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Abstract | Approximately half of all patients with heart failure have preserved ejection fraction (HFpEF) 
and, as life expectancies continue to increase in western societies, the prevalence of HFpEF will continue 
to grow. In contrast to heart failure with reduced ejection fraction (HFrEF), no treatment has been proven 
in pivotal clinical trials to be effective for HFpEF, largely because of the pathophysiological heterogeneity 
that exists within the broad spectrum of HFpEF. This syndrome was historically considered to be caused 
exclusively by left ventricular diastolic dysfunction, but research has identified several other contributory 
factors, including limitations in left ventricular systolic reserve, systemic and pulmonary vascular function, 
nitric oxide bioavailability, chronotropic reserve, right heart function, autonomic tone, left atrial function, and 
peripheral impairments. Multiple individual mechanisms frequently coexist within the same patient to cause 
symptomatic heart failure, but between patients with HFpEF the extent to which each component is operative 
can differ widely, confounding treatment approaches. This Review focuses on our current understanding 
of the pathophysiological mechanisms underlying HFpEF, and how they might be mechanistically related to 
typical risk factors for HFpEF, including ageing, obesity, and hypertension.
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Introduction
Cardiovascular disease is the leading cause of death 
worldwide.1 In the USA, only two cardiovascular dis-
orders are still increasing in prevalence—heart failure 
(HF) and atrial fibrillation.2 The most-comprehensive 
epidemiological data on HF are derived from US pop-
ulation studies; if current trends continue, 8.5 million 
Americans will have HF by 2030, 6 million of whom 
will be aged >65 years.3 Although estimates vary, nearly 
half of patients with HF have preserved ejection fraction 
(≥45–50%; HFpEF), and the prevalence of HFpEF relative 
to HF with reduced ejection fraction (HFrEF) is growing 
by 10% per decade.4–7 Over 90% of patients with HFpEF 
are aged ≥60 years at the time of diagnosis8 meaning that, 
as increased longevity is achieved in western societies, the 
enormous public-health problem of HFpEF will continue 
to grow.

In striking contrast to HFrEF, an effective treatment for 
HFpEF has not been identified in clinical trials.5 HFpEF 
was historically referred to as ‘diastolic heart failure’. 
However, over the past decade our group and others 
have shown repeatedly that, rather than being solely 
caused by diastolic dysfunction, HFpEF is caused by the 
complex interplay of multiple impairments in ventricular 
dia stolic and systolic reserve function, heart rate reserve 
and rhythm, atrial dysfunction, stiffening of the ventri-
cles and vasculature, impaired vasodilatation, pulmonary 

hypertension, endothelial dysfunction, and a bnormalities 
in the periphery, including skeletal muscle.9–46

Many of these abnormalities are not apparent at rest, 
but are noted only when the cardiovascular system is 
stressed (that is, reserve limitation).27 In many ways, this 
situation is an exaggerated version of phenomena seen 
with normal cardiovascular ageing.47–57 Therefore, HFpEF 
could be considered to be the ultimate form of pre-
mature cardiac ageing or ‘presbycardia’. These limitations 
in cardio vascular reserve then interact with systemic pro-
cesses to cause symptoms of dyspnoea and fatigue, which 
ultimately culminate in systemic and pulmonary venous 
congestion, muscle wasting, and loss of functionality and 
independence, escalating the need for HF care.

In this Review, I will summarize the current under-
standing of the pathophysiology of HFpEF and how 
it relates to commonly observed HFpEF risk factors. 
Diagnosis and treatment of HFpEF are beyond the scope 
of the present article and will not be described in detail.

Pathophysiological components of HFpEF
LV structure and remodelling
Early descriptive studies in HFpEF suggested that con-
centric left ventricular (LV) hypertrophy with normal 
chamber size was typical.58,59 However, population-based 
studies published since 2007 have shown that many 
patients with HFpEF have either concentric remodel-
ling in the absence of hypertrophy, or even normal LV 
geometry.19,23,60 At the structural level, cardiomyocytes 
in HFpEF are thicker and less elongated than in HFrEF,61 
and collagen content is increased compared with control 
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populations.62 Notably, currently available biopsy data 
are from patients with HFpEF who were younger than 
those typically seen in the community, for whom detailed 
histomorphometric characterization is not yet available.

LV diastolic limitations
Diastolic dysfunction is defined as the inability to fill the 
ventricle to an adequate preload volume (end-diastolic 
volume; EDV) at acceptably low pressures.63 Diastolic 
function is often conceptualized as the totality of an 
active process of pressure decay (relaxation) during early 

Key points

 ■ Heart failure with preserved ejection fraction (HFpEF) is an increasingly 
common form of cardiac disease associated with ageing, obesity, and 
hypertension, for which no treatment has proven effective

 ■ HFpEF is characterized by increased left ventricular (LV) filling pressure 
secondary to diastolic dysfunction; this pressure elevation can be observed 
at rest or during exercise and causes secondary pulmonary hypertension

 ■ Despite normal ejection fraction, HFpEF is characterized by mild systolic 
dysfunction and dramatic limitations in systolic reserve capacity during stress, 
with blunted increases in ejection fraction

 ■ Chronotropic incompetence, left atrial dysfunction, atrial fibrillation, arterial 
stiffening, autonomic imbalance, and endothelial dysfunction contribute to 
diastolic and systolic dysfunction to limit cardiac output reserve and increase 
LV filling pressures

 ■ Peripheral impairments, including abnormalities in endothelial function, body 
composition, and skeletal muscle function, also have an important role in HFpEF

 ■ These impairments in cardiac, vascular, and peripheral reserve can be caused 
by common risk factors for HFpEF, such as ageing, adiposity, hypertension, and 
metabolic stress

diastole related to myofilament dissociation and calcium 
reuptake, and ‘passive’ stiffness related to the visco elastic 
properties that are governed by mechanical changes 
from the sarcomere to extracellular matrix, chamber, 
and pericardium.5,64 Most, although not all, studies have 
demonstrated that the rate of LV pressure decay during 
isovolumic relaxation (time constant τ) is prolonged in 
HFpEF (Figure 1).13,14,22,25,33 In the healthy heart at rest, 
relaxation is complete by 3.5τ, which is much less time 
that the normal diastolic period. However, when heart 
rate increases, the left ventricle must enhance relaxation 
to allow for more-rapid pressure decay. In HFpEF, this 
enhancement is lost, contributing to LV and left atrial 
(LA) pressure elevation.25,33,65

Delayed relaxation is, however, only part of the 
problem in early diastole in HFpEF. The healthy left 
ventricle functions as a ‘vacuum cleaner’ that prevents 
LA hypertension by enhancing suction in response to 
increases in venous return, as with exercise.51,66–71 This 
role is achieved through the generation of intraventricu-
lar pressure gradients that are determined by the speed 
of relaxation, the extent and velocity of mitral annular 
longitudinal motion, the LV ‘untwisting’ that occurs 
during early diastole, and the end-systolic volume (ESV) 
achieved in the preceding contraction cycle (reduced 
ESV below the equilibrium volume increases recoil to 
enhance filling, like a compressed spring).51,72,73 Studies 
have shown that each of these components is impaired 
in patients with HFpEF, particularly during the stress of 
exercise, such that the left ventricle can fill only at the 
expense of left atrial hypertension.17,24,33,70,71 In other 
words, although the healthy left ventricle effectively pulls 
in blood during early diastole,66–68 in patients with HFpEF, 
filling is reliant on high LA pressure to push blood into 
the chamber (Figure 1).28,29,33,68,69

Ventricular passive diastolic stiffness is also an impor-
tant determinant of the increase in LV filling pressures 
in HFpEF.14,22 LV end-diastolic stiffness (Eed) is quanti-
fied by the slope and position of the diastolic pressure–
volume relationship (Figure 1).63 Eed increases with 
ageing, even when blood pressure is well controlled and 
in the absence of concentric LV remodelling.55 Most, 
but not all, studies have shown that, on average, Eed is 
increased in patients with HFpEF.13,14,19,22,25 Increased 
diastolic ventricular passive stiffness was originally 
thought to be determined predominantly by collagen 
quantity and the qualities of the extracellular matrix. 
However, studies conducted in the past decade have 
pointed to the importance of determinants within the 
cardiac myocytes, particularly the sarcomeric macro-
molecule titin,5,61,62,74,75 in diastolic ventricular passive 
stiffness. Titin fu nctions as a bidirectional spring, 
the stiffness constant of which can be modified by isotype 
expression and by post-translational modification via 
phosphorylation by cyclic GMP-dependent kinase.76,77 
Increases in cardiac myocyte stiffness in HFpEF are 
mediated in large part by relative hypophosphorylation 
of titin, which is related to cyclic GMP deficiency owing 
to increased nitroso-oxidative  stress.74 This finding 
provides a novel therapeutic target to improve diastolic 
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Figure 1 | LV diastolic function in health and in HFpEF. a | LV pressure plotted 
against time. Normal LV pressure decay is shown in blue, with prolonged relaxation 
in HFpEF indicated in red. b | LV diastolic pressure–volume relationships. In the 
normal left ventricle at rest (solid blue line), the increase in pressure during 
diastole is minimal despite large increases in LV chamber volume, with normal LV 
end-diastolic pressure (blue circles). With exercise (dashed blue line), dynamic 
reduction in LV minimal diastolic pressure occurs (blue triangles) related to 
enhanced LV early-diastolic suction. In HFpEF, the resting diastolic pressure–
volume relationship (solid red line) is generally shifted up and to the left, indicating 
increased chamber stiffness. With exercise (dashed red line), a further shift 
upward occurs, with both a steeper slope and a higher LV minimal pressure 
(red triangles) reflecting inadequate LV early diastolic suction, and contributing to 
dramatic increase in LV end-diastolic pressure (red circles). Abbreviations: HFpEF, 
heart failure with preserved ejection fraction; LV, left ventricular. Panel a adapted 
from Cardiol. Clinics, 29 (2), Borlaug, B. A. & Kass, D. A. Invasive hemodynamic 
assessment in heart failure, 269–280, © (2011), with permission from Elsevier.
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stiffness, and is speculated to mechanistically tie together 
the loss of nitric oxide (NO) bioavailability in HFpEF 
with common risk factors including obesity, ageing, and 
metabolic syndrome.75

Diastolic dysfunction is not universal in HFpEF, being 
observed by echocardiography in only two-thirds of 
patients at rest.43,60,78 However, many patients with HFpEF 
display elevated LV filling pressures only during the stress 
of exercise, indicating an earlier stage of disease.28,29 
These patients commonly have a normal plasma level of 
B-type natriuretic peptide (BNP), leading clinicians to 
the false conclusion that they do not have HF.29,79 Obesity 
is associated with a lower than normal BNP level, and this 
observation, along with the intermittent nature of filling 
pressure elevation, is likely to explain the reduced BNP 
level observed in patients with HFpEF.29,79–81

Despite the high LV filling pressures in patients with 
HFpEF, at rest or with exercise, LV preload (EDV) is 
generally not compromised. LV volumes were slightly 
enlarged in HFpEF compared with controls in one study,82 
but the majority of studies have shown normal chamber 
size19,40 and normal increases in EDV with exercise15,27,35,40 
in patients with HFpEF. Therefore, diastolic dysfunction 
in HFpEF does not seem to compromise net chamber 
filling, but rather to require an abnormal elevation in 
pressure to achieve that degree of filling. Aggressive treat-
ment to reduce LV filling pressures in HFpEF was associ-
ated with reduced hospitalizations for HF in a prospective 
trial,83 supporting the importance of diastolic dysfunction 
in HFpEF. As well as leading to symptoms of dyspnoea, 
elevation in LA pressures produces secondary pulmonary 
hypertension and atrial remodelling that can predispose 
a patient to the development of right ventricular (RV) 
dy sfunction and atrial fibrillation, respectively.

LV systolic limitations
Although ejection fraction is the measure that is used 
most often clinically to assess systolic function, it is more-
appropriately viewed as a reflection of ventricular–arterial 
coupling.23,63 Ejection fraction can be low owing to very 
high afterload despite normal contractility, or it can be 
normal even when contractile function is impaired when 
afterload is low. Multiple studies have shown that, despite 
relative preservation in LV ejection fraction, patients with 
HFpEF display subtle abnormalities in systolic function. 
This finding is evident with tissue Doppler and strain-
based imaging techniques, particularly longitudinal tissue 
shortening, or when chamber and myocardial level con-
tractile function is examined using load-independent 
parameters.11,12,17,23,37,44,84 Intriguingly, the severity of LV 
myocardial contractile dysfunction predicts risk of death 
in HFpEF.23 Studies have shown that some patients with 
HFpEF, primarily those with concomitant coronary artery 
disease, go on to develop HFrEF.85,86

The subtle deficits in resting systolic performance 
become dramatic during physiological stress.15,17,24,27,32,34,40,87 
In other words, although ejection fraction is preserved at 
rest, enhancement in ejection fraction with stress is mark-
edly limited in HFpEF,21,27 primarily owing to the inability 
to reduce chamber volume to a sufficiently low ESV rather 
than to a limitation in the increase in EDV (Figure 2).27,35,40 
Diminished reductions in ESV impair early diastolic 
suction, promoting left atrial hypertension,67,87 while also 
blunting the normal increase in forward stroke volume that 
is required with exercise.27,28,40 Limited stroke volume 
reserve in HFpEF, coupled with the common presence of 
chronotropic incompetence significantly limits cardiac 
output in response to exercise in HFpEF, which is inade-
quate to meet the increased metabolic demands  associated 
with locomotion.40

Ventricular dyssynchrony
Although electrical dyssynchrony (bundle branch block) 
is uncommon in patients with HFpEF, studies have shown 
that systolic and diastolic mechanical dyssynchrony is 
fairly prevalent.32,45,88 The magnitude of dyssynchrony 
is related to the extent of diastolic dysfunction45 and the 
magnitude of aerobic limitation.41 In contrast to HFrEF, 
however, whether mechanical dyssynchrony can be 
ef fectively resynchronized in HFpEF remains unclear.

Atrial dysfunction and atrial fibrillation
The left atrium functions as an important barrier between 
the left ventricle and the pulmonary circulation, by facili-
tating LV filling through its conduit and booster functions 
and by shielding the pulmonary vasculature from wide LV 
pressure oscillations in concert with the mitral valve appa-
ratus. In healthy hearts, ~80% of LV filling occurs during 
early diastole and the remaining 20% occurs with atrial 
contraction. Research indicates that patients with early-
stage HFpEF might be more reliant on LA contraction 
to achieve LV filling than are healthy controls.89 In more-
advanced stages of HFpEF, progressive atrial dilatation 
and loss of atrial contractile reserve occurs, p articularly 
with stress.18,30

a bHealthy adult Patient with HFpEF

Exercise Exercise

End diastole End systole End diastole End systole

Figure 2 | Depiction of short-axis views of the left ventricle at end diastole and 
end systole. a | In a healthy adult at rest (top) and with exercise (bottom). b | In a 
typical patient with HFpEF at rest (top) and with exercise (bottom). At rest, both 
healthy individuals and those with HFpEF have similar and normal left ventricular 
ejection fraction. However, with exercise stress, the increase in ejection fraction 
is blunted in the patient with HFpEF owing to the inability to contract to as low 
an end-systolic volume, despite similar increases in cavity size at end diastole. 
This systolic impairment limits stroke volume reserve, which in tandem with 
chronotropic incompetence blunts the cardiac output response to exercise. 
Abbreviation: HFpEF, heart failure with preserved ejection fraction.
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The importance of LA function in HFpEF is under-
scored by observations that atrial fibrillation is very 
poorly tolerated in patients with HFpEF.20 Compared 
with patients with HFpEF who are in sinus rhythm, those 
in atrial fibrillation have lower exercise capacity despite 
similar chronotropic reserve,90 more-severe right ven-
tricular dysfunction,91 and an increased risk of death.92 
Atrial dilatation precedes atrial fibrillation and is asso-
ciated with chronic LV diastolic dysfunction as well as 
comorbidities commonly associated with HFpEF, such 
as obesity and disordered breathing during sleep.93

RV dysfunction and pulmonary vascular disease
Pulmonary hypertension is common in patients with 
HFpEF,26,94 particularly during exercise, because down-
stream elevations in LA pressure add to components 
of pulmonary vascular load related to arteriolar resist-
ance and cardiac output.29 In patients with HFpEF, each 
10 mmHg increment in pulmonary artery pressure is asso-
ciated with a 28% increase in 3-year mortality.26 Increases 
in LA pressure preferentially increase pulsatile RV 
loading, even acutely during exercise,95 but the increase 
in pulmonary artery pressures in HFpEF is not simply the 
result of passive LA hypertension.94 Pulmonary vascular 
disease in HFpEF can be as severe as in HFrEF, with eleva-
tion in pulmonary vascular resistance being observed in 
roughly 50% of patients referred to the catheter ization 
laboratory.94,96 Chronic obstructive pulmonary disease 
commonly coexists with HFpEF, can worsen pulmo-
nary hypertension, and also makes determining whether 
symptoms of dyspnoea are primarily related to the heart 
or lungs difficult.97

Studies have shown that RV function is impaired in 
HFpEF, even when accounting for the degree of pulmo-
nary hypertension, and that the right ventricle seems to 
demonstrate enhanced afterload sensitivity.91 Pulmonary 
artery systolic pressures drop more pre cipitously with 
acute vasodilator therapy in HFpEF than in HFrEF, 
suggesting increased RV end-systolic elastance96 and, 
like the left ventricle, the right ventricle in HFpEF also 
displays increased diastolic stiffness.91 RV dysfunc-
tion in HFpEF is independently related to the presence 
of coronary disease, is worse in men and patients with 
atrial fibrillation, and is related to the degree of LV dys-
function through systolic ventricular interaction.91 This 
term refers to LV contributions to RV function, which are 
mediated through helical fibres in the intraventricular 
septum that contribute to RV ejection in the setting of RV 
failure.94,98 Therefore, subtle deficits in septal LV systolic 
longitudinal deformation might contribute to RV dys-
function in HFpEF, in addition to systolic and diastolic 
LV reserve limitations.

Research has shown that RV dysfunction and hyper-
trophy in patients with HFpEF predicts adverse outcome, 
even after accounting for the degree of pulmonary hyper-
tension present.91,99 The right ventricle functions as the 
ultimate mediator of the deleterious effects of pulmonary 
hypertension on the body.91 With RV failure, progres-
sive systemic venous congestion leads to gut oedema, 
malabsorption, congestive hepatopathy, cardiorenal 

syndrome, systemic inflammation and, ultimately, to 
the development of cardiac cachexia.100,101 In a multi-
centre, randomized trial, the pulmonary vasodilator 
sildenafil did not improve exercise capacity or quality 
of life, or reduce levels of biomarkers in patients with 
HFpEF. However, estimated pulmonary artery systolic 
pressures were not much elevated (median 41 mmHg) 
above normal (<35 mmHg) in this population, and alter-
native approaches to reducing pulmonary artery resist-
ance might still be effective in patients with both HFpEF 
and pulmonary hypertension.102

Pericardial restraint
Right-sided chamber and LA enlargement in HFpEF can 
lead to a marked increases in total cardiac volume, even 
though LV cavity volume is normal.18 This increase in 
heart size creates the substrate for increased pericardial 
restraint and diastolic ventricular interaction (DVI), in 
which changes in right heart pressure and volume influ-
ence the left heart in parallel.94,98 When DVI is enhanced, 
left heart filling pressures can be elevated even when LV 
diastolic compliance is normal and LVEDV is normal or 
reduced. Many patients with HFrEF display enhanced 
DVI during exercise, whereby LV filling pressures and 
right atrial pressure increase in a 1:1 ratio, with no further 
enhancement in stroke volume, owing to the restraining 
effects of the pericardium that prevent additional preload 
recruitment.103 In patients with HFpEF, the slope of the 
increase in right atrial pressure to LV filling pressure with 
exercise has been reported to be 0.4,29 in keeping with the 
previously described 40% contribution of pericardial 
restraint to LV end-diastolic pressures in patients with 
healthy hearts and in those with HFrEF.104 Further study 
is required to determine whether pericardial restraint 
or enhanced DVI contributes to the pathophysiology of 
HFpEF, which would then beg the question as to whether 
surgical approaches to remove pericardial restraint might 
improve symptoms related to venous congestion.105

Vascular stiffening and dysfunction
In addition to impaired contractile reserve, inadequate 
vasodilation seems to contribute to the inability to 
reduce ESV and increase stroke volume in patients with 
HFpEF. Attenuated reductions in mean systemic vascu-
lar resistance and effective arterial elastance, increases 
in pulse wave velocity and arterial elastic moduli, and 
impairments in aortic distensibility with exercise, which 
are all associated with the severity of exercise disability, 
have been observed in patients with HFpEF.10,15,21,27,38 
The inability to vasodilate, together with previously 
described limitations in systolic reserve, leads to dynamic 
limitations in ventricular–arterial coupling with exer-
cise in patients with HFpEF.24,27 In addition, increased 
arterial stiffness combined with increases in LV end-
systolic stiffness or elastance, lead to dramatic fluctua-
tions in blood pressure for any given change in preload, 
afterload, or stroke volume.13,96 These changes explain 
the common presence of marked blood pressure lability 
in patients with HFpEF, and can be very challenging to 
manage with pharmacotherapies.
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Patients with HFpEF display endothelial dysfunction 
compared with age-matched controls.27 Intriguingly, 
the severity of dyspnoea and fatigue with submaximal 
exercise is correlated with the degree of flow-mediated 
vasodilatation impairment (a measure of NO bio-
availability).27 The presence of endothelial dysfunction 
has subsequently been related to adverse outcomes in 
a large series of patients with HFpEF (n = 321),106 and 
this loss of NO availability has been suggested to have a 
central role in the global pathophysiology of the disease.75 
However, endothelial dysfunction has not been observed 
in all studies of patients with HFpEF.107

Just as systolic dysfunction contributes to impairment 
in LV diastolic suction, cross-talk occurs between vas-
cular stiffening and diastolic reserve. Acute increases 
in arterial pressure prolong relaxation, particularly in 
failing hearts.108 Loading sequence seems also to be 
important, with increases in late-systolic afterload having 
more deleterious effects on LV relaxation than increases 
in early-systolic load.109,110

Chronotropic reserve and autonomic tone
Most, although not all, studies of patients with HFpEF have 
shown that the increase in heart rate in response to exer-
cise is blunted.15,16,27,28,35,40,111 By contrast, an improvement 
in exercise capacity with ivabradine, which selectively 
reduces heart rate, was reported in a small, 1-week study 
of patients with HFpEF, although the participants did not 
have chronotropic incompetence.112 Evidence exists for 
abnormalities in autonomic balance in HFpEF. In an early 
study, cardioacceleration during the early phase of exer-
cise, which is driven predominantly by with drawal of para-
sympathetic tone, was blunted in patients with HFpEF,15 
although heart rate deficits have been reported only at peak 
exercise in most subsequent studies.27 Heart rate recov-
ery, defined as the reduction in heart rate after cessation 
of exercise, is also frequently abnormal in patients with 
HFpEF.15,111 This marker is related to autonomic tone— 
patients with excessive sympathoexcitation and impaired 
parasympathetic tone have a slower reduction in heart rate 
after exercise compared with healthy controls. This abnor-
mality in heart rate recovery is i ndependently associated 
with adverse outcome.113

Patients with HFpEF have been observed to display 
attenuated arterial baroreflex sensitivity compared with 
age-matched control individuals with hypertension,15 who 
themselves are known to exhibit abnormal cardiac sym-
pathoexcitation.114 In a rat model, abrogation of normal 
arterial baroreflex function lead to dramatic intolerance to 
volume loading, with greater increases in left atrial and sys-
temic arterial pressure with saline loading than in animals 
with intact baroreflex function.115 Whether such impair-
ments occur in human HFpEF is unknown, but they might 
be contributory factors given that many patients do not 
seem to be markedly hypervolaemic at the time of pres-
entation. Exercise-induced increases in plasma norepine-
phrine and epinephrine do not differ between patients 
with HFpEF and age-matched and sex-matched control 
individuals with hypertension.15 However, this finding 
does not necessarily reflect cardiac-specific sympathetic 

nerve activity, which has not yet been studied in HFpEF, 
but is known to be severely deranged in HFrEF.116

Peripheral factors
Aerobic capacity, measured as the peak oxygen con-
sumption (peak VO2) achieved during exercise, is char-
acteristically depressed in HFpEF.117 According to the 
Fick equation, VO2 is equal to the product of cardiac 
output and arterial–venous oxygen content difference 
(AVO2diff). When objective evidence exists of maximal 
volitional effort, a low peak VO2 in patients with HF is 
generally thought to indicate low cardiac output reserve, 
on the basis of the assumption that AVO2diff becomes 
maximized to a similar extent in all patients.35,36 However, 
studies have suggested that this situation might not be 
the case in patients with HFpEF.35,36 Although peak 
VO2 has been observed to correlate with both changes 
in cardiac output and AVO2diff with exercise in patients 
with HFpEF, the change in AVO2diff was the strong-
est independent predictor of peak VO2.

35 Indeed, the 
beneficial effects of exercise training seem to be medi-
ated predominantly through effects in the periphery in 
HFpEF118 as well as in other chronic cardiorespiratory 
diseases.119 In another study, although both exercise 
cardiac output and peak VO2 were depressed in patients 
with HFpEF, the increase in output relative to VO2 was 
enhanced—a finding previously reported in patients with 
 mitochondrial myopathies.36

By contrast, in an invasive study in which arterial and 
mixed venous oxygen contents were directly measured, 
no difference was seen in AVO2diff at peak exercise 
between patients with HFpEF and control individu-
als.40 In fact, when scaled to VO2, AVO2diff was some-
what enhanced in HFpEF, which is likely to be a chronic 
adaptation to inadequate perfusion from cardiac output 
reserve dysfunction. How to reconcile these conflicting 
results is not clear at this time; however, they are likely 
to further underscore the substantial pathophysio-
logical heterogeneity within the spectrum of HFpEF, and 
point to the important need for improved methods to 
i ndividualize therapies to specific phenotypes.40,120

Other peripheral limitations have been described in 
HFpEF. Studies examining body composition in patients 
with HFpEF have shown proportionate reductions in 
lean total body and leg mass in HFpEF compared with 
age-matched control individuals.39 Lower extremity skel-
etal muscle has been found to display increased intra-
muscular fat content in patients with HFpEF compared 
with age-matched control individuals, the extent of 
which was inversely correlated with exercise capacity.121 
In this population, muscle biopsies showed reductions in 
type 1 fibres (slow-twitch, high oxidative potential) 
and reduced capillary density in patients with HFpEF 
c ompared with controls.122

Anaemia is common in patients with HFpEF and 
impairs oxygen-carrying capacity. The severity of anaemia 
predicts mortality, but the role of treatment is uncertain.42 
As described above, peripheral endothelial dysfunction 
has been reported in HFpEF,27 and might impair dynamic 
flow-mediated dilatation responses during exercise while 
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also impairing matching of perfusion to regional demand 
in skeletal muscle microcirculation.35,123

Combined cardiovascular reserve limitation
Clearly, HFpEF is not simply caused by one pathophysio-
logical factor, but in fact is a complex, highly-integrated, 
multisystem loss of cardiac and vascular reserve capacity 
—affecting the left and right ventricles, diastolic and sys-
tolic function, atrial reserve, heart rate and rhythm, auto-
nomic control, the vasculature and microcirculation, and 
the periphery (Figure 3). Patients with HFpEF typically 
display a conglomeration of several reserve impairments 
that combine to cause symptomatic HF, but the dominant 
contributors can differ from patient to patient.27,120

The most-important next steps, if we are to improve 
outcomes, will be to devise ways to subcategorize patients 
with HFpEF into discrete phenotypes to reduce hetero-
geneity124 and to identify overarching systemic processes 

that might underlie limitations in global cardio vascular 
reserve. Risk factors for HFpEF include obesity, hyperten-
sion, metabolic syndrome, and sedentary lifestyle, which 
seem to interact with cardio vascular ageing to promote 
transition to symptomatic HFpEF (Figure 4). Improved 
understanding of how these risk factors affect the heart 
and vasculature might better inform our  understanding 
of combined reserve l imitation in HFpEF.5,75

Cardiac ageing
Cardiac ageing is known to affect many, if not all, of the 
pathophysiological components present in HFpEF. LV 
diastolic stiffness increases with normal ageing, even 
when blood pressure is well-controlled and LV mass 
does not increase.50,54–56 In addition to passive chamber 
stiffness, diastolic relaxation also becomes compromised 
with ageing, impairing the effects of diastolic suction.51–53 
Age has no effect on resting heart rate, contractility, or 
cardiac output but, even in healthy adults, ageing blunts 
the capacity to enhance heart rate, systolic function, 
and cardiac output in response to exercise.47,48 Ageing is 
also associated with impaired endothelium-dependent 
vasodilatation.49,57 In HFpEF, these combined limit-
ations are exaggerated above and beyond what is seen 
in normal ageing.27

Exciting new research is shedding light on the mecha-
nisms of cardiac ageing, with the hope that some of these 
processes might be at least partially reversible. Mito-
chondria seem to have a major role in cardiac ageing 
through DNA damage acquired with senescence and sec-
ondary impairments in biogenesis that promote oxidative 
stress, fibrosis, and energy availability.125 Ageing is associ-
ated with reductions in cardiac myocyte renewal that can 
impair overall reserve capacity,126 and increases in sys-
temic inflammation that impair NO bioavailabi lity75 and 
promote fibrotic remodelling of the ex tracellular matrix 
owing to reduced collagen degradation.75,127

Nutrient-sensing molecules, known as sirtuins, have 
emerged as important regulators of cardiac function and 
longevity, which might contribute to premature cardiac 
ageing in humans.128 Small, noncoding RNAs (micro-
RNAs [miRNA]), such as miRNA-34, might have an 
important role in cardiac ageing via effects on apoptosis, 
DNA damage, and telomere shortening.129 Autophagy, 
the process by which byproducts of cellular damage are 
cleared, might also be involved, although our under-
standing of these processes in the human heart is in 
its infancy.130 Using a novel method, known as hetero-
chronic para biosis, administration of growth/differ-
entiation factor 11 has been shown to partially reverse 
age-associated  changes in cardiac structure and function 
in mice.131 Although these basic studies are years from 
translation to humans, they have engendered new hope 
that we might be able to mitigate or reverse some of the 
components that constitute the ‘presbycardia’ known 
as HFpEF.

Obesity and related comorbidities
Age seems to be the dominant risk factor for HFpEF. 
However, obesity and obesity-related comorbidities, 
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such as metabolic syndrome, sedentary lifestyle, and 
hypertension, are also commonly observed and interact 
with ageing to confer increased risk of HFpEF (Figure 4). 
Indeed, the role of obesity in HFpEF could have thera-
peutic implications. Studies suggest that weight gain, 
increased adiposity, and central obesity might acceler-
ate age-associated ventricular stiffening, especially in 
women.55,56 Weight loss secondary to bariatric surgery 
improves diastolic function.132 Moreover, chronically 
active athletes do not display the typical age-associated 
loss of LV compliance that is observed in sedentary indi-
viduals,50 suggesting that fitness might modulate the 
deleterious effects of adiposity on the heart, although 
teasing these two components apart is difficult.133 Both 
obesity and hypertension are associated with impair-
ments in myocardial stress reserve with adrenergic 
stimulation,134,135 which is also observed in HFpEF136 in 
association with impairments in energetic availability.24 
Obesity and its metabolic sequelae can increase nitroso-
oxidative stress and, therefore, limit NO bioavailability in 
both the heart and the vasculature, potentially account-
ing for many of the abnormalities observed in HFpEF, as 
has been suggested.75 Myocardial ischaemia might also 
affect systolic and diastolic reserve and, intriguingly, 
symptoms of angina are similarly prevalent and severe 
in patients with HFpEF with or without coronary artery 
disease. This finding suggests that ischaemia caused by 
small-vessel disease or coronary endothelial dysfunction 

might contribute to diastolic and systolic ventricular 
reserve limitations.86,137

Conclusions
The prevalence of HFpEF is growing to epidemic pro-
portions owing to the changing age demographics and 
increase in obesity in western societies. No effective 
treatment for HFpEF has yet been identified. This lack of 
therapeutic options is largely related to the complexities 
in the pathophysiology of HFpEF, where limitations in 
ventricular diastolic, systolic, and chronotropic reserve 
interact with abnormalities in the periphery including the 
vasculature, endothelium, autonomic nervous system, and 
skeletal muscle. Only through rigorous phenotyping of 
patient-specific limitations and further research into the 
mechanisms underlying combined cardiac and vascular 
reserve dysfunction will we see improvements in outcome 
for this common and growing form of cardiac disease.
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