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Abstract

Research in the last decade has substantially advanced our understanding of the pathophysiology
of heart failure with preserved ejection fraction (HFpEF). However, treatment options remain
limited as clinical trials have largely failed to identify effective therapies. Part of this failure may
be related to mechanistic heterogeneity. It is speculated that categorizing HFpEF patients based
upon underlying pathophysiological phenotypes may represent the key next step in delivering the
right therapies to the right patients. Echocardiography may provide valuable insight into both the
pathophysiology and underlying phenotypes in HFpEF. Echocardiography also plays a key role in
the evaluation of patients with unexplained dyspnea, where HFpEF is suspected but the diagnosis
remains unknown. The combination of E/e” and right ventricular systolic pressure has recently
been shown to add independent value in the diagnostic evaluation of people suspected with
HFpEF. Finally, echocardiography enables identification of different etiologies that mimic HFpEF
but are treated differently, such as valvular heart disease, pericardial constriction, high output heart
failure, or infiltrative myopathies such as cardiac amyloid. The purpose of this review is to
summarize the current understanding of the pathophysiology and phenotyping of HFpEF with
particular attention to the role of echocardiography in this context.

Keywords
diagnosis; diastolic function; echocardiography; filling pressure; heart failure; non-invasive

INTRODUCTION

Heart failure with preserved ejection fraction (HFpEF) is a common clinical syndrome that
is increasing in prevalence. Rather than an isolated abnormality in left ventricular (LV)
diastolic function, patients with HFpEF display multifaceted limitations in cardiac, vascular,
and peripheral function.(1) Phenotyping based upon pathophysiology, comorbidities or some
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combination may provide targeted therapies to the specific HFpEF subpopulations that are
positioned to derive the greatest benefit.(2).

Cardiovascular imaging plays a key role in the diagnosis and evaluation of HFpEF,
particularly echocardiography, which allows for assessment of cardiac structure, function,
and hemodynamics.(3) In this review, we will summarize the current understanding of the
pathophysiology and phenotypes of HFpEF, with focus on the essential role of imaging for
the evaluation and care of patients with HFpEF.

Pathophysiology of HFpEF: Beyond Diastolic Dysfunction

LV diastolic dysfunction plays a fundamental, overarching role in the pathophysiology of
HFpEF.(1) LV diastolic dysfunction is defined by an impairment in relaxation, an increase in
viscoelastic chamber stiffness, or some combination of the two,(4,5) and leads to
symptomatic HF by causing elevated filling pressures at rest or with exertion.(6) Elevated
filling pressures promote symptoms of dyspnea,(7) impair exercise capacity,(7,8) increase
risk for HF hospitalization,(9) and decrease survival in HFpEF.(10) The importance and
assessment of LV diastolic dysfunction in HFpEF are reviewed in detail in other articles in
this issue.

While diastolic dysfunction is central to HFpEF, it is also important to acknowledge that
there are declines in LV relaxation and compliance with normal aging, or with
cardiometabolic comorbidities such as obesity, insulin resistance, and hypertension.(11-13)
Not all patients with diastolic dysfunction have or will develop clinical HFpEF.(14,15)
Research in the past decade has demonstrated that, in addition to LV diastolic dysfunction,
multiple non-diastolic abnormalities in cardiovascular system contribute to the syndrome of
HFpEF. These include subtle LV systolic dysfunction, LA impairment, relative pericardial
restraint, abnormal right ventricular-pulmonary artery coupling, pulmonary vascular disease,
systemic vascular stiffening, coronary and peripheral microvascular dysfunction, and
chronotropic incompetence (Figure 1).(1)

Left Ventricular Systolic Dysfunction—Despite having a “preserved” EF, it is now
well established that LV systolic performance is not normal in HFpEF, whether assessed by
preload recruitable stroke work, stress-corrected endocardial and midwall shortening,
twisting, or circumferential and longitudinal shortening using tissue Doppler or strain
imaging.(6,16—20) There is evidence to support a causal link between metabolic and cardiac
comorbidities and reduced LV longitudinal strain,(21) and a recent study has shown that
HFpEF patients with microvascular dysfunction display more abnormal systolic mechanics
by strain and tissue Doppler imaging.(22) This coronary microvascular dysfunction that
develops secondary to metabolic comorbidities may contribute to subendocardial ischemia
and impairments in LV longitudinal shortening during stress, especially in the setting of
myocardial oxygen supply-demand imbalance.(23)

Multiple studies have demonstrated that subtle impairments in systolic function at rest
become dramatic during exercise in patients with HFpEF, contributing to decreased exercise
capacity, impaired early diastolic recoil/LV suction, impaired cardiac output and elevation in
LV filling pressures.(6,17,24-26) While LV diastolic dysfunction is clearly present in
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HFpEF, the limitation in stroke volume reserve during exertion is not mediated by failure to
increase LV end diastolic volume, but rather by inability to reduce end systolic volume.
(24,27,28) This is related in part to abnormal peripheral vasorelaxation, which increases LV
afterload,(6,24,29,30) but equally or more important are limitations in LV contractile
reserve.(6,17,24) Impaired LV systolic mechanics in HFpEF also predict increased risk of
adverse outcomes.(16,19)

Pulmonary Hypertension—Pulmonary hypertension (PH) is extremely common in
HFpEF, seen in roughly 80% of patients, and mortality is increased in this cohort.(31-33)
While PH is predominantly related to LA hypertension in the majority of HFpEF patients, a
substantial number go on to develop pulmonary vascular disease, manifest by elevation in
pulmonary vascular resistance and reduction in pulmonary arterial (PA) compliance.(34,35)
Recent data have demonstrated that HFpEF patients with pulmonary vascular disease display
adverse outcomes, worse exercise capacity, and unique hemodynamic features that develop
during exercise, including impaired recruitment of LV preload due to excessive right heart
congestion and blunted right ventricular (RV) systolic reserve.(34,36)

Some patients with HFpEF develop pulmonary vascular dysfunction that becomes manifest
only during exercise.(6,35) This is evidenced by an increase in the slope of the pulmonary
artery pressure-flow relationship,(37) or simply by failure to reduce pulmonary vascular
resistance during exertion.(6) This pulmonary vascular reserve limitation is more common in
the obese phenotype of HFpEF,(38) and has recently been linked to adverse clinical
outcomes.(39) The presence of pulmonary vascular disease should be suspected from mid-
systolic notching in the RV outflow Doppler profile, along with a short acceleration time
caused by increased pulmonary arterial impedance with enhanced wave reflection (Figure
2).(40) Pulmonary vascular resistance can be estimated using a ratio of peak tricuspid
regurgitation [TR] velocity to the RV outflow velocity-time integral,(41) but this has yet to
be validated in HFpEF populations.

Right Ventricular Dysfunction—The presence of PH eventually leads to RV systolic
dysfunction, which is common and associated with adverse outcomes in HFpEF.(32,33) RV
systolic function can be assessed by tricuspid annular plane systolic excursion (TAPSE), RV
fractional area change, free wall strain, tricuspid annular s’ velocity or RV index of
myocardial performance.(42) Recent data have shown that the response of the RV to PH
(RV-PA coupling) is even more important, and RV-PA coupling can then be assessed by the
ratio of RV function to right ventricular systolic pressure (RVSP).(42,43) Lower TAPSE/
RVSP ratio (<0.36 mm/mmHg) is associated with adverse outcomes in HFpEF,(42,44,45)
and may identify a patient cohort that will respond differently to interventions targeted to RV
afterload.(44)

RV dysfunction in HFpEF is not exclusively mediated by afterload mismatch from PH.(32)
Many patients with near-normal PA pressures at rest also have intrinsic RV dysfunction,
particularly in the setting of AF and TR. Patients with HFpEF also display abnormal RV
function during exercise, even when resting function appears normal.(6) This is remarkably
similar to what is observed in the LV, where stress reserve is impaired even when resting
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function is normal,(17,24) emphasizing the fact that HFpEF is a biventricular disorder where
stress reserve capacity is impaired.(1)

RV dysfunction is associated with RV (or right heart) remodeling. Recent longitudinal data
have shown that RV diastolic area increases by 21% and RV fractional area change
decreases by 10% over just 4 years of time in patients with HFpEF.(46) These changes
greatly exceeded corresponding alterations in LV structure and function during the same
time course. Development of incident RV dysfunction was associated with higher PA
pressures, development of AF, coronary disease, and obesity, suggesting that it may be
preventable.(46) Assessments of RV remodeling focus on dilation (RV basal, mid, and
longitudinal dimensions and areas), but RV hypertrophy and right atrial (RA) dilation are
also important.(47) Increased RV diameter, area, and RV wall thickness have been shown to
predict adverse outcome in HFpEF.(32,48) RV and RA dilation lead to tricuspid annular
dilation and resultant TR,(46) which causes greater ventricular interdependence (discussed
below), more profound exercise limitations, and increased risk of death.(33,46,49)
Echocardiography allows for identification of HFpEF patients with significant TR, and such
patients may respond to structural interventions targeted to the valve insufficiency, though
data are sparse at this time.

Left Atrial Dysfunction—LA remodeling and dysfunction secondary to increased LV
filling pressure are common in HFpEF and associated with worse symptoms, more
pulmonary vascular disease, greater RV dysfunction, depressed exercise capacity, and
adverse outcomes, suggesting that patients with relatively greater “atrial myopathy” may
also constitute a different phenotype within the HFpEF spectrum.(50-53) The LA may adapt
to “protect” the pulmonary vasculature, and thus right heart, from the deleterious effects of
high LV filling pressures caused by ventricular diastolic dysfunction.(50) This may partially
explain why patients with HFpEF that develop AF, where LA booster function is lost, suffer
from worse functional disability and increased risk of death,(54,55) as well as increase risk
for developing RV dysfunction.(32,33,43,46) A number of patients develop LA myopathy
(or elevation of LA pressure) out of proportion to LV diastolic dysfunction (or LV filling
pressure), often referred to as the stiff LA syndrome.(56) This may occur after surgical or
catheter ablation for AF. However, a number of patients with HFpEF also display relatively
greater LA dysfunction in the absence of prior LA interventions, and echocardiography can
play an important role in defining this aspect of the pathophysiology through volumetric and
strain imaging.(57,58) Measurements of LA volume alone are important, but insufficient to
identify LA dysfunction. LA deformation analysis, particularly LA reservoir strain, appears
to be robust to detect LA dysfunction, and has been shown to carry prognostic value in
patients with HFpEF.(52,53,59,60)

Vascular Stiffening—Increased vascular stiffness and arterial wave reflections increase
LV afterload and unfavorably affects loading sequence, contributing to impaired LV early
relaxation and contractile function, LV hypertrophy, and subsequent risk of incident HF.
(29,61-66) Vascular stiffness and wave reflection are abnormally elevated in patients with
HFpEF,(61,62) particularly during exercise.(29) Systemic hypertension and aging have been
considered to be the primary causes of arterial stiffening, but recent data suggest that
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stiffening is related to comorbid conditions observed with HFpEF such as metabolic
syndrome and obesity.(67,68) Vascular stiffening coupled with increased LV systolic
elastance promotes blood pressure lability in HFpEF.(69) Arterial stiffening in HFpEF is
partially reversible, as acute administration of NO donors can improve both arterial function
and cardiac hemodynamics at rest and during exertion.(29)

Ventricular Interdependence—As the total epicardial heart volume enlarges there is
greater stretch of the pericardium, which may exert a compressive external contract pressure
on the LV, resulting in flattening of the interventricular septum as the two ventricles compete
for space in the pericardial sac. The net result of this enhanced diastolic ventricular
interaction is a reduction in LV volume (preload), even as intracavitary pressures transmitted
back to the pulmonary capillaries increase.(38) The degree of ventricular interdependence is
visually recognized as a D-shaped LV cavity in the short axis view, and this can be
quantified by the ratio of the LV anteroposterior dimension to the septo-lateral dimension
(the eccentricity index, higher values indicate greater interdependence). Typically, in RV
pressure overload, the leftward septal shift occurs at both end-systole and enddiastole, with
the most marked deformation at end-systole while there is the most marked shift of the
septum at end-diastole with relatively sparing of its configuration at end-systole in RV
volume overload.(70)

Constrictive physiology should be considered when evidence of enhanced interdependence
is observed by echocardiography. A number of echocardiographic clues are useful to
evaluate the presence of constrictive pericardial disease (Table 1). Pericardial restraint is an
important contributor to the filling pressure elevation in patients with obese HFpEF, who
display more RV enlargement and dysfunction, greater LV mass, and an increase in
epicardial fat (Figure 3).(38) Conversely, RV unloading with lower body suction improves
forward stroke volume because the LV filling is enhanced as pericardial restraint is released.
(71) Pericardial restraint is often most dramatic during exercise, when venous return to the
right heart is augmented. This is manifest by a parallel shift upward in the diastolic pressure
volume relationship, suggesting increased external constraint on the heart (Figure 3).(72)

Heightened ventricular interdependence also plays an important role in HFpEF patients with
pulmonary vascular disease and TR.(34,49) The presence of enhanced ventricular
interdependence complicates interpretation of the mitral inflow profiles and E/e’ ratios in
HFpEF, since there is a variable contribution of myocardial diastolic dysfunction versus
relative pericardial restraint driving the raised filling pressure in these patients.(38) Recent
studies have evaluated the potential efficacy of surgical approaches to target the pericardium
in HFpEF.(73,74)

Coronary Microvascular Dysfunction and Myocardial Injury—Accumulating data
suggest an important role for abnormalities in the coronary microcirculation in HFpEF.
(22,23,75) Coronary microvascular inflammation secondary to systemic inflammation from
metabolic comorbidities and loss of nitric oxide bioavailability is believed to cause the
coronary microvascular dysfunction and rarefaction.(68) Even in the absence of epicardial
coronary stenosis, this coronary microvascular dysfunction and rarefaction may promote
cardiac injury by inducing myocardial supply-demand mismatch, especially during exercise,
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leading to systolic and diastolic reserve limitations, higher filling pressures during exercise,
and more impaired exercise capacity.(23) The presence of coronary microvascular
dysfunction is associated with markers of greater disease severity, including more profound
right heart dysfunction and abnormal endothelium-dependent vasodilation in patients with
HFpEF.(22)

Coronary microvascular dysfunction can be detected using echocardiography, although this
method has not reached widespread use. (22) Other approaches including myocardial
positron emission tomography and cardiac magnetic resonance, as well as the invasive
measurement of coronary flow reserve are used more commonly in this evaluation at the
current time.(76,77)

Abnormalities in the Periphery—Microvascular abnormalities have been observed in
skeletal muscle, which plays a role in limiting functional capacity in HFpEF.(78,79) Indeed,
the ability augment oxygen extraction is the periphery is an important determinant of
exercise capacity in HFpEF.(27,80,81) This is supported by the observation that reduced
capillary density in skeletal muscle is correlated with worse exercise capacity in patients
with HFpEF.(78) Diffusive oxygen conductance in the periphery is impaired in patients with
HFpEF, and may be favorably modified by exercise training in this cohort.(81,82)

Comorbidity-Based Phenotyping

The extent to which each of these pathophysiologic abnormalities is present in the individual
patient can be quite variable, and there is accordingly substantial mechanistic heterogeneity
in what is broadly defined as “HFpEF”. As described above, this heterogeneity has been
speculated as a primary cause of the failure of prior clinical trials in HFpEF.(2) Accordingly,
there is an unmet need to categorize different phenotypes within the broader spectrum of
HFpEF into pathophysiologically homogenous groups. In addition to pathophysiology-based
phenotypes described above, including pulmonary vascular disease, RV dysfunction,
pericardial restraint, LA dysfunction, or chronotropic incompetence, there are key clinical
phenotypes that demonstrate distinct pathophysiologic features compared to “garden variety
of HFpEF”, which may have treatment strategies that might be better tailored to the
underlying pathophysiology (Central illustration).(22,23,34,38,75,83)

Obese HFpEF—Obesity is a major risk factor for HFpEF,(11) and it is now recognized as
one of the most important clinical phenotypes of HFpEF.(38) A number of key differences
have been identified in obese HFpEF as compared to non-obese HFpEF patients, including
greater relationships between body weight and cardiac filling pressures, greater plasma
volume expansion, more ventricular remodeling, adverse hemodynamics, altered RV-PA
coupling, worse exercise capacity, and enhanced pericardial restraint.(38) Visceral adiposity
and ectopic fat deposit can also contribute to the obesity phenotype by altering
hemodynamics, inducing systemic and local inflammation, myocardial substrate utilization,
and causing direct mechanical effects. Weight gain and excess central adiposity contributes
to ventricular stiffening and myocardial dysfunction that ultimately leads to HFpEF.(67,84)

Greater adiposity in certain regional fat depots may also be important,(85) including
visceral,(86) intramuscular,(87) epicardial,(38,88,89) and intramyocardial fat.(89,90) There
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are several possible treatments targeting the HFpEF obesity phenotype. Weight loss achieved
by caloric restriction has been shown to improve exercise capacity and quality of life in
obese HFpEF,(91) and other studies evaluating weight loss strategies or therapies targeted to
epicardial fat or increased pericardial restraint might also be effective.(73,74)

Ischemic HFpEF—The presence of epicardial coronary artery disease identifies a distinct
HFpEF phenotype in view of its worse prognosis and potential for improvement through
revascularization.(92) Ischemic stress imaging, including echocardiography, may be less
accurate in patients with HFpEF.(92) This may in part be related to microvascular and
hemodynamically mediated myocardial ischemia and injury from a supply-demand
mismatch in HFpEF.(22,23,75) Patients with greater myocyte injury, whether due to
ischemic insult or other processes, may be excellent candidates for phenotyping because
they are readily identifiable by a blood test (high sensitivity troponin levels), and
echocardiography,(22) and because the degrees of impairment in myocardial function,
hemodynamic alterations, and exercise incapacity are all correlated with the magnitude of
cardiac injury present.(23)

Cardiometabolic HFpEF—This cohort overlaps with the obese phenotype but may not
require the presence of obesity, particularly in Asian populations who display metabolic
abnormalities at lower body weights.(93) After adjusting for BMI, greater percentage of
body fat is associated with ventricular-vascular stiffening, and this may be related to the
metabolic sequelae of even “lean” adiposity.(94) Cardiometabolic duress leading to low
grade inflammation and impaired nitric oxide metabolism has been proposed as a unifying
mechanism of HFpEF.(68) Metabolic syndrome is associated with greater ventricular
stiffening,(67) altered substrate utilization decreasing myocardial efficiency,(95) abnormal
ventricular function,(84,96) and greater burden of pulmonary vascular disease.(97) The
pathophysiologic evidence of combined, biventricular systolic and diastolic reserve
impairment in HFpEF described above (6,17,24) suggests that a fundamental disorder in
cardiac energy metabolism could play a role.

While mitochondrial function has not yet been assessed in human cardiomyocytes in
HFpEF, there is evidence for impaired mitochondrial function in skeletal muscle.(79)
Sarcopenia can lead to decreased muscle strength, reduced exercise capacity, and worse
quality of life in HFpEF patients.(98,99) Sarcopenia may also coexist with obesity:
“sarcopenic obesity”, which is characterized by excess fat mass and decreased muscle mass
and it is known to be more related to cardiometabolic and functional abnormalities.(99,100)

Next Steps for Phenotyping—Numerous candidates for sub-phenotyping exist, based
upon pathophysiology or comorbidities (Summary Figure), but none will gain traction unless
there is an effective treatment identified that is specific to that phenotype. Further study is
required to better standardize HFpEF phenotyping, including optimal discrimination
between overlapping phenotypes, and determination of the best means to separate
phenotypes. This may be based upon clinical presentation, characteristic changes in cardiac
structure and function, hemodynamic signatures, mechanisms exercise intolerance (cardiac
vs peripheral), the presence comorbidities, or some combination of each of these metrics
(Table 2).
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Diagnosis of HFpEF

The diagnosis of HFpEF is obvious in the patient with overt congestion, but evaluation of
the euvolemic patient with exertional dyspnea presents a greater challenge.(101-103) Part of
this difficulty is related to the fact that filling pressures are often normal at rest, but become
elevated only during the stress of exercise.(102,103) Invasive cardiopulmonary exercise
testing has emerged as the gold standard to definitively identify or exclude HFpEF as the
cause of dyspnea.(101-103) Expert consensus guidelines from the ESC have recommended
a combination of different indices of diastolic dysfunction and natriuretic peptide testing.
When tested prospectively, this approach has yielded good specificity, but poor sensitivity
(Table 3).(101,102)

A recent study was performed to identify echocardiographic measures and clinical features
that could independently predict the presence of HFpEF in >500 subjects presenting with
exertional dyspnea, to help guide the diagnostic evaluation.(101) Case status (HFpEF or
non-cardiac cause of dyspnea) was ascertained by invasive diastolic stress testing. The
discriminatory ability of multiple echocardiographic parameters was evaluated to
differentiate HFpEF from non-cardiac dyspnea in individual patients (Table 4). While many
of these variables were predictive of HFpEF diagnosis, none were robust by themselves to
distinguish the groups (all area under the curves [AUCs]<0.70).(101)

In multivariable logistic regression, only 2 echocardiographic variables remained significant
predictors of HFpEF: septal E/e’>9 and RVSP>35 mmHg.(101) When combined with
clinical characteristics independently associated with HFpEF, including AF, obesity, older
age, and treatment with 2 or more antihypertensive medicines, this algorithm (H,FPEF
score) was found to be a robust method to estimate the probability that HFpEF is the cause
of dyspnea (Figure 4).(101) This scheme was then validated in an independent test cohort
where it retained excellent discriminatory capacity (AUC 0.886; p<0.0001). Patients found
to have an intermediate probability of HFpEF according to this scheme require additional
evaluation with exercise testing.(101)

The H,FPEF score requires external validation in other centers, and patients with other
causes of the clinical syndrome of HF were excluded from the original study (pericardial
diseases, high output failure, valvular heart disease, etc.), so these alternative causes of
dyspnea need to also be considered. Pulmonary arterial hypertension must be considered in
patients meeting criteria by the score, since RVSP is elevated in these patients due to
pulmonary vascular disease, and septal e’ may be reduced due to RV diastolic dysfunction,
increasing septal E/e’. Like all diagnostic tests, the positive and negative predictive values
will depend upon the pre-test probability of disease, and the utility will be optimized when
applied to patients with intermediate probabilities.

Echocardiography to Identify Disorders that Mimic HFpEF

In addition to identifying discrete phenotypes within the broader HFpEF spectrum,
echocardiography plays an essential role to rule out disorders that mimic HFpEF (Table 1).
These include hypertrophic cardiomyopathy, primary valvular heart disease, non-Group 2
PH, cardiac amyloidosis, pericardial disease, and high output failure. After excluding the
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presence of depressed EF, assessing for these “masqueraders” is a critical step in evaluation,
as each of the mimics have their own unique treatments that differ from “garden variety”
HFpEF.

Conclusions and Future Directions

We now understand that HFpEF is a complex syndrome that has multiple pathophysiologic
abnormalities. The extent to which each of these abnormalities is present in the individual
patient is variable. In addition to multiple cardiac and metabolic comorbidities, this
mechanistic heterogeneity makes it difficult to apply “one size fits all” approaches to people
with HFpEF, and categorizing the patients based upon underlying clinical and
pathophysiological phenotypes represents a key next step in delivering the right therapies to
the right patient. Echocardiography plays an essential role in the evaluation for HFpEF and
provides valuable information to assess pathophysiological mechanisms, phenotyping, and
prognosis. Diagnosis of HFpEF non-invasively remains challenging in the absence of fluid
retention and overt congestion, and among the large subset of HFpEF with exertional
dyspnea, the diagnosis requires objective documentation of elevated LV filling pressure
either noninvasively or invasively. Together with clinical characteristics, echocardiography
can help determine the likelihood that HFpEF is present, and allow for informed decision
making regarding the need for more advanced testing.

There are many unanswered questions and gaps in evidence with regard to the diagnosis and
phenotyping in HFpEF (Table 2). Further study is required to identify how HFpEF
phenotypes should be defined, establish the roles of non-invasive imaging and biomarkers
for phenotyping, determine roles for different modalities and machine learning-based
imaging in the evaluation for HFpEF,(104) and standardize diagnostic criteria, thereby
allowing and targeted treatments and accurate diagnosis.
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ABBREVIATIONS:
AF atrial fibrillation
CAD coronary artery disease
HF heart failure
HFpEF heart failure with preserved ejection fraction
LA left atrial
LV left ventricular
PA pulmonary artery
RVSP right ventricular systolic pressure
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PH pulmonary hypertension

RV right ventricular
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Highlights
. HFpEF is a heterogeneous syndrome and categorizing patients based upon
pathophysiology may provide phenotype-specific therapies.
. Echocardiography provides valuable information to assess pathophysiological

mechanisms, phenotyping, as well as diagnosis in HFpEF.

. Further study is needed to establish the HFpEF phenotyping and roles of non-
invasive imaging in it.
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The Complex Pathophysiology of HFpEF

Cardiac and metabolic comorbidities
Ischemia, Atrial fibrillation, Obesity, Hypertension, Diabetes, Anemia
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Figure 1. The Complex Pathophysiology of HFpEF:
Patients with HFpEF display impairments beyond diastolic dysfunction. The primary

involvement in any one component may vary between patients. See text for details. Portions
of this figure were adapted with permission from references 29 and 30. AAVO,, arterial-
venous oxygen content difference; CFR, coronary flow reserve; Dy, diffusive oxygen
conductance; DVI, diastolic ventricular interdependence; LA, left atrial; LV, left ventricular;
s’, systolic mitral annular tissue velocity; RV, right ventricular; and HT, hypertension.
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Figure 2. HFpEF with Pulmonary Vascular Disease:
Invasive pressure tracings and right ventricular outflow pulse-wave Doppler imaging in a

HFpEF patient with severe pulmonary vascular disease. (A) There is severe elevation in
mean pulmonary artery pressure [PAP] due to marked elevation in pulmonary capillary
wedge pressure [PCWP] but also coexisting elevation in pulmonary vascular resistance
(PVR 11.0 WU). Clinical right heart failure is also present, as evidenced by high right atrial
pressure [RAP] (20 mmHg). (B) Right ventricular outflow pulse-wave Doppler in this
patient demonstrates a distinct mid-systolic notch, presumably caused by backward traveling
compression wave, with abbreviation of acceleration time. Abbreviations as in Figure 1.
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Figure 3. Obesity-related HFpEF with Enhanced Pericardial Restraint:
(A) Diastolic pressure-volume relationships of patients with HFpEF (mean BMI 30.2) at rest

(black) and with exercise (red). With exercise, the diastolic pressure-volume relationship
(DPVR) curve shifts upward. While chamber stiffness (linearized slope of the diastolic
pressure-volume relationship) increases significantly with exercise in HFpEF, the majority
of the increase in LV end diastolic pressure is related to parallel shift upward in the DPVR,
suggesting increased external forces from the right heart and pericardium. Adapted with
permission from reference 72. (B) Parasternal short axis-views at end-diastole in a patient
with obese HFpEF (body mass index 42 kg/m?2) demonstrating worsening pericardial
restraint from rest to exercise. Note the D-shaped septum during 20 watts supine ergometer
exercise with increase in the LV eccentricity index. Abbreviations as in Figure 1.
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H Heavy Body mass index > 30 kg/m?
2 Hypertensive 2 or more antihypertensive medicines 1
F Atrial Fibrillation Paroxysmal or persistent 3
Pul Doppler echocardiographic estimated
P uimonary right ventricular systolic pressure > 35 1
Hypertension mmHg
E Eider Age > 60 years 1
F Filling Pressure Doppler echocardiographic E/e’ > 9 1
Sum
H,FPEF score (0-9)
Total Points 0 1 5 3 4 5 6 M 8 9

Probability of HFPEF 5 03 04 05 06 07 08 08 095

Figure 4. The HoFPEF score to Facilitate Diagnostic Evaluation in HFpEF:
In this score, the echocardiographic parameters that were independently predictive for

HFpEF (E/e’ >9 and right ventricular systolic pressure >35mmHg) are incorporated with
clinical characteristics to determine the probability that HFpEF is present in patients
presenting with unexplained dyspnea. Adapted with permission from reference 101.
Abbreviations as in Figure 1.
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Pathophysiologic Phenotypes in HFpEF

Arterial Stiffening

| Aortic compliance

| Vasorelaxation with exercise
| LV relaxation

| LV systolic reserve

1 Blood pressure lability

Myocardial Qbesity
Ischemia

1 Plasma volume
1 Myocyte injury 1 Filling pressure
| Exercise capacity 1 Ventricular remodeling
| LV reserve 1 Myocardial FA uptake
1 Mortality Coronary | Exercise capacity

microvascular
dysfunction

1 Ventricular interaction
Pulmonary 1 PV disease
Vascular & RV | RV-PA coupling
Dysfunction | RV function

1 PA pressure

1 PV remodeling

| RV reserve

| Exercise capacity
1 Mortality

Central illustration. The Phenotypes of HFpEF:

Page 21
Skeletal Myopathy
| Diffusive O, conductance
| Capillary density
| Muscle quality
| Exercise capacity
Inflammation Cardiometabolic
| NO-cGMP comorbidities
| Endothelial fxn 1 Ventricular stiffening
1 LV fibrosis | Myocardial efficiency
T LV stiffness | LV/RV reserve
1 Epicardial | Exercise capacity

adipose tissue

Atrial dysfunction
& Atrial fibrillation

| Exercise capacity
1 Mortality
| HR reserve

There are key clinical phenotypes that demonstrate distinct pathophysiologic features
compared to “garden variety of HFpEF”. FA, fatty acid; fxn, function; HFpEF, heart failure
with preserved ejection fraction; HR, heart rate; LA, left atrial; LV, left ventricular; NO-
cGMP, nitric oxide-cyclic guanosine monophosphate signaling; O, oxygen; PA, pulmonary
artery; PH, pulmonary hypertension; PV, pulmonary vascular; and RV, right ventricular.
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