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Abstract

Approximately half of all patients with heart failure (HF) have a preserved
ejection fraction, and the prevalence is growing rapidly given the aging pop-
ulation in many countries and the rising prevalence of obesity, diabetes, and
hypertension. Functional capacity and quality of life are severely impaired in
heart failure with preserved ejection fraction (HFpEF), and morbidity and
mortality are high. In striking contrast to HF with reduced ejection frac-
tion, there are few effective treatments currently identified for HFpEF, and
these are limited to decongestion by diuretics, promotion of a healthy ac-
tive lifestyle, and management of comorbidities. Improved phenotyping of
subgroups within the overall HFpEF population might enhance individual-
ization of treatment. This review focuses on the current understanding of
the pathophysiologic mechanisms underlying HFpEF and treatment strate-
gies for this complex syndrome.
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INTRODUCTION

Heart failure (HF) is a major public health problem that afflicts millions of adults worldwide (1).
HF with preserved ejection fraction (HFpEF) accounts for over one-half of all HF cases, and the
incidence and prevalence are growing as the population ages and as metabolic disorders including
obesity, diabetes, and hypertension increase in prevalence (2—4). Although cardiovascular mortal-
ity is lower in HFpEF than in HF with reduced ejection fraction (HFrEF), hospital readmissions
are frequent, and quality of life is poor (5, 6). Moreover, no unequivocally effective treatment for
HEFpEF has been identified in clinical trials (5, 7, 8). This is believed to relate in part to the patho-
physiologic heterogeneity within the clinical syndrome of HFpEF, and it is hoped that through
better phenotyping of patients, treatments can be more tailored to the individual. In this review,
we focus on the current understanding of the pathophysiologic mechanisms underlying HFpEF
and then tie this mechanistic understanding together with current and investigational treatment
strategies for this complex syndrome.

PATHOPHYSIOLOGY

Although diastolic dysfunction is the fundamental component underlying the pathophysiology in
HEFpEFE, there are multiple cardiac, vascular, and noncardiac abnormalities that contribute. These
include impairments in left ventricular (LV) diastolic and systolic function, left arterial (LA) struc-
ture and function (i.e., LA myopathy), pulmonary hypertension (PH) and gas exchange abnormal-
ities, right heart dysfunction, autonomic dysregulation, vascular stiffening, myocardial ischemia,
endothelial dysfunction, kidney disease, and peripheral abnormalities in skeletal muscle and fat
(Figure 1). Importantly, not all patients with HFpEF exhibit each of these features, implying the
presence of specific phenotypes (3, 8, 9). In this first section, key pathophysiologic mechanisms
of HFpEF are individually reviewed from an organ-based perspective. The cellular mechanisms
causing these abnormalities are beyond the scope of this review but have recently been reviewed
elsewhere (10).

Diastolic Dysfunction

Diastolic dysfunction is broadly defined as an inability to fill the ventricle to an adequate preload
volume at normal filling pressures at rest and during activity (8, 9). From a clinical perspective,
diastolic dysfunction leads to an increase in LV, LA, and pulmonary capillary pressures that pro-
motes pulmonary congestion, dyspnea, and abnormalities in gas exchange and pulmonary vascular
function (11-13). Diastolic dysfunction may be characterized by abnormalities in active relaxation
or passive chamber stiffening caused by alterations in the myocardium and extracellular matrix.
The active process of pressure decay (relaxation) requires adenosine triphosphate to initiate re-
uptake of calcium into the sarcoplasmic reticulum (14). Abnormalities in diastolic calcium cycling
have been revealed in myocardial tissue from individuals with hypertensive LV hypertrophy (15),
coupled with increases in T-tubule density and increased cytosolic calcium, particularly in the set-
ting of diabetes (16, 17). Diastolic function is influenced by heightened afterload. With aging and
arterial hypertension, the aorta stiffens, resulting in more rapid pressure wave transit as well as
augmentation of reflected pressure waves that cause late systolic afterload elevation, contributing
to prolonged relaxation (18, 19). This may lead to elevation in end-diastolic filling pressure when
heart rate increases (20).

Increased passive stiffness related to the viscoelastic properties of the myocardium is present
in HFpEF, shifting the LV end-diastolic pressure-volume relationship upward and to the left, an
effect that is amplified during exercise (21, 22). Such myocardial stiffness is caused by intrinsic
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Figure 1

The pathophysiology of heart failure with preserved ejection fraction. Arrows show causal inter-relationships between components.
Abbreviations: CVP, central venous pressure; DVI, diastolic ventricular interaction; LA, left atrial; LV, left ventricular. *The term
abnormal autonomic regulation is used because it is uncertain whether autonomic dysfunction can connect to chronotropic.

cardiomyocyte alterations, particularly involving the giant macromolecule titin, which essentially
acts as a bidirectional spring that affects myocyte stiffness (3, 23). Titin’s stiffness properties are
dynamically regulated through phosphorylation by cyclic guanosine monophosphate (cGMP) ki-
nases, providing a mechanism by which impaired nitric oxide bioavailability may contribute to
HFpEF (24). Stiffness is also increased in HFpEF through alterations in fibrillar collagen in the
extracellular matrix (25). Excess myocardial fibrosis may be demonstrated by using novel tech-
niques such as T'1 mapping by cardiac magnetic resonance imaging, which reveals an increase in
extracellular volume in such patients (26, 27).

Systolic Dysfunction

Despite a preserved ejection fraction, patients with HFpEF often display subtle abnormalities
in LV systolic function as well. This may be driven by abnormalities in calcium handling, beta-
adrenergic signaling, myocardial energetics, or tissue perfusion reserve (3, 8). Impaired contractil-
ity may be detected by echocardiographic tissue Doppler imaging, strain imaging, or other mea-
sures of chamber and myocardial contractility (28-31). Patients with LV contractile dysfunction
display increased mortality in HFpEF (28, 31). Impaired systolic function is often subtle at rest,
but with physiologic stress, impairment may worsen dramatically and contribute to a decreased
cardiac output reserve and increased exercise intolerance (30, 32-35). Systolic dysfunction begets
diastolic impairments, as the inability to contract to a lower end systolic volume reduces elastic re-
coil, which attenuates diastolic suction of blood into ventricle, further promoting pulmonary cap-
illary hypertension (30, 36). LV systolic dysfunction also contributes to LA dysfunction through
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atrioventricular coupling. Since both chambers sit in continuum with the mitral annulus, a reduc-
tion in annular velocity and excursion in the ventricle affects atrial motion in kind.

Left Atrial Myopathy and Atrial Fibrillation

The left atrium plays an important role to facilitate LV filling and protect the pulmonary vascula-
ture and right heart from elevation in LV pressures (37-43). In the early stages of HFpEF, the left
atrium is able to compensate for LV diastolic dysfunction, acting through its reservoir function
to store blood without untoward elevation in LA pressure, then facilitating LV filling through its
booster function. However, prolonged or more advanced LV dysfunction leads to progression of
LA dilation and dysfunction, which is associated with PH and right ventricular dysfunction (RVD)
(9,39,44,45). This progression is strongly tied to the development of atrial fibrillation (AF), which
may be considered an electrical biomarker of LA myopathy (44). In healthy hearts under normal
circumstances, LA systole contributes approximately 20% of filling to the left ventricle, but when
LV diastolic dysfunction progresses, this contribution increases (46). LA dysfunction and loss of
atrioventricular synchrony with AF are associated with dramatic limitations in cardiac output at
rest and with activity (44), as well as development of mitral regurgitation due to annular dilation
(47). The combination of LA enlargement and increases in right heart volume accompanying LA
dysfunction (due to PH, below) leads to an increase in total heart volume. This increase in total
heart volume amplifies interaction between the epicardial surface of the heart and the pericardium
(44, 48), termed enhanced diastolic ventricular interaction (DVI). With an increase in DVI, left
heart pressures can be elevated out of proportion to the degree of LV diastolic stiffness due to the
right heart and pericardium compressing the left, and LV preload is reduced, resulting in failure
to maintain cardiac output by the Frank Starling mechanism (48).

LA strain assessed by speckle tracking globally reflects LA function, remodeling, and distensi-
bility components that become progressively more impaired in the setting of chronic LV diastolic
dysfunction (39, 41-43). Recent studies have demonstrated that LA reservoir strain and LA com-
pliance allow for discrimination of HFpEF from noncardiac dyspnea with greater accuracy than
other echocardiographic indices (39). LA compliance and mechanics progressively decline with
increasing atrial burden in HFpEF, increasing the risk for AF (44). Development of AF repre-
sents a watershed moment in the natural history of HFpEF, associated with increased risk of RVD
(discussed below), decreased exercise capacity, and increased mortality (49-51).

Pulmonary Abnormalities and Right Ventricular Dysfunction

Between 50% and 80% of patients with HFpEF have PH, which is defined by a mean pulmonary
artery pressure exceeding 20 mm Hg (12). PH in HFpEF is initially caused by passive transmission
of elevated downstream LA pressure (termed isolated postcapillary PH). However, with chronic,
sustained exposure to elevated LA pressure, pulmonary vascular remodeling often develops, re-
sulting in an increase in pulmonary vascular resistance (termed combined pre- and postcapillary
PH) (12, 52). Patients with this precapillary component to PH display poorer exercise capacity,
a unique hemodynamic signature characterized by right heart failure and left heart underfilling,
and increased risk of hospitalization and death (53-55). While remodeling was originally assumed
to reflect abnormalities in the arterial vasculature, recent data have revealed that remodeling in
the pulmonary veins plays an equal or perhaps even greater role in increasing pulmonary vascular
load in chronic HFpEF (56).

The first victim of PH in HFpEF is the right ventricle (50, 57, 58). The thin-walled right ven-
tricle is poorly suited to eject against high pressure, and this heightened sensitivity to afterload
(i.e., pulmonary artery pressure) is further amplified in HFpEF (58). Patients with HFpEF and
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RVD often display systemic venous congestion leading to edema, ascites, abdominal congestion,
gut malabsorption, renal and hepatic dysfunction, AF, tricuspid regurgitation, and cardiac cachexia
(45, 50, 57). Obokata et al. (50) showed that new-onset RVD in patients with HFpEF is indepen-
dently associated with adverse outcome even after adjustment for other established risk factors,
including age, body mass index, AF, LV ejection fraction, and E/e’ ratio. This study also found
that the development of RVD is closely linked to potentially modifiable risk factors, including AF,
coronary artery disease, obesity, and abnormal cardiac hemodynamics (50).

In addition to inducing pulmonary arterial and venous remodeling, long-term exposure to LA
hypertension has important effects on the fragile pulmonary capillaries, where repeated episodes
of capillary stress failure promote ultrastructural remodeling (45). This leads to a reduction in pul-
monary capillary blood volume and impaired alveolar-capillary membrane conductance, both of
which reduce the diffusion capacity for carbon monoxide (DLco) (59, 60). Impairmentin DL¢o in
HFpEF is typically associated with normal findings on chest computed tomography but is strongly
associated with increased mortality in this population (61).

Vascular Stiffening and Endothelial Dysfunction

The vast majority (80-90%) of patients with HFpEF are hypertensive, and increases in aortic
and conduit vessel stiffening are common, especially among diabetics (62). This vascular stiffen-
ing becomes amplified during exertion, contributing to the elevation in LV filling pressures that
characteristically develops in HFpEF (18). The combination of increased ventricular and arterial
stiffness promotes blood pressure lability, wherein patients frequently oscillate between hyperten-
sive crises and symptomatic hypotension, making treatment challenging (63, 64). In addition to
arterial stiffening, recent studies have revealed impairments in venous compliance and capacitance,
which importantly contribute to increased filling pressures (32).

In addition to material changes in arterial structure, patients with HFpEF frequently display
abnormal endothelium-dependent vasodilation, which is associated with symptom severity, func-
tional limitation, and risk of hospitalization (34, 65). These changes are believed to be related
to comorbidity-associated systemic inflammation, which impairs nitric oxide bioavailability, af-
fecting cardiovascular structure and function through a variety of mechanisms (66, 67). Recent
studies have revealed abnormalities in coronary microvascular function, which are related to both
endothelium-dependent and -independent processes (68-70). The presence of coronary microvas-
cular dysfunction in HFpEF is associated with other markers of greater disease severity, including
AF, microalbuminuria, RVD, greater exertional hemodynamic abnormalities, and worse clinical
outcome (68, 70, 71). Together with alterations in myocardial supply—demand relationships, coro-
nary microvascular dysfunction may lead to myocardial ischemia and injury during exertion, which
are associated with impairments in myocardial reserve and aerobic capacity (71).

Autonomics and Adrenergic Signaling

Cardiac output is typically normal at rest in patients with HFpEF, but the ability to increase cardiac
output with exertion is frequently abnormal (33, 72), leading to impaired aerobic capacity. Cardiac
output limitations are related in part to impairments in stroke volume reserve from myocardial
dysfunction (above) and to chronotropic incompetence (73). Limitations in heart rate reserve in
HFpEF appear to be mediated by depressed adrenergic sensitivity rather than central outflow, as
plasma norepinephrine and epinephrine increase similarly in HFpEF and matched controls (73),
and beta-receptor sensitivity is reduced (74).

There are conflicting reports on autonomic function in HFpEF. Abnormal arterial baroreflex
sensitivity was demonstrated in one study (73), whereas another has shown that both central
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command (parasympathetic withdrawal) and sympathetic outflow responses with stress are
intact in HFpEF (75). In a rat model of HFpEF (76), arterial baroreflex sensitivity was severely
depressed, resulting in an inability to tolerate volume loading with greater increases in LA
pressure with saline loading. Sympathetic outflow also plays a key role in mediating constriction
of large-capacitance veins in the splanchnic circulation to increase venous return to the heart (77).
Total blood volume can be functionally divided into two compartments: the unstressed blood
volume, which is the volume necessary to fill the vascular space, and the stressed blood volume,
which increases pressure within the vasculature. With constriction of the capacitance veins,
blood is shifted from the unstressed to the stressed blood volume compartments, pressurizing the
vascular tree to augment venous return to the heart. Recent data have shown that this increase in
stressed blood volume is exaggerated in patients with HFpEF particularly obesity-related HFpEF.
"This abnormality was found to strongly contribute to the increase in cardiac filling pressures that
develops during exertion in HFpEF (32).

Skeletal Muscle and Fat

According to the Fick principle, oxygen consumption (VO,) is equal to the product of cardiac
output and arterial-venous oxygen content difference (AVO,diff). Recent studies have reported
that many patients with HFpEF display abnormalities in the ability to augment AVO,diff during
exertion, suggesting a problem in peripheral O, transport and utilization in skeletal muscle (78—
81). Histologic studies have revealed reductions in capillary density and increases in Type II (fast-
twitch) fibers, with reduction in the more aerobic Type I fibers (82). There are also abnormalities
in mitochondrial function in skeletal muscle in HFpEF that may contribute to abnormalities in
peripheral O, utilization (83, 84).

HFpEF is strongly tied to excess body fat. In the United States, approximately 75% of patients
are obese. Patients with HFpEF and obesity display features consistent with a distinct phenotype,
wherein there is greater plasma volume expansion, higher stressed blood volume, more RVD and
PH, greater epicardial fat, enhanced ventricular interdependence, and more systemic inflamma-
tion (32, 85, 86). Increases in visceral fat appear to be particularly important, as elevated abdominal
visceral adipose tissue is independently associated with increased risk of HFpEF (87, 88). The re-
lationship between visceral fat and HFpEF is notably stronger in women; increased abdominal
visceral fat is associated with more severe hemodynamic alterations in women with HFpEF com-
pared to men (89).

Masqueraders of HFpEF

A number of cardiovascular diseases may be confused with the typical form of “garden-variety”
HEFpEF discussed thus far, including cardiac amyloidosis; sarcoidosis; infiltrative, restrictive, or hy-
pertrophic cardiomyopathy; constrictive pericarditis; valvular heart disease; high-output HF; my-
ocarditis; and toxin-mediated cardiomyopathies (Table 1). Discussion of these secondary causes
of HF is beyond the scope of this review, but it is important to emphasize that they should not
be regarded as true primary HFpEF. Because the secondary etiologies require specific treatments,
every effort should be made to exclude these masqueraders when evaluating the patient with new-

onset HF (7).

TREATMENT

To date, no conclusively effective treatment has been identified for HFpEF, and therapies
with efficacy for HFrEF have failed to improve outcomes in HFpEF (7, 8). Current treatment
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Table 1 Masqueraders of HFpEF

Secondary causes of heart failure
with a normal ejection fraction

Typical diagnostic methods

Specific treatment strategies

Cardiac amyloidosis

Screen for presence of a monoclonal

Transthyretin tetramer stabilizers for

light chain transthyretin amyloid cardiomyopathy
CMR Chemotherapy for light-chain amyloidosis
EMB
Te-99m-PYP
Cardiac sarcoidosis Blood test (ACE, lysozyme, sIL-2R) Corticosteroid
EMB Immunosuppressants
CMR
%7Ga scintigraphy or 'FDG-PET
Hypertrophic cardiomyopathy Echocardiogram B-blockers
CMR Calcium-channel blockers
Alcohol septal ablation for obstructive
cardiomyopathy
Avoid vasodilators
Valvular heart disease Echocardiogram Percutaneous valve interventions

Invasive hemodynamic measurements

Surgical interventions

High-output heart failure

Invasive hemodynamic measurements
(including cardiac output as well as
mixed venous oxygen saturation)

Evaluation for physical signs
(hyperthyroidism, cardiac beriberi,
etc.)

Treatments for underlying disease causing
high-output state such as fistula,
hyperthyroidism, vitamin B-1 deficiency, or
ligation for shunts

Myocarditis

12-lead ECG and/or Holter (AV block
or ST-T wave change)

Blood test (troponin)

CMR

EMB

Immunosuppressive agents for eosinophilic
myocarditis or giant cell myocarditis

Constrictive pericarditis

Invasive hemodynamic measurements
CMR

Chest CT

Echocardiogram

Pericardiectomy

Toxin-mediated cardiomyopathies

Assessment of clinical and medical
history (e.g., chemotherapeutics,
illicits)

Blood testing

EMB

Removal of toxin

Abbreviations: ACE, angiotensin converting enzyme; AV, atrioventricular; CMR, cardiovascular magnetic resonance; CT, computed tomography; ECG, elec-

trocardiogram; EMB, endomyocardial biopsy; *FDG-PET, '*F-fluorodeoxyglucose positron emission tomography; sIL-2R, soluble interleukin-2 receptor;
Te-99m-PYP, Technetium-99m pyrophosphate.

recommendations focus on diuretics, including mineralocorticoid receptor antagonists (MRAs)

to reduce congestion. Lifestyle interventions, including exercise and weight loss through caloric

restriction, have shown promise (90-92). Finally, management of common comorbidities such

as coronary artery disease and AF may also improve prognosis. Complete revascularization is
associated with preservation of LV function and lower mortality (93), while treatment of AF with
catheter ablation may improve outcomes as well (94, 95). Both approaches require testing in

controlled trials.
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Pharmacologic Therapy

Diuretics. Despite the absence of placebo-controlled trial data, diuresis is a cornerstone ther-
apy in HFpEF that improves outcomes. A post hoc analysis of the CHAMPION (CardioMEMS
Heart Sensor Allows Monitoring of Pressure to Improve Outcomes in NYHA Class IIT Heart
Failure Patients) trial indirectly supports the efficacy of aggressive diuresis in patients with
HFpEF (96). In the CHAMPION trial (97), individuals with HF and an implantable hemody-
namic monitor (CardioMEMS™ Heart Sensor) were randomly assigned to a treatment strategy
guided by knowledge of pulmonary artery pressures or usual care. Subjects with pressure-informed
therapy received more frequent diuretic titration and demonstrated a significantly reduced risk of
HF readmissions. The number needed to treat to prevent one HF hospitalization over 18 months
in patients with normal ejection fraction (EF) was 2.

Mineralocorticoid receptor antagonists. The MRA spironolactone was evaluated as a treatment
for HFpEF in the TOPCAT (Treatment of Preserved Cardiac Function Heart Failure With an
Aldosterone Antagonist) trial (98). As compared to placebo, spironolactone did not reduce the
composite primary outcome of cardiovascular-related death, aborted cardiac arrest, and HF hos-
pitalization in patients with symptomatic HFpEF (EF >45%) (98). However, a reduction in HF
readmissions was observed with spironolactone, and a post hoc analysis revealed a significant re-
duction in the rate of the primary outcome with spironolactone compared with placebo among
patients who were enrolled according to elevated natriuretic peptide levels, with important re-
gional variations (99). Roughly half of the patients were enrolled in the Americas and the other
half in Eastern Europe. The latter group displayed very low event rates, raising questions about
the veracity of the diagnosis of HFpEF, and in a post hoc analysis restricted to the Americas,
spironolactone reduced the primary endpoint compared with placebo. Other novel MRAs such as
finerenone hold promise in HFpEF and are under investigation (NCT04435626). Patients with
HF and an EF >45% are recommended to be treated with an MRA (class IIb indication), usually
in addition to a loop diuretic (100).

Dual angiotensin-neprilysin inhibitor. The dual angiotensin-neprilysin inhibitor sacubitril-
valsartan was tested in the PARAGON-HF (Efficacy and Safety of LCZ696 Compared to Val-
sartan, on Morbidity and Mortality in Heart Failure Patients With Preserved Ejection Fraction)
trial (101). In this trial, angiotensin-neprilysin inhibition narrowly missed showing a reduction in
the frequency of the primary composite outcome of death from cardiovascular causes and total HF
hospitalizations compared to treatment with valsartan only [rate ratio 0.87, 95% confidence in-
terval (CI) 0.75-1.01, p = 0.06]. Prespecified subgroup analyses suggest a possible greater benefit
among individuals with EF below the median (<57%) and among women (102, 103). In addi-
tion, a post hoc analysis found that patients with more recent HF hospitalization derived more
benefit from sacubitril-valsartan, with no benefit among patients with no prior hospitalization

(104).

Other Pharmacotherapies

Angiotensin-converting enzyme inhibitors, angiotensin receptor blockers, and beta-adrenergic
antagonists are frequently used to treat comorbid conditions in HFpEF such as kidney disease
and coronary artery disease, but evidence to support their use independent of these comorbidities
is scant (7, 8). The data are particularly weak for beta-adrenergic antagonists (105), which have
also been associated with adverse outcomes in HFpEF (106). A prespecified subgroup analysis of
the SOLOIST-WHEF (Effect of Sotagliflozin on Cardiovascular Events in Patients with Type 2
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Diabetes Post Worsening Heart Failure) trial including participants with HFpEF revealed that
the rate of cardiovascular death or hospitalization for HF was lower with the sodium-glucose co-
transporter 2 (SGLT72) inhibitor sotagliflozin compared with placebo (107). This effect is believed
to be related mainly to renal protective effects, and SGLT?2 inhibitors are currently being tested
in two large pivotal trials in HFpEF, the results of which are eagerly anticipated (NCT03619213,
NCT03057951).

Observational studies suggest benefit from statins in HFpEF (108), and these patients fre-
quently have other indications for this class of drug. Numerous trials have evaluated whether
treatments that augment nitric oxide signaling might be effective in HFpEF, including phospho-
diesterase inhibitors (109), organic nitrates (110), inorganic nitrite (111), and stimulators of gua-
nylate cyclase (112, 113), with unanimously disappointing results.

Lifestyle Intervention Targeting Cardiometabolic Risk

Exercise training has been shown to improve exercise capacity as well as quality of life in pa-
tients with HFpEF (90, 92). There appears to be no difference in moderate-intensity continuous
and interval training regimens, but regardless of training intensity, beneficial effects are difficult
to maintain chronically (92). Intentional weight loss may improve morbidity and mortality in
HEFpEF given favorable effects on hemodynamics, heart rate, and blood pressure (114). A recent
randomized clinical trial found that short-term, modest weight loss induced by caloric restric-
tion improved peak oxygen consumption (peak VO,) in obese patients with HFpEF (90). Clinical
trials evaluating pharmacologic weight loss as a treatment for HFpEF are currently under way
(INCT04788511, NCT04847557).

Investigational Device-Based Therapies

Reducing LA pressure with a percutaneously implanted intra-atrial septostomy device has been
shown to improve exercise hemodynamics, symptoms, and exercise capacity in patients with
HFpEF (115-118), and such devices are being evaluated in ongoing clinical trials (NCT 03499236,
NCT03088033). The interatrial shunt device may also improve pulmonary vascular function in
patients without significant preexisting pulmonary vascular disease (119). As pericardial restraint
and enhanced ventricular interdependence contribute to elevation in filling pressures in many
patients with HFpEE, percutaneous pericardial resection is another potential treatment that has
shown promise in HFpEF (120, 121) and is currently under investigation (NCT03923673). A
single-center study is investigating the efficacy of pacemakers to treat chronotropic incompe-
tence in patients with HFpEF (NCT02145351). Blockade of the greater splanchnic nerve has
been shown to effectively reduce cardiac filling pressures in HFrEF (122). A multicenter trial is
under way to evaluate the effects of greater splanchnic nerve ablation in HFpEF (NCT04592445).

Phenotype-Specific Approach

The failure of clinical trials to identify effective treatments using a one-size-fits-all approach may
be at least partly explained by heterogeneity in the underlying pathophysiologic mechanisms of
HEFpEEF, as described above (7). Accordingly, it is hoped that better phenotyping of patients based
upon their predominant pathophysiologic abnormalities may enable more individually tailored
therapy (Figure 2). Several early-phase trials have begun to target more specific phenotypes, eval-
uating weight loss for obese HFpEF (90); levosimendan for PH/RVD (123); nitrite (124, 125),
pericardiotomy (120, 121), atrial septostomy for patients with high LV filling pressures during ex-
ercise (115); and inorganic nitrite for peripheral limitations (126). While this approach holds great
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Figure 2

Potential treatment according to HFpEF phenogroups. Abbreviations: AF, atrial fibrillation; CVDP, central venous pressure; DVI,
diastolic ventricular interaction; ERAs, endothelin receptor antagonists; GSN, greater splanchnic nerve; HFpEE, heart failure with
preserved ejection fraction; LA, left atrial; LV, left ventricular; MPO, myeloperoxidase; MRAs, mineralocorticoid receptor antagonists;
PCAs, prostacyclin analogs; PDEI, phosphodiesterase inhibitor; RV, right ventricular; SGLT2i, sodium-glucose transporter 2 inhibitor.

promise, there is as yet no universally accepted method by which different HFpEF phenogroups
should be categorized for diagnostic and therapeutic purposes, and there is marked overlap be-
tween groups shown in Figure 2 (127, 128).

CONCLUSION

The prevalence of HFpEF has grown to epidemic proportions, and no single treatment for
HEFpEF has yet been identified that clearly improves outcomes. The lack of therapeutic options
is largely related to the complexity and heterogeneity within the HFpEF syndrome, limiting one-
size-fits-all approaches that have proven so effective in HFrEF. Limitations in ventricular dias-
tolic and systolic function; LA myopathy; ventricular-vascular uncoupling; pulmonary vascular
disease and RVD; altered venous capacitance; and abnormalities in the periphery, including the
vasculature, endothelium, autonomics, fat, and skeletal muscle, each play a significant but variable
role within the individual patient. Current treatment of HFpEF is aimed at volume control with
diuretics, consideration for use of MRA, and management of comorbidities and lifestyle modifica-
tions, including exercise training and weight loss. Adequately powered randomized clinical trials
should investigate whether novel therapies aimed at specific HFpEF pathophysiologic phenotypes
can improve outcomes and quality of life.
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