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Abstract

Heart failure with preserved ejection fraction (HFpEF) is the most common form of heart failure 

(HF) in older adults, particularly women, and is increasing in prevalence as the population ages. 

With morbidity and mortality on par with HF with reduced ejection fraction, it remains a most 

challenging clinical syndrome for the practicing clinician and basic research scientist. Originally 

considered to be predominantly caused by diastolic dysfunction, more recent insights indicate that 

HFpEF in older persons is typified by a broad range of cardiac and non-cardiac abnormalities and 

reduced reserve capacity in multiple organ systems. The globally reduced reserve capacity is 

driven by: 1) inherent age-related changes; 2) multiple, concomitant co-morbidities; 3) HFpEF 

itself, which is likely a systemic disorder. These insights help explain why: 1) comorbidities are 

among the strongest predictors of outcomes; 2) approximately 50% of clinical events in HFpEF 

patients are non-cardiovascular; 3) clinical drug trials in HFpEF have been negative on their 

primary outcomes. Embracing HFpEF as a true geriatric syndrome, with complex, multi-factorial 

pathophysiology and clinical heterogeneity could provide new mechanistic insights and 

opportunities for progress in management.

Introduction

Heart failure (HF) with preserved ejection fraction (HFpEF) is nearly exclusively found in 

older persons, particularly older women, in whom 90% of new HF cases are HFpEF [1]. The 

prevalence of HFpEF is rising, with morbidity, mortality, and healthcare costs now equal to 

HF with reduced ejection fraction (HFrEF) [2–5]. Outcomes following hospitalization for 

decompensated HFpEF are poor, with about 1/3 of patients rehospitalized or dead within 90 
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days of discharge [6]. Its pathophysiology is poorly understood, and no medication trials 

have had positive effect on their primary endpoints. Consequently, there are no class A 

guideline recommendations for improving clinical outcomes in patients with HFpEF [7]. 

This syndrome has proven challenging partly due to its association with many common co-

morbidities and marked heterogeneity in presentation. The co-morbidities including diabetes 

mellitus (DM), atherosclerosis, renal dysfunction, chronic obstructive lung disease(COPD), 

anemia, sarcopenia, obesity, etc., significantly influence cardiovascular structure and 

function and global organ system reserve as well as long-term prognosis. In this review, we 

address translational and clinical research into HFpEF, providing an overview of HFpEF for 

both the clinical and basic research scientist, including epidemiology and pathophysiology. 

We discuss potential mechanisms involving the heart and other organs, including left 

ventricular systolic, diastolic and chronotropic reserve, stiffening of the ventricles and 

vasculature, low nitric oxide bioavailability and protein kinase G (PKG) activity, altered 

myocardial energetics, neurohormonal activation and autonomic imbalance, arterial 

vasodilatory dysfunction, and abnormal skeletal muscle mass, quality, composition, and 

function. A review of current and potential novel treatments is discussed in relation to 

evolving key concepts.

Definition of HFpEF

The controversy surrounding HFpEF has, in part, been attributable to varying definitions 

employed to define the syndrome. This syndrome was historically considered to be caused 

exclusively by left ventricular (LV) diastolic dysfunction. In 2000, the Framingham study 

suggested specific criteria for definite, probable, and possible diastolic HF [8]. All 3 

categories required definitive evidence of HF and a normal LVEF. Objective evidence of 

diastolic dysfunction (ie, abnormal LV relaxation, filling, or distensibility indexes measured 

during cardiac catheterization) was recommended for the diagnosis of definite but not for the 

diagnosis of probable or possible diastolic HF [8].This classification was criticized for a lack 

of sensitivity due to the requirement of determination of EF within 72 h of presentation and 

invasive demonstration of LV diastolic dysfunction—a situation which can be challenging to 

achieve clinically. Further, Gandhi and colleagues reported stable EF upon immediate echo 

assessment of acutely decompensated HFpEF patients, refuting the suggestion that transient 

systolic dysfunction or ischemia mediates symptoms [9]. In 2001, data from Zile et al., 

supported the idea that almost all patients with HFpEF have Doppler evidence of diastolic 

dysfunction making these parameters unnecessary because of lack of specificity and 

sensitivity for identifying HFpEF and they concluded that objective evidence of abnormal 

LV relaxation, filling, or distensibility is not necessary to make the diagnosis of diastolic HF 

[10]. The need for invasive demonstration of LV diastolic abnormalities was also questioned, 

because these were shown to be uniformly present in patients with clinical HF and a normal 

EF [11].

Importantly, most measures used to assess diastolic function (echocardiographic or 

radionuclide techniques or invasive measurements) do not assess the key passive component 

of diastole, have significant variability, and have considerable overlap with normal aging, 

hypertension, and other comorbidities common in HFpEF and thus lack specificity for 

HFpEF. Furthermore, using direct invasive measurements, Kawaguchi et al show that during 
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exercise, patients with HFpEF were able to increase preload volume with little if any effect 

on the ventricular end-diastolic pressure-volume relation, despite a substantial prolongation 

of time constant of relaxation [12]. Such a finding is supported by data from multiple 

sources indicating that even in well-characterized, symptomatic HFpEF, many patients do 

not have echo-Doppler indexes of diastolic dysfunction that differ greatly from that expected 

based on age and comorbidities [13;14]. These findings suggested that abnormalities of 

intrinsic diastolic function may not always be present during or completely explain the 

occurrence of HFpEF [15].

In acknowledgement of these considerations, as well as data supporting a broader paradigm 

for HFpEF pathophysiology and outcomes, diagnostic criteria for HFpEF have evolved and 

the most recent U.S. guideline has not included the requirement for ‘diastolic dysfunction’ 

or any specific cardiac parameter, such as LV hypertrophy or left atrial (LA) dilation, 

significantly elevated B-type natriuretic peptide (BNP). Instead, the 2013 American College 

of Cardiology/American Heart Association (ACC/AHA) HF management guideline takes a 

practical, phenomenological approach to HFpEF. It states that the diagnosis of HFpEF is 

based on: 1) typical symptoms and signs of HF; 2) normal or near normal LVEF; 3) no other 

obvious factors to account for the apparent HF symptoms, including significant valvular 

abnormalities [16]. In contrast, the older proposed European Society of Cardiology (ESC) 

recommendations suggested also requiring the presence of LV diastolic dysfunction and / or 

increased BNP for the diagnosis of HFpEF, along with symptoms and signs of HF and 

normal or mildly abnormal LV function [17]. However in support of the more recent 2013 

ACC/AHA guideline, studies of patients with all the clinical hallmarks of HF and an 

EF>50% showed that many patients have modest diastolic dysfunction under resting 

conditions [18;19]. Furthermore, similar changes can be seen in elderly patients with 

hypertensive heart disease with no clinical HF, and diastolic dysfunction in HFpEF patients 

may not be greater than age-matched sedentary controls and has not prevent a fruitful target 

for intervention [10;15;20–22]. Overall, these newer guidelines may facilitate progress in 

understanding the pathogenesis and optimal therapy of the large population of elderly 

patients in the community who have HF symptoms and preserved EF in that they do not 

assume a specific mechanism of their disorder, and thereby allow for a phenomenological, 

iterative approach based on actual observations in humans rather than theory. However, 

objective evidence of cardiac dysfunction including diastolic dysfunction, elevated 

natriuretic peptides, and structural evidence of cardiovascular abnormalities including LV 

hypertrophy and / or increased LA size can be helpful to support a diagnosis of typical 

HFpEF, but need not be mandatory unless one is seeking a specific subgroup with fortified 

risk, such as for a clinical event trial. Even in that event, the results of such a trial would 

need to be interpreted in regard to generalizability to the overall HFpEF population.

A strategy that has been proposed but not well explored is utilizing formal cardiopulmonary 

exercise testing to support the diagnosis of HFpEF, with the potential advantage of 

objectively confirming that the patient has an exercise limitation compared to that expected 

for age and gender, and providing potential insight into the mechanisms of exercise 

limitation [23].

Key Knowledge Gaps:
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1. Do these existing guidelines have a similar sensitivity in patients who have 

increased filling pressures only during exercise but not at rest?

2. What will be the effect of phenotypic diversity of HFpEF on these guidelines?

3. What is the impact of important co-morbidities on diagnostic thresholds?

4. What does formal cardiopulmonary exercise testing add for diagnosis and 

management of HFpEF patients?

Epidemiology of HFpEF

HFpEF is the predominant form of HF in older adults, increasing in prevalence as the 

population ages. The annual incidence of HF in both men and women doubles with every 

decade after age 65, and the prevalence increases from less than 0.5% in the age group of 

20–39 years to more than 10% in those 80 years and older [24]. In westernized countries, 

HFpEF patients are older, predominantly female (Figure 1) [25], and with a high prevalence 

of hypertension, DM, and atrial fibrillation (AF) [4–6;16;25–27]. In some studies, mortality 

in HFpEF is similar to HFrEF, with less than 50% five-year survival in community HFpEF 

cohorts [6;28]. The pooled death rate in HFpEF was 121[95% confidence interval:117, 126] 

deaths per 1000 patient-years in a meta-analysis of 31 studies [29]. Outcomes following 

hospitalization for decompensated HFpEF are poor with about 1/3 of patients rehospitalized 

or dead within 90 days of discharge [6].Non-cardiovascular hospital readmissions and 

mortality are more frequent in HFpEF than in HFrEF and the number of co-morbidities 

correlate with increased all-cause hospitalization and mortality [30].

Pathophysiological considerations in HFpEF

Cardiac aging

Recent studies have defined aging as an important factor in the HFpEF epidemic [31;32]. 

Aging may contribute independently to deterioration of diastolic function [33–38;38–40]. 

Specific alterations in structural and function in aging, such as ventriculararterial stiffening, 

vascular dysfunction, impaired [Ca2+]i regulation, decreased β-adrenergic reserve, and 

physical deconditioning [35–40;40–43], have been identified as important contributing 

causes for HFpEF. As observed by Borlaug et al, LV stiffness increases with normal aging, 

despite excellent control of blood pressure and reductions in LV mass [44]. Many of these 

processes are linked to greater adiposity, and weight gain is associated with increases in LV 

diastolic stiffness, even after adjustment for changes in arterial afterload [45]. Aging leads to 

β-adrenoceptor (AR) desensitization. Although aging may has no effects on resting heart 

rate, contractility, or cardiac output (CO), it blunts the capacity to enhance heart rate, 

systolic function, and CO in response to β-AR stimulation and exercise. Aging is also 

associated with impaired endothelium-dependent vasodilatation [46;47]. As described by 

Borlaug, et al, in HFpEF, these combined limitations are exaggerated above and beyond 

what is seen in normal aging [48]. In this section, we briefly review age-related contributors 

to HFpEF, an area of paramount importance.
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Age related determinants of diastolic dysfunction

LV diastolic stiffness—Cardiac aging-induced oxidative stress and mitochondrial 

damage are responsible for triggering the increased cardiomyocyte death including necrosis, 

apoptosis and autophagy. This process induces initially a compensatory remodeling 

characterized by the alterations of extracellular matrix composition involving the synthesis 

of myofibroblasts, the degradation of collagen through transforming growth factor β 
signaling. Aging also produces shift in the balance between the matrix metalloproteinases 

(MMPs) and the tissue inhibitors of matrix metalloproteinases (TIMPs), ultimately leading 

to increased matrix accumulation [49–51;51–54]. These alterations lead to an increase in 

remaining myocyte size and in myocardial thickness [37;55], with consequent reactive 

fibrosis that increases cardiac stiffness and reduces the cardiac compliance [56].

An emerging theory for the pathogenesis of HFpEF proposes that a systemic 

proinflammatory state produced by aging, causes coronary microvascular endothelial 

inflammation. The inflamed coronary microvascular endothelial cells, as evidenced by the 

upregulated expression of endothelial adhesion molecules [57–59] produce reactive oxygen 

species (ROS), which in turn may produce nitric oxide (NO) synthase uncoupling and 

decrease the bioavailability of NO [60]. In this construct, low NO bioavailability and ROS 

lead to decreased cyclic guanosine monophosphate and PKG activity, and perhaps localized 

microdomains of potentially ischemic tissue. Thus, this inflammation ultimately results in 

increased interstitial fibrosis and cardiomyocytes stiffness that contributes to high diastolic 

LV stiffness and HF development [57,13].

Cardiac aging is also associated with mitochondrial dysfunction, as evidenced by increased 

mitochondrial protein oxidation, and decreased level of function of the components of the 

mitochondrial apparatus [61–63;63;64]. Efficiency of macroautophagy or mitophagy, the 

process that eliminates dysfunctional mitochondria, progressively declines in 

cardiomyocytes during aging [65;66]. Furthermore, locally elevated levels of angiotensin II 

are observed in aging hearts, this in turn binds to the angiotensin receptor-1, which has been 

shown to stimulate the NOX4 isoform of NADPH oxidase on the mitochondrial membrane 

[67;68]. ROS generated by NADPH oxidase may set off a ROS-mediated- ROS generation 

propagating a vicious cycle of oxidative stress damaging mitochondrial components further 

exacerbating the above cycle and ultimately leads to fibrosis [69;70].

Active diastolic relaxation—Aging plays a fundamental role in modifying the active 

diastolic relaxation properties of the myocytes and causing the delayed ventricular relaxation 

due to impaired Ca2+ cycling/handling [38;39;71;72]. Recently, in multiple separate studies 

it has been shown that the increased oxidative stress observed in senescent myocardium 

leads to oxidative damage of the sarcoplasmic reticulum Ca2+ ATPase (SERCA) pump, thus 

decreasing its Ca2+-sequestering activity and prolonging diastolic relaxation. [73–75]

Chronotropic incompetence—Aging is associated with increased sympathetic nervous 

system activity characterized by elevated plasma norepinephrine and epinephrine circulating 

levels, due to increased spillover from tissues (including the heart) and reduced plasma 

clearance of catecholamine, but a diminished positive inotropic response to β-AR 
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stimulation [76–78]. Both animal and human studies of aging indicate a decline in heart rate, 

cardiac contractility, CO and EF in response to β-AR stimulation and exercise [79–81]. With 

aging, cardiac β1-ARs are down-regulated, and β1- and β2-ARs are desensitized from GS, 

reducing the increment in myocardial contraction and response to adrenergic-induced 

stressors. Loss of positive inotropic response to catecholamine in cardiac β-AR is proposed 

to cause progression and clinical abnormalities in cardiac aging, [38;71;82–86] although the 

mechanism responsible is unclear. In aging, the blunted responses to β-AR adrenergic 

stimulation also contribute to the impaired force-frequency relationship. The abnormal LV 

arterial coupling and diastolic dysfunction present at rest may be exacerbated during 

exercise.

Other factors in cardiac aging

One of these may be deposition of amyloid proteins such as wide-type transthyretin 

(wtTTR). The wtTTR deposition has a clear association with sex and aging and is almost 

exclusively seen in men aged 65 and older [87–89]. As aging is associated with increased 

oxidative stress, oxidative modification of wtTTR may account for the association of the 

senile systemic amyloidosis with age. Senile amyloidosis due to deposition of wtTTR in the 

myocardial interstitium and intramural coronary vessels is associated with LV wall 

thickening, diastolic dysfunction, and HFpEF. Additional data showed that, in a U.S. 

community based sample, approximately 30% of subjects aged 75 and older with HFpEF 

had cardiac deposits of wtTTR [90]. Recent autopsy data of HF hearts with an EF>40% at 

time of diagnosis found overall increased prevalence of wtTTR deposition in the LV and/or 

intramural coronary vessels compared to control subjects and was associated with more 

fibrosis [91].

MicroRNAs (miRNAs) are endogenous small noncoding RNAs, 20–23- nucleotides in 

length, which have emerged as important post-translational regulators of numerous 

cardiovascular processes, from myocardial infarction to cardiac aging [92;93]. More 

recently, exciting studies have revealed that miRNA-34a has been implicated in cardiac 

aging and might have an important role in cardiac aging via effects on apoptosis, DNA 

damage, and telomere shortening [94]. It was demonstrated that, in HFrEF, microRNA-21 

(miR-21) could inhibit the apoptosis of cardiac fibroblasts, leading to cardiac hypertrophy 

and myocardial fibrosis, but the role of miR-21 in HFpEF remains unknown. Recent study 

suggested that miR-21 promoted the development of HFpEF by up-regulating the expression 

of anti-apoptotic gene Bcl-2 and thereby suppressing the apoptosis of cardiac fibrosis [95].

LV structure, remodeling and diastolic dysfunction in HFpEF

Significant LV hypertrophy was previously thought to be a uniform characteristic of HFpEF. 

However, some HFpEF patients have concentric remodeling without hypertrophy, or even 

normal LV geometry [96–98]. Furthermore, Maurer and colleagues found no significantly 

increased LV mass in older HFpEF patients compared to controls with hypertension but not 

HF [99]. In addition, Solomon et al found that only 8% of patients with well-defined, 

symptomatic HFpEF had significant LV hypertrophy [100]. Thus, contrary to prior 

assumptions, LV hypertrophy may not be a unique or fundamental feature of HFpEF.
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At the structural level, both increased myocyte diameter and myofibrillar density have been 

observed with increased collagen content in HFpEF [13;101]. However, the magnitude of 

increase in fibrosis in HFpEF patients appears modest at most [102], its role in HFpEF 

pathophysiology is uncertain, and agents known to reduce fibrosis have not improved 

outcomes in HFpEF patients [103–105].

HFpEF patients who have functional abnormalities in diastole can have prolonged rate of LV 

pressure decay during isovolumic relaxation, [11;12;106;107] impaired mitral annular 

longitudinal motion, impaired LV ‘untwisting’ that occurs during early diastole and 

increased passive diastolic stiffness [11;107–112]. These abnormalities have been observed 

to be more pronounced during the stress of exercise, such that the LV fills at the expense of 

LA hypertension [107–110;112]. Borlaug et al. showed an upward and leftward shift of the 

end-diastolic pressure-volume relationship in HFpEF, attributing increased filling pressures 

to intrinsic ventricular stiffness and reduced diastolic filling time at higher heart rates [107].

Causes of myocardial stiffening can be divided into factors altering the extracellular space 

and those intrinsic to the myocyte. In HFpEF patients, excessive collagen type I deposition 

may result from an imbalance between exaggerated synthesis and depressed degradation and 

decreased matrix degradation because of down regulation of MMPs and upregulation of 

TIMPs [113,114]. Increases cardiac myocyte stiffness in HFpEF appears mediated in part by 

hypophosphorylation of titin, related to cyclic guanosine monophosphate (GMP) deficiency 

from increased nitroso- oxidative stress [115]. Increases in fibrosis, alteration in matrix 

homeostasis and increased oxidative burden are exacerbated by the proinflammatory 

environment seen in normal aging and in HFpEF patients (see above). In addition as 

explained in the cardiac aging section, cardiac amyloid deposition may be another plausible 

biologic mechanism in the genesis of HFpEF [116].

Key Knowledge Gaps:

1. Why have agents known to alter central hemodynamics or reduce fibrosis or 

block prohypertrophic and profibrotic effects not improved outcomes in HFpEF 

patients?

2. Do newer novel therapies targeting the central hemodynamics in different ways 

have any role to improve exercise capacity, quality of life and clinical outcome?

Chronotropic incompetence, cardiovascular reserve and systolic 

dysfunction

The CO increases through integrated enhancements in venous return, contractility, heart rate, 

and peripheral vasodilation [117]. Abnormalities in each of these components have been 

identified in HFpEF. Chronotropic incompetence (CI), the inability of heart rate to increase 

adequately during physical exertion, has been observed in greater than 25% of patients with 

HFpEF contributing to exercise intolerance [118–120]. Across reports from a variety of 

sources, lower heart rate at peak exercise (CI) has been the most consistently reported 

cardiac abnormality during exercise in HFpEF. In some studies, CI is the only mechanism 

accounting for reduced CO during exercise in HFpEF and the primary or sole cardiac 
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contributor to exercise intolerance [121]. Of note, this same phenomenon occurs in patients 

with HFrEF in whom it contributes importantly to reduced CO(Figure 2) [122]. Further, 

HFpEF patients also have abnormal heart rate recovery after exercise, due to autonomic 

dysfunction, an independent risk factor for cardiac death [119;123].

Some but not all reports indicate that HFpEF patients can have ventricular stiffening with 

exertion, blunted increases in LV end diastolic volume, despite elevations in filling 

pressure[124;125], and blunted increases in EF, contractility, and longitudinal systolic 

shortening velocities during exercise [48;108;109;118;126;127]. Although EF is preserved at 

rest, enhancement in EF with stress may be significantly limited in HFpEF[118;128], due to 

increased end systolic volume [118;121;129]. Regional measures of function, observed by 

tissue Doppler indices, are impaired [130]. HFpEF patients were found to have reduced 

longitudinal and circumferential strain by speckle tracking compared to age and gender 

matched hypertensive patients with diastolic dysfunction but without clinical HF [131].

Ventricular-arterial stiffening and vascular dysfunction

Ventricular and vascular stiffening increase with age, are further exacerbated by co-

morbidities such as hypertension, obesity, DM, chronic kidney disease and are abnormally 

elevated in patients with HFpEF [3;132]. Combined ventricular-vascular stiffening means 

that small changes in LV filling volumes can induce wide swings in arterial blood pressure 

and thus increase cardiac work with little increase in stroke volume [9;12]. Acute after load 

elevation in the setting of ventricular-vascular stiffening increases cardiac metabolic 

demand, and the energy cost for CO [12]. This may also contribute to the relatively larger 

end systolic volume with exercise and reduced exercise EF. The inability to vasodilate, to 

accommodate increased boluses of blood without increases in pressure, together with 

previously described limitations in systolic reserve, leads to dynamic limitations in 

ventricular-vascular coupling with exercise in patients with HFpEF [109;118]. This was 

demonstrated by Tartiere-Kesri et al., who showed a steep increase in proximal afterload 

after moderate exercise that is underestimated at rest and is associated with unfavorable 

ventricular- arterial coupling and exercise intolerance [133]. Conduit artery (aorta and large 

artery) stiffening occurs as part of the normal aging process which can be accentuated by 

many of the diseases associated with HFpEF. Both aortic distensibility [134] and carotid 

artery distensibility [135] are severely reduced in elderly HFpEF patients and correlate with 

their degree of exercise intolerance and objectively measured peak exercise O2 uptake.

Reduced exercise limb blood flow has also been noted in HFpEF patients using magnetic 

resonance imaging (MRI) [136]. Haykowsky et al using high resolution brachial artery 

ultrasound to assess flow-mediated dilation and healthy age matched controls, found no 

reduction in endothelial function in HFpEF patients who were free of clinically significant 

coronary, cerebrovascular, and peripheral arterial disease [137]. This finding of no difference 

in flow-mediated arterial dilation in HFpEF compared to age-matched, healthy controls was 

replicated in a separate study using a different technique (MRI) and location (femoral artery) 

[138]. These studies overall suggest that large vessel endothelial dysfunction may not be an 

inherent feature of HFpEF. However, flow-mediated vasodilation in large conduit arteries 
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(e.g. femoral) may differ from that observed in the microvasculature (as described in later 

studies).

Microvascular endothelial dysfunction as measured by peripheral artery tonometry was 

impaired in HFpEF compared with controls and correlated with reduced exercise capacity 

and greater symptoms [118]. Similarly in another study, microvascular endothelial 

dysfunction was found to be an independent predictor of poorer prognosis, mainly hospital 

readmission, in patients with HFpEF [139]. Recently in an autopsy-based study, Mohammed 

and colleagues at the Mayo Clinic showed considerably reduced cardiac microvascular 

density in HFpEF patients which was independent of coronary artery disease and 

hypertension and in adjusted analyses appeared to account for the increased fibrosis [13]. 

Their findings suggest that co morbidities other than hypertension may perpetuate 

microvascular rarefaction [13]. The findings by Mohammed et al parallel the finding by 

Kitzman et al who reported a 50% reduction in capillary density in thigh skeletal muscle in 

HFpEF compared to controls which correlated with their reduced exercise capacity [140]. 

Advanced age and common HFpEF comorbidities such as obesity, systemic hypertension 

and DM have been shown to be associated with microvascular dysfunction in the heart as 

well as other organs, including skeletal muscle [141;142]. This supports an over-arching 

hypothesis for HFpEF pathogenesis as originally proposed by Paulus: a systemic pro-

inflammatory state that results in systemic arterial and microvascular dysfunction [57]. 

Nevertheless, this appealing hypothesis is supported by growing evidence, including a recent 

report that HFpEF patients have increased levels of tumor necrosis factor-α (TNF-α) and its 

type–2 receptor, and the latter was elevated even more than in HFrEF [143].

Left Atrial Dysfunction

Prolonged increases in LV volume and/or LV end diastolic pressure can induce LA 

enlargement. The extent of LA enlargement can provide an integrated assessment of both the 

severity and duration of dysfunction [144;145]. An enlarged LA is a marker of important 

valvular (mitral regurgitation or stenosis), atrial (including AF and infiltrative processes such 

as amyloid), or ventricular pathology [146]. Both LV systolic and diastolic dysfunction 

impact LA size. Thus, LA volume is not helpful in discriminating between the types of 

cardiac dysfunction that cause the elevations in pressure or volume. Therefore, while HFpEF 

patients often have LA enlargement [144;146–148], increased LA size is not specific for 

HFpEF.

In HFpEF, there is also evidence of impaired atrial compliance and reduction of atrial pump 

function. This is not only observed in the resting condition but also, importantly, during 

exercise, indicating a significant impairment of atrial contractile reserve [149;150]. Tissue 

Doppler strain and speckle tracking strain showed reduced LA strain in HFpEF but remained 

unchanged in those with LV hypertrophy although both conditions share similar 

abnormalities including increased LV mass and LA volume [151]. Furthermore, atrial 

dyssynchrony is common in HFpEF. These factors likely contribute to the development of 

new onset or progression of atrial arrhythmias, a frequent complication of HFpEF [152]. LA 

function is associated with pulmonary vascular disease and right heart failure in HFpEF, 

supporting efforts to improve LA function in this cohort [153].The importance of LA 
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function in HFpEF is underscored by observations that AF can be poorly tolerated in 

patients with HFpEF, especially if there is a rapid ventricular response and reduced LV 

filling time [154]. In a community based study; AF occurred in two thirds of HFpEF patients 

at some point in the natural history and associated with increased risk of death [155]. 

Recently in a RELAX ancillary study, AF identified an HFpEF cohort with more advanced 

disease and associated with significantly reduced exercise capacity [156].

RV dysfunction, pulmonary vascular disease and other hemodynamic 

factors

Pulmonary hypertension is common in patients with HFpEF, particularly during exercise and 

predicts increased mortality in HFpEF [157;158]. Increases in LA pressure preferentially 

increase pulsatile right ventricle (RV) loading and the increase in pulmonary artery pressures 

in HFpEF is not simply the result of passive LA hypertension [158]. Moreover, pulmonary 

pressure increases with aging and is correlated with ventricular-vascular stiffening, both 

common risk factors for HFpEF [159]. Furthermore, a large percentage of patients have co-

existing COPD that can worsen pulmonary hypertension [160]. The pulmonary pressure 

decreases more precipitously with acute vasodilator therapy in HFpEF than in HFrEF, 

suggesting increased RV end-systolic elastance [161]. The RV in HFpEF demonstrates 

increased diastolic stiffness [162]. In addition, the presence of AF was an additional 

independent predictor of RV dysfunction in HFpEF [162]. In a community based study, RV 

dysfunction assessed by echocardiography was common in HFpEF patients, and associated 

with poorer outcomes [163]. Right-sided chamber and LA enlargement in HFpEF can lead 

to a marked increases in total cardiac volume, thus creating the substrate for increased 

pericardial restraint and diastolic ventricular interaction [158;164].

Patients with‘ pre-clinical’ HFpEF often have impaired natriuretic function [165], and even 

seemingly well compensated HFpEF patients often have elevated plasma volume [166]. 

Some view volume overload and congestion as key contributors to HF development and 

progression [167]. Overall, patients with HFpEF have several reserve impairments 

combining to cause symptomatic HF especially after a hemodynamic challenge, but the 

dominant contributors appear to differ from patient to patient [118,168].

Peripheral factors: perfusion and skeletal muscle function

The primary symptom in chronic HFpEF patients is severe exercise intolerance, which can 

be measured objectively as decreased peak exercise O2 uptake (peak V̇O2) and is associated 

with severely reduced quality of life [48;121;125;126;169–172]. V̇O2 is equal to the product 

of CO and arterial-venous oxygen content difference (AVO2Diff). Therefore, the reduced 

peak V̇O2 in patients with HFpEF can be caused at least partly by decreased oxygen delivery 

to or impaired oxygen utilization by the exercising skeletal muscles (Figure 3) [173].

Some cross-sectional studies suggest that decreased peak V̇O2 in elderly HFpEF patients is 

due primarily to reduced peak CO secondary to blunted chronotropic, inotropic, and 

vasodilator reserve [48;126].Other studies suggest reduced peak exercise V̇O2in HFpEF is 

due to reductions in both peak CO and A-VO2 Diff [121;125;172] or primarily due to 
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reduced peak A-VO2 Diff secondary to impaired skeletal muscle oxidative metabolism 

[169]. Haykowsky and colleagues found that compared with age matched healthy controls 

[121], while reduced CO was present (due primarily to reduced peak heart rate), peak A-

VO2Diff was also significantly reduced, and the change in AVO2Diff from rest to peak 

exercise was the strongest independent predictor of the reduced peak VO2 in elderly HFpEF 

patients [121]. Furthermore, in a separate study, these investigators found that improved 

peak A-VO2 Diff accounted for the nearly all of the improvement in peak VO2 following 

exercise training [174]. A recent meta-analysis of the 6 randomized controlled trials to date 

of the effect of exercise training in patients with HFpEF indicated that exercise training 

increased peak VO2 and quality of life without any significant change in resting diastolic or 

systolic function [175]. Thus, the beneficial effects of exercise training in HFpEF patients 

appear to be mediated predominantly through effects in the periphery without altering 

endothelial function or arterial stiffness, suggesting that abnormalities in the quality or 

quantity of skeletal muscle function and / or perfusion may not only contribute to the 

reduced peak VO2 in older HFpEF patients but improvements in these factors may be largely 

responsible for improved exercise performance with exercise training [174].

Skeletal Muscle Mass, Oxygen Utilization and Exercise Intolerance

Lower extremity skeletal muscle is an important predictor of physical functional 

performance [176]. The loss of skeletal muscle and age-related alterations in skeletal muscle 

are major factors in the age-associated decline in peakV̇O2 [177–179]. Loss of skeletal 

muscle in HFpEF patients is concerning because due both aging and HF effects add to 

further reduce muscle mass; muscle mass is a major determinant of exercise capacity and 

strength; and skeletal muscle loss in aging and HF patients is strongly associated with 

increased disability, hospitalizations, and death [180–184]. This can be further exacerbated 

by sedentary behavior as symptoms worsen [185].

Using dual energy x-ray absorptiometry, Haykowsky and colleagues found percent body fat 

and percent leg fat were significantly increased, whereas percent body lean and leg lean 

mass were significantly reduced, in older HFpEF patients versus healthy controls [186]. 

Moreover, the slope of the relation of peak V̇O2 with percent leg lean mass was markedly 

reduced in the HFpEF versus healthy control group (Figure 4) [186]. These data suggest that 

poor “quality” of skeletal muscle may contribute to the reduced peak V̇O2 found in older 

HFpEF patients. These investigators extended these results by directly characterizing thigh 

muscle composition using phase-contrast MRI, which showed abnormal fat infiltration into 

the thigh skeletal muscle and that this was associated with reduced peak exercise V̇O2 in 

HFpEF(Figure 5) [187]. Together, these findings support the concept that altered skeletal 

muscle composition (remodeling) contributes to exercise intolerance in older patients with 

HFpEF.

There are multiple mechanisms whereby adipose infiltration into skeletal muscle could 

impair exercise capacity in HFpEF. Heinonen et al, [188] using positron emission 

tomography, found that adipose tissue blood flow adjacent to the active muscles increased 

sevenfold during continuous isometric knee-extension exercise in non-obese younger 

healthy sedentary women. Thus, increased thigh intermuscular fat in older patients with 
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HFpEF may “steal” blood that would normally be delivered to the active muscles during 

exercise thereby reducing perfusive oxygen delivery to the thigh muscle. Furthermore, 

increased intermuscular fat area is associated with reduced mitochondrial mass, biogenesis, 

and oxidative metabolism [189]. Indeed, Bhella et al [169], using phosphate-31 magnetic 

resonance spectroscopy during and after performing static leg lifts, showed impaired skeletal 

muscle oxidative metabolism in patients with HFpEF. Thus, a number of potential 

intermuscular fat-mediated structural and biochemical alterations may decrease oxygen 

transport to and/or utilization by the active muscles.

Kitzman and Haykowsky also showed that compared with healthy control subjects, older 

HFpEF patients had a shift in skeletal muscle fiber type distribution with a reduced 

percentage of slow twitch type I fibers and reduced type I-to-type-II fiber ratio and reduced 

capillary-to-fiber ratio [140]. Furthermore, both the capillary-to-fiber ratio and percentage of 

type I fibers were significant, independent predictors of peak V̇O2(Figure 6)[140]. While 

speculative, a reduction in the percentage of type I fibers could be associated with reduced 

oxidative capacity (such as shown by Bhella et al) and mitochondrial density and thereby 

contribute to the reduced peak V̇O2 in HFpEF. In aging and in HF, muscle blood flow 

(perfusive and diffusive O2 delivery) assumes an important role in limiting V ̇O2 kinetics 

[190]. Therefore, the reduced capillary-to-fiber ratio in HFpEF patients would be expected 

to result in a decreased diffusive capacity for O2 transport to active skeletal muscle during 

exercise and limiting exercise capacity [191].

In these studies, age-matched, sedentary HC subjects were recruited and screened and 

excluded if they had any chronic medical illness or regularly undertook vigorous exercise. 

As such, we cannot exclude a contribution of the comorbidities that are common in HFpEF, 

such as hypertension and DM [192]. However, the pattern of altered skeletal muscle fiber 

type and capillary-to-fiber ratio that observed in elderly HFpEF patients is strikingly similar 

to that reported by others in HFrEF patients [193–196], and the fiber type alteration is 

dissimilar to that seen with aging alone [197]. Indeed, this finding of nearly 50% lower 

capillary density in thigh muscles nicely parallels with a recent report showing 

microvascular rarefaction in cardiac muscle [13]. If a systemic process is responsible, 

perhaps mediated by circulating factors, then adverse effects on striated muscle in both 

cardiac and skeletal muscle compartments would be expected.

Potential causes for the skeletal muscle abnormalities might include neuroendocrine 

activation, sympathetic overdrive, oxidative stress, inflammation, abnormal Ca2+ cycling 

and excitation-contraction coupling, and deconditioning (though skeletal muscle dysfunction 

has been shown to occur in HF with reduced ejection fraction in the absence of 

deconditioning) [179]. In addition to this, it is known that aging results in alterations in 

skeletal muscle, including a reduction in the relative number of type II fibers [197] and in 

capillary density [198], and that these are associated with a decline in physical performance. 

Taken together, these findings may help explain why older HFpEF patients have such 

severely reduced exercise capacity, and why this has not improved with multiple medications 

tested in trials [104;199].

Key Knowledge Gaps:
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1. Do pre-existing skeletal muscle characteristics determine responses to HF or is 

the converse true - skeletal muscle alterations are a consequence of the disease 

process? Or are both of these striated muscle types – cardiac and skeletal – 

affected by a common systemic factor that triggers HFpEF?

2. Would approaches to "phenotype" the predominant mechanism(s) of HFpEF 

(central versus peripheral) in the individual patient would help improve 

understanding of pathophysiology and optimize treatment approaches in HFpEF?

3. Do we need to study the skeletal muscle morphology and function of much older, 

sedentary, non-HF controls in future studies?

Co- morbidities in HFpEF and a systemic proinflammatory state

Non-cardiac co-morbidities are highly prevalent in HFpEF [30]. The most important are 

obesity, hypertension, DM, COPD, anemia, chronic kidney disease, AF, and peripheral 

artery disease. Paulus and Tschope proposed that co morbidities and especially obesity 

induce a systemic inflammatory state, which induces oxidative stress in the coronary 

microvascular endothelium. This reduces myocardial nitric oxide (NO) bioavailability and 

leads to reduced PKG activity in cardiomyocytes, which therefore become stiff and 

hypertrophied [57]. Aging is associated with a systemic proinflammatory state, increasing 

cytokines levels (interleukin-6, tumor necrosis factor-α, soluble ST2, and pentraxin 3) [200–

203] that may lead to functional declines in multiple organs even in absence of a specific 

disease [204]. The recognition of the importance of co-morbidities in HFpEF has led some 

to question whether HFpEF simply represents a collection of co-morbidities in elderly 

breathless patients, rather than a distinct disease entity [205]. However, mortality in patients 

in HFpEF trials is much higher despite a 'lower' co-morbidity burden compared with non-

HFpEF trial patients [206]. Similarly, adjustment for co-morbidities does not fully account 

for the more severe morbidities observed in HFpEF compared with gender/age-matched 

healthy controls and hypertensive patients without HF [7]. These findings suggest that 

HFpEF is a distinct entity aside from its associated co-morbidities.

Frailty

Due to the aging and increasingly complex nature of our patients, frailty has become a high-

priority theme in cardiovascular medicine. The Cardiovascular Health Study cohort showed 

that frailty, as evidenced by slow gait speed and muscular weakness, strongly predicts 

hospital admission in older adults newly diagnosed with HF [207]. Patients with chronic HF 

who were frail had a higher risk of mortality at 1 year (17% vs. 5%), HF hospitalizations 

(21% vs. 13%), and impaired quality of life [208]. This relationship between frailty and HF 

may potentially be explained by the common inflammatory, metabolic, and autonomic 

abnormalities seen in both clinical entities. Rather than being simply a result of 

deconditioning, recent data suggest that frailty and muscular abnormalities may directly 

contribute to the HFpEF syndrome, a finding similar to HFrEF, where skeletal muscle 

abnormalities can be independent of physical activity and deconditioning [209;210].

Key Knowledge Gaps:
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1. How much do aging, non-cardiac comorbidities, contribute to the pathogenesis 

of HFpEF?

2. What novel interventions would directly address the adverse impact of multiple 

co-morbidities and frailty in older patients with HFpEF?

Treatment of HFpEF

Pharmacological interventions

Targeting the Renin Angiotensin Aldosterone System (RAAS) pathways has long been 

considered a logical intervention for HFpEF, based on animal models as well as human 

hypertensives without HF and its link to interstitial fibrosis and fluid imbalance [211–214]. 

Of the three large randomized trials of Angiotensin-converting enzyme inhibitor (ACE-I) / 

angiotensin II type I receptor blocker (ARB) performed to date in HFpEF, only the 

CHARM-Preserved study found nominal benefit for candesartan in reducing HF 

hospitalizations [HR 0.86 (95 % CI 0.74–1.0), p =.051] over three years of follow-up. 

However, most importantly, none of the trials showed benefit for their primary endpoints 

[215]. The PEP-CHF study evaluated perindopril in elderly HF patients (≥70 years old) with 

LVEF > 40%, showed no overall difference in mortality and or need for HF hospitalizations 

[216;216. I-PRESERVE was a very large, multi-center, randomized, controlled, blinded, 

international trial of HFpEF. It enrolled 4,128 patients and randomly assigned them to the 

ARB, irbesartan or placebo. Mortality or rates of hospitalizations for cardiovascular causes 

were not improved by treatment with an ARB [105].

Kitzman et al studied a 12-month, randomized controlled trial of the ACEI enalapril in 

elderly patients with established HFpEF, and showed no improvement in exercise capacity or 

quality of life [199]. The Aldo-DHF trial of 12 months treatment of spironolactone improved 

some measures of diastolic function, though maximal exercise capacity, clinical symptoms, 

and quality of life were not changed [104]. The RAAM-PEF trial of 6 months treatment of 

eplerenone vs. placebo, showed reductions in circulating markers of collagen turnover and 

modest improvements in diastolic function [217]. In addition to this, in the OPTIMIZE-HF 

registry, aldosterone antagonists had no effect on all-cause mortality or hospitalization [218]. 

The large TOPCAT trial of spironolactone aldosterone inhibitor failed to show statistically 

significant benefit for the clinical composite primary end -point (cardiovascular mortality, 

aborted cardiac arrest, or hospitalization for the management of HF). A modest decline in 

hospitalizations was observed [103]. However, the marked regional differences in patient 

populations and responses to spironolactone in TOPCAT somewhat confounds the 

interpretation of these overall findings. A post hoc regional analysis indicates significant 

regional differences among enrolled patients and that the cohort from the Americas most 

closely matched characteristics observed in other randomized trials and also appeared most 

responsive to spironolactone [219]. Although these post-hoc data cannot be definitive, in the 

absence of stronger data, they may be informative in patients with HFpEF who have similar 

risk profiles to those of enrolled from the Americas.

Slowing the heart rate should result in an increase in the diastolic filling period in an 

abnormally stiff LV with prolonged relaxation, potentially allowing greater filling at high 
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heart rates. In addition, there is a high prevalence of CI in HFpEF, and limitations in 

chronotropic reserve might be a key factor contributing to reduced CO and exercise capacity 

[48;109]. However, the role of β-blockers remains uncertain and data to date have not been 

encouraging. Both carvedilol (the J-DHF study) and nebivolol (ELANDD study) had neutral 

effects on their primary outcomes in HFpEF patients.220;221 In the OPTIMIZE-HF registry, 

discharge use of beta-blockers appeared to exert no effect on 1 year mortality or 

hospitalization rates of HFpEF patients [222].

In the Digitalis Interaction Group trial (DIG), a subgroup of 988 patients with EF >45% was 

randomized to placebo or to digoxin. There were no significant reductions in the amount of 

hospitalizations or mortality secondary to HF, although trends towards decreased 

hospitalization and improved exercise tolerance were noted [223].

Finally, Holland et al. collected data from 53,878 patients enrolled in 30 published reports, 

including 18 randomized controlled trials (n = 11,253) and 12 observational studies (n = 

42,625). Their analysis suggested that pharmacotherapy of HFpEF may improve exercise 

tolerance but not mortality [224]. However, their conclusions regarding exercise capacity are 

based on data from only 183 total treated patients drawn from 6 trials. Further, if one 

excludes the largest trial, which enrolled elderly men after myocardial infarction with EF as 

low as 40%, then over a third of the remaining patients were drawn from a single, adequately 

powered study which was decidedly neutral. Thus, while this timely meta-analysis supports 

a positive trend, additional trials focused on the important outcome of exercise capacity in 

HFpEF are needed. Holland et al speculated that future trials might be more fruitful if they 

select patients with “endorsed” or “objective” criteria of HFpEF, and select more 

“homogenous” samples. While potentially attractive, this approach could also reduce 

generalizability of findings to the broader HfpEF population.

Key Knowledge Gaps:

1. Why did all studies, across a range of classes of agents shown to be beneficial for 

HFrEF and / or hypertension and ischemic heart disease, show no improvement 

in their primary outcomes in HFpEF?

2. Are there overarching, systemic processes in HFpEF that underlie the global 

impairments in combined cardiac reserve that might be targeted therapeutically 

to improve overall clinical outcomes?

Novel pharmacological agents

Phosphodiesterase 5 inhibitors (PDE5I) increase cGMP levels by blocking their catabolism, 

thus augmenting PKG activity in multiple organs relevant to HF. In the recent RELAX trial, 

sildenafil did not improve 6-minute walk distance or quality of life, and was associated with 

modest worsening of renal function and increases in neurohormone levels [225]. The 

DILATE-1 study showed that riociguat, a soluble guanylate cyclase stimulator, did not have 

any impact on the primary end -point of peak change in mean pulmonary artery pressure in 

patients with HFpEF and pulmonary hypertension [226].
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By blocking the activity of several guanosine triphosphate binding proteins, and inhibiting 

some of the inflammatory processes described above, statins can suppress LV hypertrophy 

and decrease collagen synthesis in experimental models [227;228]. Even though 

observational data in HFpEF patients suggest a mortality benefit with use of HMG-Co-A 

reductase inhibitors, despite neutral outcomes in HFrEF patients, definitive trials have not 

been performed yet and might be difficult given existing wide-spread use of statins for 

multiple indications in many HFpEF patients [229;230] In a seven-day study, ivabradine, a 

selective sinus node If sodium channel inhibitor that reduces HR without affecting 

contractility or lusitropy increased peak VO2 and reduced exercise E/e’ ratio in 61 patients 

with HFpEF [231].

Neprilysin is a zinc-dependent metalloprotease that degrades biologically active natriuretic 

peptides and does not affect the biologically inactive NTproBNP [18]. The PARAMOUNT 

study randomized 301 HFpEF patients to valsartan vs. LCZ696, a combination ARB/

neprilysin inhibitor. Compared to valsartan alone, the LCZ696 group had significantly lower 

NT-pro BNP levels and at 36 weeks, decreased LA size and showed a trend toward improved 

functional class [18]. The findings of this phase-2 study are promising and a large, multi-

center trial, PARAGON, is underway comparing LCZ696 to valsartan in patients with 

HFpEF.

Anemia is highly prevalent in HFpEF and carries a poor prognosis; leading to the hypothesis 

that epoeitin-alfa would improve submaximal exercise capacity and ventricular remodeling. 

However, in a well-designed randomized trial, after 24 weeks of therapy there was no 

change in 6-minute walk distance or LV end diastolic volume [232].

A small open-label study found that administration of alagebrium chloride, the compound 

that breaks glucose cross-links, was associated with slightly reduced LV mass and improved 

diastolic filling, however, there were no changes in EF, BP, peak VO2 and aortic 

distensibility (the latter were the primary outcomes) [233]. The RALI-DHF study showed 

that ranolazine, which blocks inward sodium current and reduces intracellular calcium, 

improved some measures of diastolic function [234]. Reduction of filling pressures did occur 

with the ranolazine but appeared to also decrease CO [235].

Serelaxin, a recombinant form of human relaxin-2, administered to acute HF patients, 

caused in improvement of symptoms and prevention of organ damage with a reduction in 

180-day mortality, compared with placebo [236;237]. Compared with HFrEF, serelaxin was 

well tolerated and effective in relieving dyspnea and had a similar effect on short- and long-

term outcome, including survival improvement in HFpEF patients [238]. In HFpEF patients, 

treatment with a sitaxsentan sodium selective endothelin type A receptor antagonist 

appeared to increase exercise time on the treadmill. However, no expired gas testing was 

reported, there appeared to be no improvement in patients with class II NYHA symptoms, 

and there were no improvements in any of the secondary endpoints such as left ventricular 

mass or diastolic function [239]. This agent (as were other endothlelin type A antogonsits) 

was not beneficial in multiple outcomes trials of HFrEF; it had hepatotoxicity, and has been 

removed from development. A non-pharmacological approach using SERCA2 gene 

treatments by an adenovirus has been tested with some promising results in HFrEF [240]. In 
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a dosing study, the lowest frequency of HF exacerbations were seen in those receiving the 

greatest dose [241], whether this approach could be beneficial in HFpEF is unknown. The 

strategy of replacement of miRNAs of interest or of blockade of potentially harmful 

miRNAs (anti-MIRs) is currently being tested in pre-clinical studies [94].

A number of small molecules and pharmacological agents have been shown to increase 

TTR’s native-state stability and kinetic barriers to misfolding and aggregation [242]. Two of 

these compounds with the most robust clinical data are diflunisal and tafamidis. Preliminary 

data from an open label trial also suggest efficacy in persons with familial TTR 

cardiomyopathy [243], although randomized trials in persons with wild-type disease have 

not been performed. Active clinical research programs are also testing strategies of 

ribonucleic acid (RNA) interference through the use of small interfering RNAs (siRNAs) 

and antisense nucleotides to silence the TTR gene. Using these new technologies, Phase I 

clinical studies are ongoing to test drug safety and tolerability in individuals with 

transthyretin amyloidosis. As with tafamidis, none of these studies specifically test drug 

effects in persons with cardiac amyloidosis from wild-type disease [244;245].

Thus, while there are some signs of promise, novel agents tested for HFpEF to date have 

fared only a little better than the standard agents adapted from treatment of hypertension, 

ischemic heart disease, and HFrEF. This further suggests the possible need for a revised 

paradigm regarding the pathogenesis and outcomes of HFpEF.

Why Did Trials of These Pharmacological Agents Not Show Benefit in 

HFpEF?

HFpEF is strongly influenced by aging, a systemic process affecting all organ systems. The 

overwhelming majority of the patients with HFpEF have multiple co-morbidities that further 

ensure phenotypic heterogeneity and multifactorial pathophysiology. These co-morbidities 

may play a much greater role in the development of symptoms and treatment response than 

previously recognized. If so, they may not be addressed by agents and strategies that are 

primarily or solely targeted at cardiac function. Furthermore, more recent data, discussed 

above, indicates that HFpEF may be a systemic disorder, and involves important 

contributions from peripheral abnormalities of vascular and skeletal muscle function that 

have not been addressed in trials to date [14].

Animal models of HFpEF, which can initially suggest promise, do not mimic the integrative 

co-existence of co-morbidities so common in HFpEF patients. Furthermore non-

cardiovascular hospital readmissions and mortality are more frequent in HFpEF than in 

HFrEF [30;246]. The cardiovascular drugs might therefore may have a limited effect in a 

condition where the non-cardiovascular mode of death is more common than in HFrEF. It 

seems clear that HFpEF in older persons is typified by a much broader range of cardiac and 

non-cardiac abnormalities and reduced reserve capacity in multiple organ systems.
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Non-pharmacological Strategies

Exercise Training

The primary chronic symptom in patients with HFpEF, even when well compensated, is 

severe exercise intolerance. It is an independent predictor of morbidity and mortality and is 

increasingly a leading outcome in pharmacologic trials of HFpEF. Due to this, interest has 

recently focused on exercise training as a potential treatment modality. Kitzman and 

colleagues performed the first randomized, single-blinded trial comparing the effects of 16 

weeks of endurance exercise training versus attention control in 53 older (mean age = 70 

years) patients with HFpEF. Three months of exercise training increased peak VO2, 

ventilatory anaerobic threshold, 6-minute walk distance, and physical quality-of-life scores 

[43]. These results were confirmed in a subsequent multicenter study of 64 HFpEF patients 

randomized to 3 months of combined exercise training and strength training [247]. In a 

second, separate, randomized, attention-controlled, single- blind trial of 4 months upper and 

lower extremity endurance exercise training, Kitzman et al found a significant increase in 

peak VO2 without altering carotid arterial stiffness or brachial artery flow mediated dilation 

[248]. Taken together, exercise training is an effective non-pharmacologic therapy in 

clinically stable patients with HFpEF to improve exercise tolerance. The improvement in 

peak VO2 appears to be primarily caused by favorable microvascular or skeletal muscle 

adaptations that increase diffusive oxygen transport or oxygen utilization by the working 

muscles [173;175].

Key Knowledge Gaps:

1. Are there pharmacologic strategies that can be combined with exercise training 

in HFpEF to facilitate an improvement in exercise capacity?

2. What is the optimal “dose” (frequency, duration, intensity) and modality of 

exercise training that will be most effective in HFpEF?

3. Does exercise training ameliorate skeletal muscle alterations in HFpEF?

4. Can exercise interventions be implemented safely in very elderly, frail patients 

with HFpEF?

Nutritional Strategies

In multiple ‘salt-sensitive’ experimental models of HFpEF, high sodium consumption 

exacerbates oxidative stress and adverse cardiovascular remodeling [249–251]. In a recent 

proof-of-concept study, consumption of sodium-restricted DASH diet for 21 days in 13 

hypertensive HFpEF patients resulted in improvement in relaxation and stiffness based 

measures of diastolic function and ventricular–vascular coupling ratio and decrease in 

arterial elastance [220;252].

Device Therapy

Lack of effective therapy in HFpEF patients has driven a search for device based strategies. 

Strategies being examined include creation of an interatrial septal defect with LA shunt 

which can serve as a ‘relief’ valve to decompress LA pressure. A computer simulation 
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interatrial shunt study reduced left-sided CO with a marked reduction in pulmonary capillary 

wedge pressure [253]. Recently, a pilot study showed an interatrial septal device was 

successfully implanted in a cohort of HFpEF patients and resulted in improved 

hemodynamics at rest, with encouraging early clinical response [254].

The baroreflex activation therapy (BAT) produced by stimulating the carotid sinuses using 

an implanted device (Rheos) is being studied for the treatment of hypertension, a key, 

frequent precursor to and co-morbidity in HFpEF. The potential benefits of BAT include 

regression of LV hypertrophy, normalization of the sympathovagal balance, inhibition of the 

RAAS, arterio- and venodilation, and preservation of renal function. The potential for BAT 

for HFpEF, the HOPE4HF trial (a randomized outcomes trial designed to evaluate the 

clinical safety and efficacy of BAT in the HFpEF population) [255] is underway. Additional 

devices record invasive hemodynamics from either the RV, pulmonary artery or LA and have 

been used to adjust medical therapy based on invasive hemodynamics in an attempt to avert 

acute or severe decompensation [256] and hemodynamically guided management of patients 

with HFpEF reduced the hospitalization compared with standard HF management strategies 

[257]. A micro-ventricular assist device implanted (off pump) via a mini-thoracotomy, in a 

right subclavicular subcutaneous pocket (like a pacemaker) with drainage of blood from the 

LA and output it in the subclavian artery appears to interrupt the progressive hemodynamic 

deterioration in HFrEF [258]. However its role in HFpEF is yet to be defined. Cardiac 

resynchronization therapy in a patient with HFpEF showed improvement in functional class 

and in exercise capacity [259]. Thus, use of a device-based approach in symptomatic HFpEF 

may provide novel means to improve hemodynamic and warrants further investigation.

Conclusion

Recent work indicates that HFpEF patients frequently have functional abnormalities in 

multiple cardiovascular and non-cardiovascular domains with reduced reserve capacity in 

multiple organ systems and is likely a system disorder. HFpEF is a true geriatric syndrome, 

with complex, multi-factorial pathophysiology and clinical heterogeneity. Progress in 

HFpEF may be made by incorporating these concepts of heterogeneity and multifactorial 

contributions, and searching for the common threads and links with other debilitating 

disorders common among the elderly.
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Highlights

• Heart failure (HF) with preserved ejection fraction (HFpEF) is the most 

common form of HF.

• Despite the strong public health importance, its pathogenesis is poorly 

understood.

• HFpEF is a systemic disorder with complex, multi-factorial pathophysiology 

and clinical heterogeneity.

• Progress in HFpEF may be made by incorporating these concepts of 

heterogeneity and multifactorial contributions.
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Figure 1. 
Systolic function by gender among participants with congestive heart failure

Mild = mildly reduced systolic function; Mod-Sev = moderately to severely reduced systolic 

function.
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Figure 2. 
Relationship of heart rate reserve (HRR) to peak exercise oxygen consumption (V̇O2 peak) 

in older patients with heart failure with reduced ejection fraction and those with heart failure 

with preserved ejection fraction, with (○) and without (●) chronotropic incompetence (CI). 

There is a significant correlation between HRR and V̇o2 peak in those with (R=0.39 P=0.04) 

and without CI (R=0.41 P=0.01).
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Figure 3. 
Determinants of exercise intolerance in patients with HFpEF. ATP, adenosine triphosphate; 

LV, left ventricle; O2, oxygen; RV, right ventricle.
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Figure 4. 
Relationship between peak VO2 (ml/min) and percent leg lean mass in heart failure with 

preserved ejection fraction (HFpEF) and healthy controls (HC) HFpEF (filled squares) and 

HC (filled circles)
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Figure 5. 
Magnetic resonance imaging axial image of the mid-thigh in a patient with heart failure with 

preserved ejection fraction (HFpEF) and healthy controls (HC)

Red = Skeletal muscle; green = Intermuscular fat (IMF); blue = Subcutaneous fat; purple = 

femoral cortex; yellow = femoral medulla. IMF (green) is substantially increased in the 

patient with HFpEF compared with the HC despite similar subcutaneous fat.
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Figure 6. 
Relationship of capillary-to-fiber ratio (A) and percentage of type I muscle fibers (B) with 

peak O2 uptake (VO2) in older patients with heart failure with preserved ejection fraction 

(■) and age-matched healthy control subjects (▲).
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