the ASC, as well as investigations in growing foals67 
and two types of HF patients.56 Along the theoretical line, 
we clarified the role of ASC versus classical Starling curve63 
and the mathematical connection between ASC determi-
nants and the systolic elastance concept.66,68 Finally, we dis-
mantled the presumed pivotal role of EF, developed a Monte 
Carlo simulation model for HF phenotype transitions,69 and 
formulated the dependence of LV-arterial coupling on the 
characteristics of the ASC.70 Recently, we replaced the term 
ASC by VRG because the former unintendedly seems to 
suggest that Starling’s law is of minor importance, while the 
latter abbreviation more appropriately focuses on the central 
issue regarding regulation of LV volume.

Theoretical background
ESV and EDV are related during a cardiac cycle. A linear 
equation is assumed for the VRG:

 ESV EDV= +α β  (1)

with Pearson’s coefficient of correlation r, where α (mL) is the 
volume axis intercept and β (dimensionless) the slope of the 
regression line. Besides EDV, the VRG may include further 
determinants Fi (independent of end-diastolic volume index 
(EDVI) if their cross-products vanish) with corresponding 
weight factors Wi. For each i, both Fi and Wi are to be identi-
fied using multiple regression analysis. Thus, equation (1) can 
be generalized to yield

 ESV = α′ + β′ EDV + ΣWiFi (2)

with new α´ (mL) as the volume axis intercept and β´ (dimen-
sionless) as the slope. Σ is the sum sign, and i represents a 
running number. Fi can be continuous variables, such as age, 
heart rate (HR), and LV filling pressure, as well as dichoto-
mous covariates such as gender and administration of particu-
lar medication. The VRG permits easy introduction of third 
and higher dimensions, including (dichotomous) covariables 
by employing a stratification procedure. Subsequently, the 
crude model can be reduced by selectively omitting elements 
contained in ΣWiFi.

This approach allows for a more personalized description 
that includes age, sex, adherence to pharmaceutical agents, etc. 
Figure 3 illustrates the two common HF phenotypes based on 
Monte Carlo-generated surrogate patients. The green arrow 
represents the linear dividing line as suggested in various 
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guidelines.71 Bubble size reflects the pertinent value of EF, and 
obviously, decreases as ESVI becomes larger at identical EDVI 
values.

As an example of a distinct subgroup, we show (Fig. 4) the 
VRG for men 50 years and older, not using BB and with EDP 
,17 mmHg. Bubble size reflects HR (range 47–114 bpm). 
Linear regression yields:

 2ESVI .74 3EDVI 28.916, .8 68, 42r n= − = =0 0 0 0

Various codeterminants of the VRG are briefly discussed:

− Age: advancing age is the most important non-modifiable 
prognostic factor for long-term prognosis, whereas LV 
function assessed clinically or measured as either EF or 
ESV is the most important modifiable factor.72 Compared 
to the situation at birth, the human heart’s mass increases 
by about 13 times when reaching the age of 24 years, and 
the ratio of heart mass to body mass decreases in the time 
span from 0.76 to 0.45%.16 The growth process has been 
studied echocardiographically in foals.67 In the normal 
elderly heart, LV geometry is altered with a more sigmoid 
septum, while the LV outflow tract changes shape and 
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Figure 3. Monte Carlo generated hF data for simulation of hFpeF and hFreF patients with eF cutoff at 50%, n = 287. 
Note: Bubble size corresponds with the pertaining magnitude of eF for each surrogate patient. the green arrow is the 50% iso-eF line.
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Figure 4. Volume regulation graph illustrating esVi versus edVi for 42 older men not using BB and without hF. 
Note: Bubble size reflects HR. The broken line results from linear regression analysis (see text).
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direction, simulating hypertrophic cardiomyopathy.19 
Aging is also associated with increased LV torsion second-
ary to reduced rotational deformation delay and increased 
peak basal rotation. LV torsion and strain patterns in 
patients with HFpEF are similar to age-related changes, 
apart from circumferential strain, which is enhanced 
in patients with HFpEF. Both LV torsion and untwist 
rate are significantly correlated with EDVI and ESVI.27 
Although the underlying causes of HFpEF have yet to 
be fully delineated, changes in the diastolic properties of 
the heart that occur with aging are clearly involved.60,73,74 
Age is also the dominant risk factor for cardiovascu-
lar diseases. Understanding the coupling between the 
LV and arterial system provides important mechanistic 
insights into the complex cardiovascular system and its 
changes with aging in the absence and presence of dis-
ease. Arterial-ventricular coupling (k) can be expressed as 
Emax/Ea, where Emax is the LV end-systolic elastance and 
Ea is the effective arterial elastance, which is a measure 
of the net arterial load exerted on the LV. Age-associated 
alterations in arterial structure and function, including 
diameter, wall thickness, wall stiffness, and endothelial 
dysfunction, contribute to a gradual increase in resting Ea 
with age. Remarkably, there is a corresponding increase 
in resting Emax with age, because of alterations in LV 
remodeling (loss in myocyte number, increased collagen) 
and function. These age-adaptations at rest likely occur, 
at least, in response to the age-associated increase in Ea. 
Optimal coupling at rest is also maintained when aging 
is accompanied by the presence of hypertension and obe-
sity. In contrast, in HF patients (either with rEF or pEF), 
k at rest is impaired. Thus, although increased stiffness of 
the arteries itself has important physiological and clinical 
relevance, such changes also have major implications for 
the heart.74–76 Finally, age variance of LV diameters was 
studied in dogs with cardiac disease.65

− Gender: Gender differences in electrophysiological gene 
expression in failing and non-failing human hearts have 
been reported.77 Gender effects on LV volume regu-
lation in patients with beta-adrenergic blockade have 
been detected.78 Another study reported significant sex 
differences in LV remodeling because of pressure over-
load. Women develop more concentric hypertrophy 
with smaller ventricular diameter, greater RWT, and a 
better systolic function, while men demonstrate more 
pronounced chamber dilation.36 HF in women differs 
in many aspects from that of men. Contrasts in origin, 
diagnostic yield, prognosis, and possibly response to 
treatment have been outlined. Some of these differences 
may have a pathophysiological basis.79

− HR: Sinus cycle length is longer in men than women.80 
This difference appears to be associated with a gen-
der difference in exercise capacity rather than intrinsic 
gender-related properties of the sinus node or differences 

in autonomic tone. In addition, exercise-induced 
bradycardia is mediated by autonomic as well as non-
autonomic factors in both genders.80 In the LV volume 
domain, we detected a parallel leftward shift of the ESV–
EDV regression line for the LV in pigs as well as for the 
RV in horses after atropine administration,81 implying a 
significant change in α in equation (1).

− Presence of atrial fibrillation: The presence of atrial fibril-
lation and effect on the VRG has been described.82

− Presence of diabetes mellitus: The presence of diabetes mel-
litus has been analyzed using the VRG.66

− Thyroid dysfunction: Using radionuclide ventriculogra-
phy, LV volume was studied in 18 patients with hyper-
thyroidism before and after treatment. Under untreated 
conditions, we found significant correlations between 
triiodothyronine (T3) level and EF, Emax, and k. How-
ever, these associations disappeared with return to the 
euthyroid state.83

− LV filling pressure and diastolic stiffness: Differences were 
detected when comparing women and men.84

− Medication: BB has been shown to alter the VRG78 and 
EF versus ESV relationship.62

− Positive inotropic intervention: In 107 acute MI patients, 
LV volume was measured by 2D echocardiography dur-
ing baseline, during low-dose (10 µg/kg⋅minute i.v.) 
dobutamine infusion, and after three months. The three 
resulting VRGs were almost identical, but ESV decreased 
(P , 0.0001) during dobutamine compared to baseline 
and repeat measurements.85

Factors that determine eF
Four hallmark papers have pointed out the complex nature 
of the index EF.86–89 Because EF is regarded a crucial met-
ric in the evaluation of cardiac patients and considered the 
key to classification in cases of HF, we derive an expression 
that relates EF to ESV (Figs. 5 and 10). As a starting point, 
we employ the volume domain description as expressed 
by equation (1), now without inclusion of the term ΣWiFi. 
This leads to a reformulation of EF in terms of the key 
parameters EDVave, r2, α, and β, where EDVave is the aver-
age value of EDV for the group under consideration.56 See 
Supplementary File.

Volume domain representation and systolic 
elastance concept
Systolic elastance Emax is defined by the ratio of end-systolic 
pressure (ESP) and (ESV-Vo). Vo is the volume axis intercept. 
Increasing discussion has emerged about the interpretation of 
Vo, especially once it became clear that the relationship essen-
tially shows a nonlinear behavior. However, a Legendre trans-
formation method was devised to extend the end-systolic P–V 
relationships to the nonlinear realm.90

The analytical expression for the VRG incorporates ESV, 
EDV, α, and β. EF depends on ESV and EDV. Consequently, 
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the VRG concept and the elastance model are interrelated. The 
connection between Emax and EF in HF has been extensively 
described.91 We investigated the position of Vo within the LV 
volume domain by using published data.92 Results are illus-
trated in Figure 6, suggesting a correspondence between ESVI 
and Vo as previously reported.68,93 In conscious, autonomically 

intact dogs, the use of stepwise, steady-state afterload variations 
to obtain ESP–ESV data points was employed to construct 
the systolic elastance curve.94 Unfortunately, incorrect esti-
mates for Emax were found. In the case of afterload reduction, 
Emax(TRUE) is underestimated by an average of 16.3%, and in 
the case of afterload increase, Emax(TRUE) is overestimated by 
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Figure 6. relationship between esVi and edVi for 18 patients with varying degrees of lV dysfunction, described by grossman et al.92 
Note: The bubble size reflects the value of the volume intercept (expressed as mL/m2 with actual number indicated next to each bubble) of the end-
systolic pressure–volume relationship. Clearly, this intercept tends to increase for larger values of esVi. as a matter of fact, we found an excellent linear 
relationship (r2 = 0.62 with P , 0.001) between esVi (control values) and the intercept. Pressure refers to the dicrotic notch level.
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an average of 37.1%.94 Determination of Emax and Vo requires 
successive measurements in the same subject, which is not 
always feasible. Therefore, various alternative routes have 
been explored, aiming at the determination via a single-beat 
measurement.95–98 Clearly, EF as well as k can be expressed 
in terms of α and β. Coupling in HF during rest and exer-
cise, including effect of age and gender, has been extensively 
described.74,75

Importance of esV
From a historical perspective, ESV(I) is important because it 
is the sole determinant of the strict definition of the Starling 
curve, ie, variation of EDV(I), while afterload and contractility 
remain constant.99 Even a new law of the heart was formulated 
in a publication on the relationship between ESV and ventric-
ular mechanical impulse.100 A year before, this specific central 
issue was highlighted by considering not the filling properties 
(as described by Frank and Starling) but rather the regulation 
of the degree of emptying of the LV by the force of ventricular 
contraction.101 Combining filling volume (EDV) and residual 
volume (ESV) results in the VRG. This approach honors both 
those who sympathize with ESV and the Starling adepts.76

The relationship between ESV and EDV has been docu-
mented on the basis of numerous data sets.61,65,99 Since both 
ESV and EDV are primary determinants of LV function, one 
may wonder if one of the two is sufficient to globally assess 
LV performance. This idea seems attractive when considering 
distinct patient groups. Indeed, if all ESV–EDV data pairs 
for patients with an identical diagnosis belong to the same 
cluster as characterized by the regression line, then informa-
tion on one variable would suffice. As a matter of fact, several 

studies have already documented that the single use of ESV(I) 
provides a valuable criterion, eg, for separating survivors.102 In 
these studies, a multivariate analysis with log-rank test and the 
Cox proportional hazards model showed that ESV (χ2 = 82.9) 
had greater predictive value for survival than EDV (χ2 = 59.0) 
or EF (χ2 = 46.6) in 605 male patients with coronary artery 
disease, whereas stepwise analysis showed that once the rela-
tionship between survival and ESV had been fitted, there was 
no additional significant predictive information in either EDV 
or EF. These authors produced a graphical representation of 
ESV versus EF showing two significantly different regression 
lines for the two groups. Using data published on children 
with cardiac disease,103 we were able to calculate (see Fig. 7) 
similar regression lines for survivors versus non-survivors in 
this age group.56

Interestingly, a proposal was advanced implying that 
clinical trials in coronary thrombosis can record as end points 
either death or an index of LV function (EF or ESV), which 
can be used as a surrogate for long-term mortality.104 During 
administration of 25 mg BB i.v. in patients with cardiomyopa-
thy, ESV was significantly (P , 0.0005) increased by 21%.105 
Next, the importance of ESV as a predictor of postoperative 
LV performance in volume overload from valvular regurgita-
tion was documented.106 Furthermore, the crucial role of ESV 
(rather than of afterload as reflected by ESP) was emphasized 
within the framework of the mechanics of LV relaxation.107 
Also, certain ESV limits as a consistent indicator of variations 
in inotropic state were defined.95

Extending the work by Norris, LV function was 
advanced as an end point.108 The ESV criterion was employed 
to define the relation between LV dilatation and global and 
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Figure 7. a plot of esV versus edV for pediatric patients with heart disease as described by suda et al.103 
Note: regression lines for two groups of children with cardiac disease differ (P , 0.012), as did the regression lines for eF versus esV. the blue symbols 
refer to those who survived, while the purple symbols pertain to the non-survivors. similar results were reported by White et al.102 in 605 adult patients 
when analyzing eF versus esV.
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regional cardiac dysfunction, and to identify early predictors 
of enlargement and chronic HF in patients after MI.109 In 
addition, ESVI is considered the major predictor of survival 
after coronary artery bypass graft surgery in patients with 
impaired LV function.110 Furthermore, it was found that 
either EF or ESV is the most important modifiable factor for 
the prognosis of acute MI patients.72 Another group reported 
that LV ESVI in patients with ischemic cardiomyopathy pre-
dicts postoperative ventricular function.111 LV ESVI (with 
cutoff at 40 mL/m2) early into reperfusion therapy for MI was 
found to strongly predict adverse outcomes, including early 
and late mortality, thus, establishing the role of very early LV 
dilatation on outcome in MI and the usefulness when iden-
tifying high-risk patients.112 Preoperative ESVI predicts the 
development of postoperative CHF and the actuarial survival 
rate in patients with ischemic cardiomyopathy.113 Invoking the 
concept that nature is simple, it was reasoned that fiber angle 
(not EF) is important, that shape (not EF) defines prognosis, 
that MVO2 falls if the LV becomes more spherical, and that in 
CHF, the disease must be treated – not the symptom.12 Direc-
tion and magnitude of changes in LV cavity size and mass over 
time were studied in 59 patients to investigate if these changes 
were related to those in exercise performance in patients with 
chronic HF. At baseline, the group as a whole had moderate 
to severe LV dysfunction with an end-systolic diameter (ESD) 
of 60 ± 11 mm and LV mass of 500 ± 200 g. Changes in LV 
size and mass per year were significantly and best related to 
ESD with r = −0.56.114 The increase in ESV after exercise 
independently predicts mortality in patients with coronary 
heart disease.115 It was suggested to develop individualized 

clinical strategies based upon a consideration of the important 
role that LV remodeling plays in the pathogenesis of HF and 
to begin incorporating measurements of LV volume and mass 
into the clinical decision-making process.11 Recently, for LV 
reconstruction surgery (LV aneurysm/reshaping techniques), 
a break point at ESVI .60 mL/m2 was proposed.42

cutoff Values for eF
Even before the HFpEF era, we see broad attention for the 
possible discriminatory power of EF. Prevalence of EF-
classes exhibits a non-Gaussian distribution, as illustrated in 
Figure 8. This example shows that at an upper break point 
value of 40% for EF in combination with at least 10 ventricu-
lar premature complexes (VPCs), the relative risk of sudden 
death for up to two years was 11 times that of patients without 
these conditions.116

Thus, cutoff values selected at 40 and 45% have not been 
uncommon and demonstrated to be of relevance in various 
clinical settings. Based on this tradition, it is not surprising 
to discover that current investigations on HF again center 
around EF cutoff values between 35 and 55%71 or at 45%.117 In 
a Japanese study, the EF distribution in 1692 patients (n = 985 
for HFrEF and n = 429 for HFpEF) included a borderline/
gray zone with 40% , EF , 50%, and 278 patients were 
therefore not classified.118 Also, HFpEF is variously defined 
as .40–45%.119 Elsewhere, patients were categorized in three 
groups: those with an EF of ,40% (HFrEF), those with an 
EF of 40–50% (HF with borderline EF), and those with an 
EF of .50% (HFpEF).120 Two groups were studied in detail: 
those with an EF of ,40% and those with an EF of .50%. 
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Figure 8. Cumulative distribution of survivors (n = 569) and non-survivors (n = 63) of acute Mi plus the one-year mortality in dependence of break point 
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The presenting history and clinical examination findings were 
similar for both groups, but HFpEF patients were more likely 
to be older and female and to have a history of hypertension 
and atrial fibrillation.120 While coronary heart disease was 
clearly associated with a lower EF, overlapping characteristics 
between HFrEF and HFpEF were observed in the middle of 
the LV EF spectrum, whose range was termed the interme-
diate EF group with EF 35–55%.121 Elsewhere, a survey of 
various papers with EF cutoff between 40 and 55% has been 
presented.51 Borderline HF patients (in the zone of the ESV–
EDV plane where EF ranges between 40 and 55%, see Fig. 5) 
are all located within a region, which in many other studies is 
conveniently neglected and benevolently referred to as a gray 
zone. Unfortunately, this zone includes the clinically inter-
esting patients because they concern exactly the group where 
one may expect the highest frequency of transitions between 
HFpEF and HFrEF.69

The classification of HFpEF is still debated, while biomark-
ers of myocyte stress, inflammation, extracellular matrix remod-
eling, GDF-15, cystatin C, resistin, and galectin-3 are under 
investigation.51 The crucial question now is whether a bound-
ary value selected at 50% is just an intuitively induced best bet 
or a rigorous estimate supported by sound reasoning. Machine 
learning techniques and advanced statistical approaches may 
shed another light on how to best classify HF patients. A lin-
ear divider such as a single breaking point for EF may be too 
simple. Indeed, there is already evidence that the lower limit for 
EF in elderly women with HFpEF is much higher.122

HF: definitions, criteria, Mechanisms, and 
criticism
definitions.

European society of cardiology (ESC) guidelines 2012. HF 
can be defined as an abnormality of cardiac structure or func-
tion leading to failure of the heart to deliver oxygen at a rate 
commensurate with the requirements of the metabolizing tis-
sues, despite normal filling pressures (or only at the expense 
of increased filling pressures). HF is defined as a syndrome 
in which patients have typical symptoms and signs resulting 
from an abnormality of cardiac structure or function. The 
diagnosis of HF can be difficult. Many of the symptoms of 
HF are non-discriminating and, therefore, of limited diag-
nostic value. Many of the signs of HF result from sodium and 
water retention and resolve quickly with diuretic therapy, ie, 
may be absent in patients receiving such treatment. Demon-
stration of an underlying cardiac cause is therefore central to 
the diagnosis of HF. This is usually myocardial disease caus-
ing systolic ventricular dysfunction. However, abnormalities 
of ventricular diastolic function or of the valves, pericardium, 
endocardium, heart rhythm, and conduction can also cause 
HF, and more than one abnormality can be present.71

Fukuta and Little. Fukuta and Little define HF as the 
pathological state in which the heart is unable to pump blood 
at a rate required by the metabolizing tissues or can do so only 

with an elevated filling pressure. HF in adults most frequently 
results from the inability of the LV to fill (diastolic perfor-
mance) and/or eject (systolic performance) blood. The severity 
of HF and its prognosis are more closely related to the degree 
of diastolic filling abnormalities than the EF. This underscores 
the importance of understanding the mechanisms of diastolic 
abnormalities in HF.123

Mann. Mann states that HF is a clinical syndrome caused 
by dysregulated calcium handling and abnormal cardiac 
pumping capacity.124 Upregulation of microRNA-25 impairs 
calcium handling leading to pump dysfunction, and targeting 
microRNA-25 using antisense oligonucleotides reverses pump 
dysfunction and improves survival in mice with HF.125 More 
generally, microRNAs are being applied in diagnosis and 
treatment of cardiovascular disease because in recent years, 
they have emerged as master regulators of gene expression.126 
The insight that decreases in LV volume and mass occur sec-
ondary to the recovery of the myocardium at the cellular and 
molecular levels have engendered a wider appreciation of the 
importance of LV remodeling as a mechanism for worsen-
ing HF.11 Despite recent insights into the recognition of the 
importance of LV reverse remodeling in HF, many clinicians 
do not consider simple measurements of LV structure (ie, LV 
volume) in their routine clinical decision-making process.11 
Instead, they often rely on EF when making decisions about 
medical and surgical treatment options. There are probably 
multiple reasons of why the use of LV volumes has not gained 
wider acceptance in day-to-day clinical management of HF 
patients. Clinicians remain extremely comfortable using EF 
(referring to LV function) to assess HF patients.11 Impor-
tantly, LV volumes predict outcome more reliably than does 
the EF.11,102 Moreover, knowledge regarding LV volumes is 
extremely useful in optimizing patient selection for surgical 
and device therapies.11 Based on the foregoing arguments, we 
suggest that it is time to begin developing individualized clin-
ical strategies based upon a consideration of the important role 
that LV remodeling plays in the pathogenesis of HF and that 
we incorporate measurements of LV volume and mass into the 
decision-making process.11

Various criteria for diagnosing HF. An annotated his-
torical survey is presented elsewhere.127 Therefore, we present 
only a few classification systems as used for diagnosing HF:

1. First, we consider the traditional criteria formulated by 
Forrester et al.128: elevated filling pressure and cardiac 
index (CI) is ,2.2 L/minute m2. The value is almost 19% 
lower than the level that these investigators considered 
to be normal (2.7 L/minute m2). We applied these crite-
ria to our HF patient groups described before.56 Figure 9 
illustrates the four groups analyzed, namely, HFpEF 
(complying with Forrester criteria or not) and HFrEF 
(either in accordance with Forrester criteria or violating 
them). It can be derived that there is only partial con-
gruence between both approaches, although it is evident 
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that the regression lines for HFpEF differ from those for 
HFrEF.

2. Next, we survey the Framingham CHF criteria, which 
require validation of two major or one major plus two 
minor criteria. Majors are paroxysmal nocturnal dyspnea, 
orthopnea, elevated jugular venous pressure, pulmonary 
rales, third heart sound, cardiomegaly or pulmonary 
edema on chest radiograph, and weight loss more than 
4.5 kg within five days in response to HF therapy. Minor 
criteria include peripheral edema, night cough, dyspnea 
on exertion, hepatomegaly, pleural effusion, and HR 
above 120 bpm.129

3. The ESC presented in 2012 the latest guidelines, along 
with a list of the New York Heart Association (NYHA) 
functional classification dating back to 1943.71 HF is 
defined, clinically, as a syndrome in which patients 
have typical symptoms (eg, breathlessness and fatigue) 
and signs (eg, ankle swelling, elevated jugular venous 
pressure, pulmonary crackles, and displaced apex beat) 
resulting from an abnormality of cardiac structure or 
function. Demonstration of an underlying cause is essen-
tial as the precise pathology determines the specific treat-
ment. Patients with HF because of LV dysfunction are 
categorized as HFrEF (or systolic HF) versus HFpEF (or 
diastolic HF). The ESC committee members emphasize 
that the main terminology used to describe HF is histori-
cal and is based on measurement of LV EF. As a conse-
quence, the treatment schedules as provided indicate EF 

cut-offs at 45, 40 and 35% (cf. individual iso-EF lines in 
the LV volume domain shown in Fig. 5) to recommend 
angiotensin-converting-enzyme inhibitor (ACEI), BB, 
mineralocorticoid receptor antagonist therapy, or implan-
tation of cardioverter defibrillator.71 In patients with 
reduced contraction and emptying of the LV (ie, systolic 
dysfunction), SV is maintained by an increase in EDV 
(because the LV dilates), ie, the heart ejects a smaller 
fraction of a larger filling volume. The more severe the 
systolic dysfunction, the more the EF is reduced from 
normal and, generally, the greater the EDV and ESV. 
The EF is considered important in HF, not only because 
of its prognostic importance (the lower the EF, the poorer 
the survival) but also because most clinical trials selected 
patients based upon EF, usually measured using a radio-
nuclide technique or echocardiography.71

 However, stating that nowadays EF is important because 
in the past we created a framework based on EF may 
entail the risk that we harvest our own initial conditions. 
The situation somewhat resembles the post hoc ergo propter 
hoc sophism, which has been described elsewhere.130

 Furthermore, the ESC committee continues, the major 
trials in patients with HFrEF, mainly enrolled patients 
with an EF #35%, and it is only in these patients that 
effective therapies have been demonstrated to date.

4. Discordant ventricular failure versus concordant failure: 
Forrester’s classification system does not take into account 
the role of blood volume in the pulmonary bed and RV 
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Figure 9. Volume regulation graph for hF patients (n = 63) described elsewhere,56 and excluding those using BB. they are now subdivided into four 
groups not only on the basis of reduced (r) or preserved (p) eF but also by applying the classical Forrester criteria. the Forrester compliant group with 
hFpeF is too small (n = 5) to find a significant regression line. The other three groups yield significant regression equations. Note that the slope of the 
regression line for the HFpEF subgroup is significantly lower than those for both HFrEF lines.
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function, nor does it encompass a possible role for central 
venous pressure (CVP) as an independent index for cir-
culatory evaluation.127 The latter researchers have devel-
oped a computerized cardiovascular model for analyzing 
hemodynamic characteristics and volume movement in 
simulated acute HF. They show that by simultaneously 
integrating LV with RV function, the model provides a 
better understanding of how pulmonary capillary wedge 
pressure (PCWP) and CVP interact in HF. Addition-
ally, they propose a physiologic HF classification system 
on the basis of these findings. Basically, they developed 
a lumped-parameter cardiovascular model and analyzed 
forms of HF in which the RV and LV failed dispropor-
tionately (discordant ventricular failure) versus equally 
(concordant failure). Acute discordant pump failure 
was characterized by a passive volume movement, with 
fluid accumulation and pressure elevation in the circuit 
upstream of the failed pump. In biventricular failure, less 
volume was mobilized. These findings negate the preva-
lent teaching that pulmonary congestion in LV failure 
results primarily from the backing up of elevated LV fill-
ing pressure. They also reveal a limitation of the Forrester 
1976 classification, namely, that PCWP and CI are not 
independent indices of the circulatory system.127

criticism to established criteria for HF. One study 
demonstrated that when invasive pressure measurements are 
not included, only 5% of their outpatients with HFpEF ful-
filled the ESC definition, thus illustrating the weakness of 
echocardiographic estimates of DD.131 Another investigation 
indicated that only 0.8% (sic) of all their HF patients fulfill 
the ESC guidelines.132

The current paradigm regarding classification of HF 
assumes a linear divider, namely, EF at a cutoff level accord-
ing to the liberal preference of the individual investigator. 
However, there is no rationale to support linearity. It is very 
well conceivable that the cutoff value is not a fixed number 
but rather varies with the size of the heart. Such a nonlinear 
discriminator would, in particular, be more appropriate when 
dilated hearts are involved. Machine learning techniques may 
yield other guidelines because they do not assume a linear 
discriminator but indeed create nonlinear (hyper)planes to 
distinguish groups. Adhering to a nonlinear framework also 
necessitates a reevaluation of the present simple concept of 
transition from one phenotype to another, just by crossing a 
straight dividing line. Moreover, the dividing line does not 
necessarily follow the EF trajectory. In fact, there are strong 
indications that the line best separating both groups runs 
perpendicular to the one proposed in the current paradigm. 
Additionally, the specific dividing criterion may depend on 
gender122 and medication.78,84 This observation is supported 
by the finding that HF in women differs in many aspects from 
that of men. Contrasts in origin, diagnostic yield, prognosis, 
and possibly response to treatment have been outlined. Some 
of these differences may have a pathophysiological basis.79

A third phenotype of HF, namely, with recovered EF, 
has been proposed as a separate entity.133,134 It remains to be 
seen if this effect is solely induced by medication78,84 and if 
the increase in EF is crucial for the borderline HF group. In 
addition, 25% of patients with DCM with the recent onset of 
HF (,6 months) have a relatively benign clinical course with 
a spontaneous improvement in symptoms. DCM patients 
who undergo unassisted resolution of symptoms show that 
this process is accompanied by recovery of LV function.135 Yet 
another distinct subset of HFpEF has been described, fea-
turing pathophysiology similar to HFrEF but with eccentric 
hypertrophy.136

Dilated LA with dysfunction has been reported in 
HFpEF patients.114,137 While emphasizing the feasibility of 
measuring LA volume and the need to include this informa-
tion during the diagnostic process, this characteristic has even 
been advanced as a criterion.138

Possible mechanisms for high eF in HF. It is hypoth-
esized that a greater than normal EF in HFpEF translates 
into a more forceful contraction, while storing elastic energy 
(during systole) in the myocardial tissue.50 When systole ter-
minates, the contractile elements detach and the stored energy 
is utilized for rapid relengthening of the contractile elements 
of the myocardium, before mitral valve opening. The abrupt 
expansion of the LV decreases LV pressure to a minimum, 
thereby increasing the pressure gradient between the LA and 
LV. This pressure gradient accounts for an efficient early LV 
filling. Using the energy stored during systole in favor of early 
LV filling is referred to as elastic recoil (also termed diastolic 
suction). The greater the tension difference between ESV and 
LV slack volume (occurring during the isovolumic relaxation 
period when volume remains constant but tension changes), 
the greater the energy stored in the myocardium, with subse-
quent release as elastic recoil.50

Considering augmented systolic wall thickening, yet 
another mechanism for preserved EF was proposed.23 The 
mathematical model predicts that the normal EF in patients 
with HF may be explained by the presence of LV hypertro-
phy. The resulting amplified radial thickening in the setting of 
reduced long-axis shortening explains the preservation of EF. 
Thus, the reduced SV in the precompensated state rather than 
DD may be the cause of HFpEF.

what is eF?
Numerically, the value of EF depends on prevailing ESV(I), 
α, β, r2, and average EDV(I) (see Supplementary File). How-
ever, EF does not directly embody information on the factor 
time. Yet, time in terms of HR plays a crucial role in circula-
tory dynamics.139 The clinically and physiologically relevant 
measure of CO is calculated by multiplying the differential 
(EDV–ESV) by HR. CI is defined as CO normalized for body 
surface area (BSA).

In a large population, we found no association between 
EF and HR78:
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EF(%) . HR(bpm) . ,  . ,r n= − + = =20 1613 79 992 0 0205 1459

Even in the absence of BB, we found no clear relationship:

 EF(%) . HR(bpm) . , = . ,r n= − + =20 3615 89 975 0 0833 156

Yet, the metric CI has been important, eg, as a crite-
rion in the Forrester model.128 Traditional HF classification 
systems include the Forrester hemodynamic subsets, which 
use two indices: PCWP and CI. As a modification, it was 
hypothesized that changes in PCWP and CVP, and in the 
phenotypes of HF, might be better evaluated by cardiovascu-
lar modeling. Therefore, a lumped-parameter cardiovascular 
model was developed to analyze forms of HF in which the 
right LV failed disproportionately (discordant ventricular fail-
ure) versus equally (concordant failure).127 Note that neither of 
these two approaches invokes EF as a determinant.

Over the years, a sort of cult has been created around 
the index EF, where every external factor became evaluated 
against EF. For example, pretended beneficial influences of 
sauna bathing in the rehabilitation of hypertensive patients 
with ischemic heart disease following aortocoronary venous 
bypass operation has been expressed in terms of changes in 
EF, regardless of LV volume.140

Which elements determine EF in a population? For an 
individual, it is obviously two volume determinations, namely, 
at the end of systole and end of diastole. However, when ana-
lyzing characteristics of a particular group of patients (be 
it selected on the basis of diagnosis, medication, interven-
tion, gender, or age), the situation appears more complex. 
To describe the dynamics of a group, we require additional 
information as embodied by EDVIave, γ, and δ. The latter two 
depend on the features of the pertaining VRG, ie, α, β, and r. 
What we gain by following this route is the power to predict 
data pairs for any patient defined by the same group-related 
properties. Also, it becomes possible to predict the outcome of 
intervention and the likelihood of transition to another phe-
notype (as is the case for HF and BB) in dependence of gender 
differences. EF has also been analyzed in other species. EF in 
conscious dogs was 29.6% in normals versus 18.8% in HFrEF 
canine patients.141 Elsewhere, pEF was reportedly 57%.55

Problems arise when an index does not do what it should 
do, namely, reflect the generally adopted interpretation. This 
statement also applies to EF. In the prevailing paradigm, 
healthy LVs exhibit high values for EF (ie, above 60–70%), 
and one certainly would not expect a high value for EF in 
a failing heart. However, with the arrival of the new name, 
HF with preserved EF syndrome, we are confronted with a con-
tradictio in terminis. This is nothing different from stating a 
syndrome where the value of EF has nothing to do with the 
common connotation. Even worse, it is precisely the opposite 
of what one always ascertains. It is as strange as talking about 
hayfever, actually being a condition with anything but fever. 
Besides, EF does not correlate very well with any performance 

indicator proposed thus far. It remains to be specified if the 
reason for the discordance stems from imperfections intrin-
sic to the new candidates or simply originates from the inad-
equacy of EF. Indeed, the ESC warns: EF is not an index of 
contractility as it depends on volumes, preload, afterload, HR, 
and valvular function, and is not the same as SV. SV may be 
maintained by LV dilation in a patient with HFrEF, whereas 
it may be reduced in patients with HFpEF and concentric LV 
hypertrophy. EF may also be preserved (and SV reduced) in 
patients with significant mitral regurgitation. Thus, EF must 
be interpreted in its clinical context.71

Since EF is not a universal indicator of LV performance, 
it has been suggested that EF rather reflects k. Indeed with 
the inclusion of several assumptions, it is possible to derive 
a relationship between EF and k. Additionally, it has been 
demonstrated that the regression coefficients of the VRG are 
related68 to k and to the intercept Vo of the Emax relationship:

 
slope

  
β =

+
1

1k

 
intercept Vo

  
α =

+
k

k 1

Elsewhere, we have shown that k = [(1 − β)ESV − α]/ 
β(ESV − Vo).56

Furthermore, a further reduction applies yielding 
EF = 1 −(1/(k + 1)) if Vo vanishes. Therefore, a simple connec-
tion exists between EF and the slope β, as well as the inter-
cept α. The value for k index was found to exhibit mismatch 
in HFpEF patients74,75,119,142–144 as well as during dobutamine 
stress test in HFpEF.20

what is the effect of an Intervention on the VrG?
We have seen that in the VRG representation, we can 
express the slope β = (ESVI − α)/EDVI, ie, for small α, the 
slope ≈ (100 − EF)/100. However, in practice, α cannot be 
neglected.

Now we can add a correction factor to equation (1) that 
modifies the slope from control state to a new operating line 
induced by intervention or by superimposing the effect of gen-
der differences.

General expression: slope β = (ESVI − α)/EDVI − ϕ * θ
where ϕ is the Kronecker delta145 and θ is the impact (ie, 

strength of the effect) because of a particular intervention.

   for controlϕ = 0

 ϕ = 1 for intervention

As an example: θ(BB) ≈ 0.2 and θ(female) ≈ 0.1.
Additionally, θ(HFrEF) ≈ −0.2 and θ(HFpEF) ≈ 0.2, 

both compared to non-HF patients with BB.
Figure 10 illustrates anticipated effects on (abso-

lute value of) EF as induced by stepwise variations of the 
VRG-associated slope (each curve at a fixed value for β, 
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ranging from 0.2 to 0.8) with constant α = 20 mL/m2. For 
comparison, in a recent study (n = 1459) we found β = 0.65 
and α = −24.80 mL/m2.78 The lower portion illustrates for the 
same increments of β the differences of EF when α increases 
from −20 to −10 mL/m2. Calculations are based on equation 
(3). The slope β as well as the intercept α may vary for distinct 
patients groups and, therefore, induce β-dependent changes 
for EF as documented in this paper. The impact of variation 
of α in this example is small compared to the contribution 
related to β. Note that a lower value for β is generally asso-
ciated with higher EF values (upper portion) as well as the 
differences (lower part) induced by α at identical readings 
of ESVI. This figure is an example of possible application of 
personalized therapy.

discussion
Alongside the routine application of the index known as EF 
during half of a century, we notice a permanent striving to 
discover an even better indicator to judge the performance of 
the healthy and diseased heart. The continuing enthusiasm 
to search for an alternative holy grail induces the feeling that 
sooner or later, EF will be unmasked as a surrogate with the 
risk of dethroning the hailed favorite. After exploring what 
is known and unknown about HFpEF, one group of authors 
proposed to arrive at a new classification system independent 
of EF. Our investigations support this notion and suggest 
ESV as the next candidate.

Almost traditionally, various painstaking attempts have 
been undertaken to challenge EF as the pretended gold stan-
dard for the evaluation of LV function. Amidst them are vari-
ous candidates invariably accompanied by the illustrious epithet 
maximum, eg, maximum circumferential shortening velocity 
(Vmax), maximum rate of ventricular pressure development 
(dP/dt)max, and maximal elastance of the ventricle (Emax) 
occurring at the end of systole. Recently, twist and apical rota-
tion have been shown to correlate well with dP/dt, and are 
proposed as a new index of cardiac performance.26

SUMOylation is a posttranslational modification, in 
which small ubiquitin-related modifier (SUMO) proteins are 
covalently conjugated to target proteins via a series of enzy-
matic reactions, and they may be implicated in human car-
diovascular disorders.146 How do ultrastructural components 
such as titin,53 CVF, and MyD, phosphorylation of myofila-
mentary proteins and expression of beta-adrenergic signal-
ing and calcium handling proteins57, SUMOylation146, and 
genetics of electrical phenomena77 translate into macroscopic 
determinants such as ESV and EF? Although etiologies of 
cardiac diseases may differ, they share molecular, biochemi-
cal, and cellular events to collectively change the shape of the 
myocardium.35

Despite overwhelming but (alas) transient interest in suc-
cessive alternatives, it became again and again clear that EF 
(owing to its simplicity, and because of the universal belief 
of the community) survived in the clinic as a convenient 
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Figure 10. application of the volume regulation graph (Vrg) concept aiming at theoretically quantifying consequences of variations of the two Vrg 
determinants (see equation 1) on eF as a function of the esVi. Upper tracings: anticipated effects on (absolute value of) eF as induced by stepwise 
variations of the VRG-associated slope (each curve at a fixed value for β, ranging from 0.2 to 0.8) with constant α = 20 ml/m2. For comparison in a 
recent study (n = 1459), we found β = 0.65 and α = −24.80 ml/m2.78 the lower portion illustrates for the same increments of β the differences of eF when 
α increases from −20 to −10 ml/m2. Calculations are based on equation (3). the slope β as well as the intercept α may vary for distinct patients groups 
and, therefore, induce β-dependent changes for eF as documented in this paper. the impact of variation of α in this example is small compared to the 
contribution related to β. note that a lower value for β is generally associated with higher eF values (upper portion) as well as the differences (lower part) 
induced by α at identical readings of esVi. By quantitatively predicting the gain in terms of eF in dependence of an induced change for β, this figure 
illustrates the possible application of personalized therapy.
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index.11,56,71 Interestingly, after an initial period of glory, every 
new candidate became attacked by quibbling cardiophysi-
ologists or similar meddlers pointing out frustrating short-
comings such as afterload dependence or nonlinearity.147–149 
Possibly, clinicians felt somewhat disturbed by those diverg-
ing controversies and itching limitations that turbulence read-
ily invites them to peacefully adhere to EF.

How to solve this inconvenient situation in the long term? 
Why not venture in the opposite direction and search for the 
minimum, rather than the earlier attempts in the direction of 
a maximum (cf. Vmax, (dP/dt)max, and Emax)? An interesting 
candidate may be end-contraction volume (a sort of Vmin dur-
ing the cardiac cycle, to apply a formulation in the language 
of the proposed paradigm). In this case, a logical and fascinat-
ing route emerges with end-systolic volume (ESV) as a build-
ing stone. Various publications have already highlighted the 
clinical relevance of considering ESV (eg, when timing valve 
replacement in aortic stenosis and in volume-reduction proce-
dures for the dilated ventricle). Although rarely identified as 
such, ESV not only comprises the fundamental determinant 
of the latest favorite Emax but also features as the major com-
ponent of favorite EF.56,62

Thus, this contribution reviews the relevance of EF in 
the evaluation of HF patients. The mere fact that the numeri-
cal value of EF is determined by a cocktail of cardiovascular 
parameters is truly troubling.56,70 The conclusion of my analy-
sis is promising: the way to heaven looks to be paved by stones 
designed around ESV. Insights can be enhanced by consid-
ering the LV volume domain, particularly by analyzing the 
relationship between ESV and EDV for various clinically rel-
evant entities.

conclusions
Thus far, classification of HF is based on information regard-
ing EDV combined with the ratio of ESV and EDV. Our 
analysis in the LV volume domain shows that in the two major 
HF subgroups, ESV follows different patterns in dependence 
of EDV. This observation clarifies that a superior classifica-
tion system regarding HF is primarily founded on informa-
tion embodied by ESV. Future research should concentrate 
on machine learning techniques and advanced statistical 
approaches to establish solid guidelines to distinguish various 
HF phenotypes. The clinical relevance of EF requires reevalu-
ation, in particular, in view of reported gender differences.
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