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Graphical Abstract

Exercise intolerance in patients with HFpEF: pathophysiology, clinical assessment, and management

Significantly reduced exercise capacity with multisystem contributors to exercise intolerance
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Multisystem mechanisms underlying exercise intolerance (El) in heart failure with preserved ejection fraction (HFpEF) and differential
responsiveness to therapeutic interventions. El in HFpEF reflects multisystem impairments, resulting in markedly reduced peak VO,
relative to the metabolic cost of common physical activities. Sample-size-weighted trial data show limited gains with primarily cardio-

centric therapies, whereas exercise and metabolic/peripheral-targeted interventio

ns tend to yield greater improvements in functional

capacity. Numbers in parentheses indicate the number of trials included for each intervention category.
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Abstract

Exercise intolerance is a clinical hallmark of heart failure with preserved ejection fraction (HFpEF) that confers high morbidity and
predicts mortality. The mechanisms underlying exercise intolerance in HFpEF are diverse and often include compound deficits in mul-
ti-organ reserve capacity that culminate in marked functional limitations. This review describes aetiologies of exercise intolerance in
HFpEF, tools to quantify relative physiologic deficits unmasked during exercise, and insights gained from interventional trials that
have aimed to augment exercise capacity in HFpEF. The domain-based phenotyping approach described highlights the value of com-
prehensive phenotyping of both cardiac and extra-cardiac reserve capacity to advance understanding of how to deploy individualized

interventions to bolster exercise tolerance in HFpEF.
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Introduction

Heart failure (HF) is a major and growing global public health
challenge, currently affecting over 64 million individuals world-
wide.! HF with preserved ejection fraction (HFpEF) accounts for
nearly half of all HF cases and continues to increase in preva-
lence.? Clinical characteristics and risk factor profiles of
HFpEF have considerable regional heterogeneity, shaped by
demographic trends, comorbidity patterns, and environmental
exposures. >4

Despite regional variation in clinical presentation, exercise in-
tolerance (El) is consistently observed in HFpEF, even in the ab-
sence of overt evidence of congestion at rest.> El reflects
impairments in both central and peripheral reserve capacity,
with most patients exhibiting compound deficits across cardio-
vascular, pulmonary, haematologic, and neuromuscular systems
(Figure 1A).>7 The various admixtures of these deficits under-
score the systemic and heterogeneous nature of the syn-
drome.®®? This evolving understanding of HFpEF as a
disorder of multisystem function—with exercise limitation as ar-
guably its most sensitive and primary manifestation—provides a
strong rationale for pursuing exercise-based physiological as-
sessments that unmask and rank-order impairments that may
not be evident at rest.1°~12 Exercise-based phenotyping thereby
offers critical insights into diagnosis and risk stratification of
HFpEF, while also potentially informing targeted treat-
ments.*13-17

Extent and aetiology of exercise
intolerance in HFpEF

Peak oxygen uptake (pVO,) represents a gold standard meas-
urement of functional capacity in HFpEF and, when interpreted
in the context of the metabolic demands of daily activities, un-
derscores the marked exercise limitation faced by this popula-
tion. Aggregated data from eight studies reporting sex-specific
pVO, values in 2012 HFpEF patients show that women with
HFpEF achieve a mean (xstandard deviation) pVO, of approxi-
mately 13.1+4.1 mL/kg/min, while men achieve a pVO, of
15.9 + 5.5 mL/kg/min (Figure 1B).*-2¢ Common daily activities,
such as walking at 5 km per hour (km/hr), impose a metabolic
cost equivalent of >70% of the average pVO, that patients living
with HFpEF can afford. More vigorous tasks, like jogging at 8

km/hr, exceed the achievable metabolic capacity in most
HFpEF patients.?” Notably, pvO, values in HFpEF are compar-
able to thresholds used to trigger evaluation of patients with HF
with reduced ejection fraction (HFrEF) for advanced therapies
such as heart transplantation, underscoring the severity of exer-
cise limitation in HFpEF.2%%?

El in HFpEF is distinct from well-demarcated conditions such
as acute coronary syndromes, clearly delineated by biomarker
elevations, that impose limitations on exercise capacity attribut-
able to reduced cardiac performance. In HFpEF, causes of El are
shaped by less distinct, cumulative lifetime exposures such as
limited physical activity, systemic inflammation, and excess or
maldistributed adiposity that collectively contribute to impaired
cardiac performance while also independently conferring func-
tional limitations (Figure 1A).>® HFpEF has been characterized
as an ‘exercise deficiency syndrome’ in which lack of exercise
predisposes to small ventricular chamber size, cardiac atrophy,
and increased stiffness.®®3! Population studies have found
that cardio-specific abnormalities, such as left bundle branch
block or infarct patterns on electrocardiogram, heighten hazard
ratio for future development of HFrEF > HFpEF, whereas mid-
life adiposity and sedentary lifestyle predispose to HFpEF >
HFrEF.2° As a result, assessment of broad metabolic and multi-
organ function is requisite to understanding El in HFpEF.

Cardiac contributions

In HFpEF, impaired myocardial relaxation (prolonged Tau) and
heightened stiffness (steeper slope of the end-diastolic pressure
volume relationship) predispose to elevated filling pressures
during exercise. Normal individuals demonstrate improved LV
relaxation with exercise, whereas in HFpEF, Tau fails to shorten
normally with exercise despite physiologic demand for en-
hanced relaxation as heart rate ascends.®?3® Additional cardiac
abnormalities (summarized in Figure 1A) include pericardial con-
straint, diminished contractile reserve, and chronotropic incom-
petence coupled with impaired atrial capacitor and booster
function that lead to exaggerated ascent in cardiac filling pres-
sures during exercise.3*

Pulmonary capillary wedge pressure (PCWP)> 25 mmHg
during supine exercise serves as a diagnostic criterion for
HFpEF (Figure 2A).3 In addition to absolute elevations in filling
pressure, HFpEF is characterized by impaired augmentation of
cardiac output (CO) during exercise (Figure 2).2 This can be ex-
pressed as a steep PCWP/CO relationship, with PCWP/CO
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Figure 1 Exercise Intolerance in HFpEF. (A) Schematic representation of organ system impairments contributing to exercise intolerance
in HFpEF. Each domain reflects distinct pathophysiologic mechanisms limiting oxygen delivery and/or utilization during exertion. (B)
Mean peak VO, (ml/kg/min) in HFpEF patients by sex, compared with the metabolic demands of daily activities. Values represent
mean and standard deviation aggregated from eight studies reporting sex-stratified peak VO, in HFpEF. Abbreviations: Afib, atrial fib-
rillation; AV, atrioventricular; CO, cardiac output; GFR, glomerular filtration rate; LA, left atrium; LV, left ventricle; MR, mitral regurgi-
tation; O,, oxygen; PV, pulmonary-vascular; SV, stroke volume; TR, tricuspid regurgitation; V/Q, ventilation/perfusion; VO,, oxygen

uptake

slope > 2 mmHg/L/min constituting an abnormal threshold
(Figure 2A-F)**3¢ and (Supplementary data online, Table S1).
Building on invasive pressure-flow indices, Tan et al. showed
that exercise limitation in HFpEF reflects combined systolic and
diastolic abnormalities, involving impaired myocardial deform-
ation and twist-untwist mechanics that lead to reduced ventricu-
lar suction, delayed untwisting, and impaired early diastolic
filling.®? Patients with HFpEF exhibited reduced longitudinal
and radial strain, diminished apical rotation, and blunted systolic
functional reserve, with reduced and delayed untwisting, im-
paired LV suction, and higher filling pressures during exercise,
supporting HFpEF as not an isolated disorder of diastole.®?

Systemic vascular contributors

Arterial stiffness is a key systemic contributor to El in HFpEF. It
arises from the interplay of vascular ageing, neurohormonal ac-
tivation, inflammation, and structural remodelling of the arterial
wall.*® Arterial stiffness reduces aortic compliance, increases
left ventricular (LV) afterload, and increases late systolic wave
reflection, thereby impairing diastolic relaxation and contractile
efficiency. Indices of ventricular-arterial (V-A) coupling inte-
grate these interactions, and elevated vascular stiffness has con-
sistently been associated with impaired LV reserve.*%4?
Impairments in endothelial function and microvascular reactivity
further limit skeletal muscle and coronary perfusion, correlating
with greater symptom burden and reduced functional cap-
acity.*>**  Consistent with these observations, direct

measurements during exercise have demonstrated that patients
with HFpEF may develop transient myocardial injury related to
coronary supply-demand mismatch, which is associated with
reduced peak VO, and limitations in cardiac reserve.*’

Derived indices of vascular function provide further prognos-
tic insight in HFpEF. Reddy et al. demonstrated that during sub-
maximal exercise, patients with HFpEF exhibit lower total
arterial compliance and higher effective arterial elastance com-
pared with controls, despite similar mean arterial pressures.*®
These abnormalities were directly associated with higher ven-
tricular filling pressures and reduced cardiac output.*®
Complementing these findings, Namasivayam et al. reported
that greater inducible blood pressure pulsatility in HFpEF re-
flects increased arterial stiffness and is independently asso-
ciated with a higher risk of adverse cardiovascular outcomes.*?

Pulmonary and pulmonary vascular

contributions

Among patients with HFpEF, 94% manifest abnormalities in one
or more pulmonary function tests, and intrinsic properties of the
pulmonary vasculature, such as pulmonary distensibility, are of-
ten impaired.*”**® Pulmonary vascular distensibility, defined as
the per cent increase in pulmonary vessel diameter per mm
Hg increase in pressure, is closely linked to impaired RV con-
tractile reserve during exercise and is reduced in HFpEF.*®
Abnormal PAP-flow relationships with exercise-induced right
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Figure 2 Prognostic implications of resting and exercise haemodynamic profiles in HFpEF. (A) Pulmonary capillary wedge pressure
(PCWP) rises more markedly in HFpEF (red) than in non-cardiac dyspnoea (NCD, green) during leg elevation and throughout exercise.
Adapted from Borlaug et al with permission.>” (B) Relationship between PCWP and CO in individuals with HFpEF and healthy controls. The
dashed line indicates a PCWP/CO slope of 2 mmHg/L/min, which effectively separates the two groups. Adapted from Einsman et al. with
permission.** (C) PCWP to CO slopes in cohorts of patients with HFpEF and healthy controls. The red line denotes the upper limit of
normal for the PCWP/CO slope (>2 mmHg/L/min). Adapted from Baratto et al with permission.3¢ (D) Tukey boxplot illustrating changes
in PCWP with exercise and saline infusion. Exercise-induced increases in PCWP were significantly greater in HFpEF (red) compared with
controls (black), while PCWP responses to saline were similar between groups. Adapted from Andersen et al. with permission.®” (E) Kaplan-
Meier curve and Cox Proportional Hazard Model for all-cause mortality and cardiovascular events comparing haemodynamic profiles to
the group with normal rPCWP (supine resting PCWP <15 mmHg) and normal exPCWP/CO (PCWP/CO slope <2 mmHg/L/min), ad-
justed for age, sex, body mass index (BMI), and NT-proBNP (N-terminal pro-B-type natriuretic peptide). Adapted from Landsteiner
et al with permission.*° (F) Among individuals with haemodynamically confirmed HFpEF (HC-HFpEF), the UpSet plot displays overlap
in eligibility across different clinical trial criteria. Horizontal bars show the total number of patients meeting individual trial entry criteria,
while vertical bars depict the number meeting specific combinations of criteria. For each subgroup, the proportion of female participants,
mean age + standard deviation, and hazard ratios (HRs) for a composite outcome of all-cause mortality and cardiovascular events are
provided. HRs were calculated using Cox proportional hazards models adjusted for age, sex, BMI, and NT-proBNP, comparing those
who met vs did not meet each criterion within the cohort. Adapted from Landsteiner et al with permission.*® Abbreviations: Cl, confidence
interval; CO, cardiac output; rPCWP, resting pulmonary capillary wedge pressure; exPCWP, exercise pulmonary capillary wedge pres-
sure; GLP-1 RA, glucagon-like peptide-1 receptor agonist; HC-HFpEF, haemodynamically confirmed HFpEF; HFpEF, heart failure with
preserved ejection fraction; HR, hazard ratio; MRA, mineralocorticoid receptor antagonist; NCD, non-cardiac dyspnoea; SGLT2i,

sodium-glucose cotransporter-2 inhibitor

ventricular-pulmonary artery (RV-PA) uncoupling have also exercise (Supplementary data online, Table S1). Rapid shallow
been described in HFpEF.*’ Together, these abnormalities link breathing in the context of reduced respiratory muscle strength

pulmonary vascular dysfunction to impaired cardiac output re- further contributes to increased physiologic dead space and in-
serve and reduced aerobic capacity during exertion. efficient ventilation in HFpEF.
HFpEF patients frequently experience impaired ventilatory Impaired pulmonary gas exchange with reduced diffusing cap-

efficiency as indicated by increased minute ventilation/carbon acity for carbon monoxide (DLco) has been observed at rest and
dioxide production (VE/VCO,) slope (Supplementary data on- during exercise in HFpEF. This impairment is primarily attribut-
line, Table S1), reflecting abnormalities in both component vari- able to reductions in alveolar-capillary membrane conductance
ables (fractional dead space and partial pressure of carbon (Dm), with a variable contribution from pulmonary capillary
dioxide [PaCO,] set point, Figure 1A). When coupled with fre-  blood volume (Vc).>1™>2 Chronic elevation of left-sided filling
quent obstructive deficits in HFpEF that limit forced expiratory pressures in HFpEF leads to pulmonary vascular remodelling, in-
volume,>® HFpEF patients can reach their pulmonary mechanic- creased extravascular lung water, and thickening of the alveolar-
al limit during exercise, as denoted by minute ventilation ap- capillary membrane, all of which contribute to impaired gas
proaching maximum voluntary ventilation during incremental transfer.>>% During exercise, the inability to appropriately
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Figure 3 Dynamic Hyperinflation and Correlation to Exercise PCWP in HFpEF. (A) lllustration and representative flow-volume loops
from a patient exhibiting dynamic hyperinflation (left) and typical inflation (right). The thick outermost line indicates the maximal expira-
tory flow. Smaller loops depict resting tidal breathing, while the larger dashed loops correspond to flow-volume loops at peak exercise.
Adapted from Leahy et al with permission.>* (B) Relationship of the difference of PCWP from rest to 20-W and peak exercise. Vertical
dotted lines represent the qualifying threshold for dynamic hyperinflation (an increase in EELV >150 mL from rest), with individuals
who dynamically hyperinflate (solid circles) and with typical inflation (open circles). Solid lines represent linear regressions of the sample

(n = 55). Adapted from Leahy et al with permission.>*

augment Dm and Vc further limits oxygen uptake and contri-
butes to exertional dyspnoea. Notably, the reduction in DLco
in HFpEF may be out of proportion to the degree of pulmonary
hypertension or left atrial pressure elevation, implicating intrin-
sic alveolar-capillary dysfunction.

Importantly, extracardiac thoracic mechanics may influence
the interpretation of left-sided filling pressures during exercise.
In the study by Leahy et al., dynamic hyperinflation quantified by
inspiratory-capacity manoeuvres and exercise flow-volume
loop analysis was associated with higher PCWP at a standar-
dized submaximal workload and at peak exercise (Figure 3).>*
Both increased end-expiratory lung volume and elevated
PCWP may also reflect shared associations with greater adipos-
ity.>> Consistent with these novel findings, Campain et al. re-
ported that, at peak exercise, lower resting per cent predicted
FEV1 was independently related to the greater degree of respir-
ophasic variation in PCWP tracings.>®

Peripheral-skeletal contributors

Skeletal muscle oxygen extraction and utilization
Peripheral abnormalities, particularly within skeletal muscle,
have been extensively investigated and significantly contribute
to El in HFpEF, including myosteatosis, sarcopenia, capillary rar-
efaction, increased vascular stiffness, reduced type | (oxidative)
muscle fibres, and reduced type I-to-type Il fibre ratio (Figures
1A and 4A).>7° The extent of these peripheral abnormalities
has been shown to directly correlate with the extent of reduc-
tion in pVO, (Figure 4B and C).°*

While direct measurement of arteriovenous oxygen content
difference (Ca-vO,) during invasive cardiopulmonary exercise
testing (CPET) permits assessment of the contribution of periph-
eral O, extraction to pVO,, it is important to account for the in-
fluence of rate of O, delivery on Ca-vO,. Skeletal muscle
oxygen diffusion capacity (DmQO,), approximated by the VO,/
mixed venous oxygen tension (PvO,) ratio, specifically repre-
sents the peripheral oxygen utilization. For example, a patient
with HFpEF with low CO reserve may exhibit a high Ca-vO,

simply due to prolonged capillary transit time, masking a true
DmO, deficit (Figure 4D and E).6

Anaemia and iron deficiency, which are present in >50% of
patients with HFpEF, can also contribute to impaired oxygen de-
livery and reduced peripheral oxygen utilization.? Iron plays a
central role not only in haemoglobin-mediated oxygen transport
but also as a cofactor in mitochondrial respiration, oxidative
phosphorylation, and key enzymatic reactions of the citric acid
cycle, all of which are essential to support efficient tissue oxygen
metabolism.®® Iron deficiency, particularly when defined by
transferrin saturation <20%, is associated with reduced pVO,
and worse clinical outcomes in HFpEF.44-¢¢

Obesity

Obesity in HFpEF is often marked by excess visceral and epicar-
dial fat, which promotes systemic inflammation, myocardial re-
modelling, microvascular  dysfunction, and increased
pericardial restraint (Figure 1A).>°> These alterations contribute
to impaired diastolic reserve and elevated cardiac filling pres-
sures during exercise.®” Pulmonary mechanics are also compro-
mised by excess thoracic and abdominal adiposity, which
restricts chest wall expansion, increases the work of breathing,
and reduces ventilatory reserve.®®¢?

In addition to central effects, obesity imposes significant per-
ipheral limitations. Adipose infiltration into skeletal muscle, ca-
pillary rarefaction, and mitochondrial dysfunction impair
muscle perfusion and oxygen extraction during activity
(Figure 4B and C).%” Furthermore, obesity increases the metabol-
ic cost of initiating movement—referred to as internal work— a
body mass index (BMlI)-related measure that quantifies the
work equivalents required to initiate unloaded exercise
(Figure 5A, unloaded exercise).”®

Clinical assessment in HFpEF

Dynamic, integrative assessments—such as cardiopulmonary ex-
ercise testing (CPET) and exercise stress echocardiography—aid
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in the early detection of abnormalities present during exercise in
both central and peripheral organ systems in HFpEF
(Supplementary data online, Table S1 and Figure 5). These modal-
ities have the potential to unmask haemodynamic and peripheral
deficits that are not ascertainable with resting assessments but
are relevant to El.

Global exercise capacity and symptom
burden

Evaluation of El in HFpEF should combine patient-reported out-
comes and objective tests. The Kansas City Cardiomyopathy
Questionnaire (KCCQ) offers reproducible insight into symptom
burden and quality of life, and outperforms other patient-
reported outcomes in HFpEF while also offering greater granu-
larity than medical provider-determined New York Heart
Association (NYHA) classification (Figure 5B).”1"?

Objective assessments of El in HFpEF include the 6-min walk
test (6MWT), accelerometry measures of physical activity, and
CPET. While 6MWT is low-cost and broadly available, it does
not quantify peak aerobic capacity or delineate the organ sys-
tem that limits exercise. CPET delivers detailed physiological
profiling, including pVO, and ventilatory response, with respira-
tory exchange ratio (RER) values in excess of 1.05, helping to
verify maximal effort.** Accelerometers offer real-world physic-
al activity data, though they are limited by wear variability and
contextual interpretation.

Clinically meaningful thresholds for KCCQ, pVO,, and 6MWT
are useful for interpreting therapeutic response.”® These
thresholds are summarized in Figure 5B, which illustrates the
minimal changes associated with clinical benefit. It is important
to note that correlations between NYHA class, KCCQ values,
and objective measures like 6MWT or peak VO, are modest.
The potent prognostic performance of measured exercise
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Figure 5 Evaluation of functional capacity and physiologic impairment in HFpEF. (A) Incremental values of different clinical tools used to as-
sess exercise capacity. Middle figure showing VO, trajectory measured by CPET across rest, unloaded exercise, incremental ramp exercise,
and recovery in a representative patient with HFpEF (orange) and a healthy control (black). Key physiologic abnormalities in HFpEF include
delayed VO, kinetics, increased VO, during unloaded activity, reduced VO,/work slope and peak VO,, and prolonged VO, recovery. Right
upper corner figure showing invasive CPET protocol at Massachusetts General Hospital. (B) Comparative overview of clinical tools used to
assess functional capacity in HFpEF. Plus signs indicate relative strength across listed categories. Abbreviations: 6MWT, 6-minute walk test;
CO, cardiac output; CPET, cardiopulmonary exercise testing; CPETecho, CPET with echocardiography; Ex, exercise; HF, heart failure; HFpEF,
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variables, coupled with the modest ability to extrapolate what
objective exercise measures will be from patient/provider per-
ceptions, highlights the importance of performing objective
measures of El in HFpEF.'*

Domain-based assessment

Given the multisystem nature of HFpEF and the peril of assum-
ing that an abnormal finding at rest explains El, a domain-based
approach to mapping haemodynamic, pulmonary, and periph-
eral abnormalities during exercise is warranted (Figures 1A and
6). Such an approach can augment sensitivity to detect haemo-
dynamically confirmed HFpEF in some patients while redirect-
ing attention to extra-cardiac predominant deficits in other
patients that can be prioritized for intervention.

Haemodynamic domain

Resting echocardiography

Resting echocardiography provides key insights into diastolic
function, atrioventricular synchronicity, atrial function, and
structural disease, and can help to identify HFpEF mimickers.
Left atrial reservoir strain (LArS) < 24.5% enhances diagnostic
accuracy for HFpEF (Supplementary data online, Table S1 and
Figure 6),”* as this threshold predicts elevated filling pressures

not only at rest but also during exercise—unlike other studies
that validated lower cutoffs (e.g. 18%) solely against resting
haemodynamics.”®

Natriuretic peptides

Natriuretic peptides such as N-terminal pro-B-type natriuretic
peptide (NT-proBNP) help identify high-risk patients, but nor-
mal values do not exclude HFpEF. Many patients with haemo-
dynamically confirmed HFpEF unmasked during exercise fall
below NT-proBNP thresholds required by clinical trials
(Figure 2F).*°

Diagnostic HFpEF scores

Probability scores such as H,FPEF, HFpEF-ABA, and HFA-PEFF
were derived and validated using the criterion of supine
PCWP > 25 mmHg measured at peak exercise.”® While useful
in estimating the likelihood of HFpEF, this reference standard
has potential limitations. Recent data derived from patients
who performed both supine and upright exercise showed that
up to half of patients who meet the supine threshold fail to
meet criteria during upright exercise.”” These ‘discordant’ pa-
tients had fewer structural and haemodynamic abnormalities
and lower H,FPEF scores compared with patients with
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concordant abnormal responses,’” suggesting that further in-
vestigation of both upright and supine exercise to refine
HFpEF characterization is warranted.

Exercise echocardiography

Diastolic stress testing. Septal or average E/e’ > 15 suggests
impaired diastolic reserve (Supplementary data online, Table
S$1). However, the feasibility of E/e’ assessment declines with in-
creasing workload, primarily due to E-A wave fusion, remaining
high during low-level exercise (96.3% at 20 W) but decreasing at
peak exercise (74.9%).”% In invasive-echocardiographic com-
parisons, E/e’ > 15 at 20 W showed a high positive predictive
value for elevated filling pressures (PCWP >25 mmHg; ~82%),
whereas the negative predictive value of a ‘negative’ diastolic
stress test (E/e’ < 15) was limited (~58%), with ~42% of such
patients still exhibiting PCWP >25 mmHg. Importantly, PCWP

decreases rapidly during early recovery, whereas E/e’ frequently
remains >15 in patients with abnormal exercise responses, indi-
cating delayed normalization of diastolic relaxation rather than
persistent elevation of filling pressures. Accordingly, recovery
E/e’ should not be interpreted as a direct surrogate of contem-
poraneous wedge pressure, and E/e’ should be integrated with
complementary exercise-derived parameters within a multi-
parametric framework.

Fusion of E and A waves at high heart rate (HR) (>90-
100 bpm) may confound interpretation, highlighting the import-
ance of ascertainment during submaximum exercise.
Post-exercise imaging may also be considered given the pro-
longed elevation. Importantly, diastolic stress testing using E/
e’ thresholds may fail to identify a subset of patients with inva-
sively confirmed HFpEF, with prior studies demonstrating
missed diagnoses in approximately one-quarter of cases, under-
scoring the need for cautious interpretation and, when
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diagnostic uncertainty persists, consideration of invasive exer-
cise haemodynamic assessment.”®”? Stroke volume can be cal-
culated from the LV outflow tract (LVOT) velocity-time integral
(VTI) and diameter. The LVOT diameter, measured at rest, intro-
duces the largest variability—especially since it is squared in the
formula. Despite this, exercise-derived CO by echocardiography
remains reliable, correlates well with cardiac magnetic reson-
ance imaging (MRI),2° and is particularly relevant when changes
in pressures relative to changes in CO are the focal point during
exercise (Supplementary data online, Table S1).

Pulmonary hypertension during exercise (PAP/CO slope).
The pulmonary artery pressure (PAP)/CO slope quantifies total
pulmonary resistance, integrating both left atrial pressure and
pulmonary vascular resistance.®%82 A slope >3 mmHg/L/min in-
dicates abnormal pressure-flow coupling during exercise
(Figure 6), which does not delineate relative pre- and post-
capillary contributions and should not be interpreted as a stan-
dalone non-invasive diagnostic criterion for HFpEF.23 Rather, it
serves as an integrative barometer of abnormal exercise haemo-
dynamic response. Both exercise echocardiography and inva-
sive CPET (iCPET) assess this physiological parameter with
generally good agreement in measuring pressure-flow relation-
ships.®* iCPET is limited to specialized centres, while exercise
echocardiography—especially using contrast-enhanced, semi-
supine protocols—improves feasibility (up to 93%) and broadens
access to this robust diagnostic and prognostic parameter for
patients with exertional intolerance.®38>8¢

Invasively, PAP/CO slope is most robust when derived from
multiple datapoints across progressive stages of exercise, as
this approach improves the precision of the slope estimate and
minimizes the influence of measurement variability. Frequent
sampling enables repeated measures prior to peak exercise,
when the degree of respirophasic variation can be highly variable.
Although slopes can be calculated from fewer measurements, the
acquisition of a greater number of data points may enhance re-
producibility and reduce the risk of misclassification.

Non-invasive estimation uses the Chemla formula from tricus-
pid regurgitation velocity (TRV) and cardiac output from LVOT
diameter and VTI.8” TRV signal quality is enhanced with agitated
colloid or saline and multipoint acquisition. Use of contrast
should be routine, even when the resting signal appears ad-
equate, as signal quality during exercise is often unpredictable.
Measurements at intermediate workloads are valuable, as
peak signals may be suboptimal; in such cases, a two-point slope
(e.g. rest to intermediate stage) or PAP/CO ratio offers more
diagnostic insight than isolated submaximal TRV readings.
Including estimated right atrial pressure does not improve cor-
relation with invasive PAP/CO slope or clinical outcomes.8%88
Multicentre data show that single-point non-invasive mPAP/
CO ratios obtained during exercise provide prognostic perform-
ance comparable to multipoint slope-based approaches.®’

Non-invasive mPAP/CO estimation can be used for screening
and risk stratification, and to prompt confirmatory invasive
evaluation.* The mPAP/CO slope was estimated using the
Chemla relation (mPAP = 0.61 x tricuspid regurgitation gradient
[TRG] + 2 mmHg), applying the original formulation—derived
from invasively measured systolic pulmonary artery pressure—
to Doppler-derived TRG as a pragmatic adaptation for exercise

echocardiography.8%8” TR signal quality was optimized with agi-
tated colloid or saline, semi-supine position, and multi-point ac-
quisition.80'85'90 Measurements were obtained at rest,
submaximal, and peak; when peak TR was inadequate,
intermediate-stage data were retained, and a two-point slope
or single-point mPAP/CO ratio was calculated. Recent multicen-
tre work shows that these simplified approaches provide prog-
nostic information comparable to classical three-point
regression.®’

Chemla-derived mPAP has been validated during exercise,
showing excellent correlation with simultaneous invasive mea-
surements.8%?1 Because resting right atrial pressure (RAP)
does not reliably reflect RAP during exercise, incorporating a
resting RAP estimate does not materially improve agreement
between Doppler-derived and invasively measured PAP and
prognostic discrimination.8%8892 |n HFpEF, atrial functional mi-
tral regurgitation and atrial fibrillation may steepen the slope by
altering left-atrial pressure or stroke volume reserve.”?*
Exercise tricuspid annular plane systolic excursion/systolic pul-
monary artery pressure (TAPSE/sPAP), a proposed measure of
right ventricular-pulmonary arterial (RV-PA) coupling, may pro-
vide complementary or potentially simpler alternative informa-
tion to the flow-corrected mPAP/CO slope.””

Patients with negative HFpEF scores but abnormal PAP/CO
slopes on echocardiography are at increased HF-related risk
compared with those with negative scores and normal pressures
and exhibit comparable exercise limitation to patients classified
as HFpEF by scoring systems. These patients may benefit from
invasive haemodynamic evaluation to confirm HFpEF and ex-
clude pulmonary vascular disease.®® When paired with CPET
(CPETecho), exercise echocardiography captures both haemo-
dynamic, pulmonary, and peripheral domains in a single, simul-
taneous test, enhancing diagnostic precision and phenotypic
resolution, and enabling dissection of Fick component variables
of pVO,. Non-invasively, peripheral oxygen extraction (Ca-vO,)
can be estimated by dividing VO, from breath-by-breath gas ex-
change measurements by CO derived from echocardiography
(a-vO,Diff = VO,/CO).7® This integrated CPETecho approach
helps distinguish between central (cardiac output-limited) and
peripheral (oxygen extraction-limited) contributors to El, par-
ticularly when CO/VO, is derived, with more shallow slopes im-
plicating greater relative cardiac impairment. However, Ca-vO,
reflects the net result of both propensity for oxygen diffusion
into peripheral tissues as well as capillary transit time, which de-
termines the duration available for oxygen diffusion across the
microcirculation. At higher cardiac output, reduced capillary
transit time may limit oxygen extraction despite preserved mito-
chondrial oxidative capacity and peripheral diffusion capacity

Invasive haemodynamics

Use of high-fidelity micromanometer catheters with pressure-
volume loop analysis permits quantification of the time constant
of left ventricular relaxation (Tau, 1), along with the slope of the
end-diastolic PV relationship reflecting LV stiffness (b). Criteria
for HFpEF diagnosis include Tau>48ms or b>0.27.77
Abnormalities in these invasively derived parameters were re-
cently found to be highly prevalent in patients undergoing
evaluation of exertional dyspnoea in a single-centre study,”®
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highlighting their potential clinical relevance for early detection
of HFpEF. While Tau and LV stiffness represent principal patho-
physiologic underpinnings of HFpEF, their assessment requires
specialized equipment and expertise that are not routinely avail-
able in clinical practice.

Efforts to simplify ascertainment of these important para-
meters in the context of evaluating El in suspected HFpEF,
such as echocardiographic diastolic pressure volume quotient
or single beat-derived stiffness parameters, warrant further in-
vestigation,””1%° and the downstream consequences of LV
pressure elevation relative to CO augmentation during exercise
are detailed below.

In the study by Reddy et al., application of the PCWP >
25 mmHg vs PCWP/CO slope criterion (>2 mmHg/L/min) re-
classified approximately 20% of patients with unexplained dys-
pnoea.’® Among those reclassified from HFpEF to control
based on slope alone, elevated resting PCWP was more com-
mon, and CO augmentation during exercise was more robust.°?
However, HF outcomes were not assessed to ascertain prog-
nostic implications of reclassification in this study.*®?

In a meta-analysis by Baratto et al., including 27 studies,
PCWP/CO slopes in HFpEF cohorts subjected to both upright
and supine exercise were consistently above the 2 mmHg/L/
min threshold, whereas control cohorts demonstrated slopes
below 2 mmHg/L/min (Figure 2C).2¢1°2 In a large cohort of
814 patients with dyspnoea on exertion, a prolonged
VO,T1559 was associated with elevated PCWP/CO slope,
more so than other CPET variables, and notably was not related
to peripheral oxygen extraction, underscoring its cardiac speci-
ficity (Figure 7).1°2 Importantly, VO,T1, 5 also independently
predicted HF hospitalization and mortality.1°? These findings
support VO,T15 59 as a practical non-invasive marker that cap-
tures cardiac limitations during exercise and merit integration
into CPET interpretation frameworks when evaluating patients
with suspected HFpEF with predominantly cardiac limitations.

Cardiopulmonary exercise testing with invasive
haemodynamics (iCPET)

iCPET is the gold standard for mechanistic profiling and is par-
ticularly useful in cases with discordant or inconclusive non-
invasive ﬁndings.11'35'77'103 It enables direct, repeated measure-
ment of CO, PCWP, mean PAP, and peripheral oxygen utiliza-
tion during exercise. Importantly, it has been shown to be
safe, feasible, and reproducible, enabling comprehensive
haemodynamic assessment without compromising maximal ex-
ercise capacity.?%*

Singular measures of haemodynamics in a state of rest are
known to have limitations, particularly after prolonged over-
night fasting that often precedes cardiac catheterization proce-
dures and may result in patients being intravascularly more
volume-depleted than usual, with resultant lower PCWP that
falls below the diagnostic threshold for HFpEF of PCWP
>15 mmHg. Conversely, dynamic assessment using matched
measurements of PCWP and directly measured Fick CO—used
to calculate the PCWP/CO pressure-flow relationship—enables
higher-resolution physiologic phenotyping.1-1%:105

Exercise slope-based indices, such as a PCWP/CO slope
>2 mmHg/L/min and PAP/CO slope >3 mmHg/L/min, provide ro-
bust, effort-independent assessments of circulatory reserve in

HFpEF (Figure 2).1+1°% By capturing the dynamic relationship be-
tween pressure and flow throughout exercise, these metrics are
independent of accurate transducer levelling and offer physiologic
context beyond isolated absolute values.'® In contrast, fixed
thresholds—such as a peak PCWP >25mmHg or mPAP
>30 mmHg may be exceeded at high workloads in normal indivi-
duals or in the setting of large respiratory swings.1°¢1°” Baratto
et al found that PCWP/CO slope >2 mmHg consistently differen-
tiated HFpEF from control subjects across 27 studies,*® and PAP/
CO slope >3 mmHg/L/min currently defines abnormal and pre-
dicts prognosis in patients with exertional dyspnoea
(Figure 2C).1°3%8 For upright iCPET, PAP/CO and PCWP/CO
slopes have been shown to potently predict outcomes independ-
ent of resting pressures (Supplementary data online, Table S1 and
Figure 2E).*%*% For supine iCPET, PCWP indexed to workload, ab-
solute PCWP > 25 mmHg, and PCWP/CO slope have all been
shown to predict prognosis across studies comprised >3000
HFpEF patients to date. The establishment of strong associations
between exercise haemodynamic measures and HF outcomes
lends validity to the incorporation of exercise haemodynamic mea-
surements into diagnostic algorithms for HFpEF.

Body position during exercise testing also influences diagnos-
tic accuracy. Recent findings by Fudim et al. demonstrate that
half of the patients who met HFpEF criteria in the supine pos-
ition (using exPCWP > 25 mmHg, which was also used to anchor
HF diagnostic scores) did not meet criteria during upright exer-
cise (i.e. PCWP/CO slope > 2 mmHg/L/min).”” These discordant
patients were exclusively re-classified from meeting criteria for
HFpEF while supine but not upright, whereas all patients with
abnormal upright haemodynamic response to exercise had ab-
normal  supine exercise haemodynamic  responses.””
Importantly, patients only meeting supine exercise haemo-
dynamic criteria but not upright criteria had fewer structural
and haemodynamic abnormalities, fewer common underlying
conditions associated with HFpEF (such as atrial fibrillation),
and lower H,FPEF scores,* suggesting milder central haemo-
dynamic impairment during upright exercise and highlighting
the need to look beyond left heart filling pressures alone to
understand exercise limitations.

Peripheral (muscle) domain
A major advantage of iCPET is the ability to simultaneously dir-
ectly measure Fick CO and peripheral oxygen extraction
through measurement of arterial and (mixed) venous blood
gases to calculate the arteriovenous oxygen content difference
(Ca-v0,).511° By plotting CO relative to VO, throughout exer-
cise, the relative predominance of deficits in CO vs peripheral
extraction is evident by the slope of this relationship, which is
normally approximately 5-6 litres of CO per 1 litre augmenta-
tion in VO,.1'! Lower CO slopes indicate disproportionate reli-
ance on widening peripheral O, extraction to augment VO,
whereas higher CO values indicate greater impairment in per-
ipheral O, extraction rather than CO during exercise (Figure 4).
This elegant approach to defining relative impairments re-
vealed that reduced CO compared with expected in HFrEF pre-
dicts cardiovascular (CV) events, whereas steeper slopes in a
subset of HFrEF patients signalled more peripheral impairment
and fewer CV events.'*? Further study is needed to determine
the extent to which greater relative cardiac impairment in
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HFpEF leads to higher CV event ranges. One study with direct
central and peripheral measures of convective delivery and dif-
fusive conductance of O,, respectively, in HFpEF and HFrEF
found greater impairment in diffusive conductance of O, in
HFpEF compared with HFrEF and thereby suggested greater
VO, improvement with correction of peripheral oxygen utiliza-
tion as opposed to central haemodynamics (Figure 4D, black and
white arrows).”®

Pulmonary (lung) domain

Gas exchange patterns during exercise provide a window into
abnormalities in pulmonary parenchymal and vascular function
in HFpEF. During upright exercise, overt hypoxaemia is

uncommon in the setting of HFpEF with isolated elevation in
PCWP, whereas oxygen saturation and partial pressure of oxy-
gen (Pa0,) inversely correlate with exercise pulmonary vascular
resistance (PVR), and therefore desaturation should prompt
consideration of abnormal pulmonary vascular function in
HFpEF.112-11> |n HFpEF patients undergoing supine exercise,
Omar et al. found O, desaturation to be more common with
both elevated PAP and PCWP.12 Similarly, steep VE/VCO, re-
lationships (i.e. >36) reflect ventilation/perfusion (V/Q) mis-
match and heightened fractional dead space that makes
pulmonary vascular dysfunction more likely and is associated
with adverse CV events (Supplementary data online, Table S1).

Elevated VE/VCO, slope reflects ventilatory inefficiency,
which is mechanistically linked to ventilation-perfusion
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mismatch, increased physiologic dead space, and abnormal pul-
monary arterial coupling. Multiple studies have demonstrated
that steeper VE/VCO, slopes are independently associated
with adverse outcomes in HFpEF, including incident HF events,
all-cause mortality, and HF hospitalization.**>*'¢ While the
prognostic significance of ventilatory inefficiency in HFpEF is
well established, the optimal cutoff for risk stratification remains
less clearly defined than in HFrEF, where a VE/VCO, slope >36
has been consistently validated as a threshold for poor progno-
sis.’*” In HFpEF, lower cutoffs have been described, with Guazzi
et al. identifying a threshold near 33 that predicted adverse out-
comes, '8 while other studies reported higher cutoffs.''? Thus,
although a VE/VCO, slope >36 can be pragmatically extrapo-
lated from HFrEF, the optimal threshold in HFpEF has not
been uniformly validated, and further studies are required to es-
tablish HFpEF-specific cutoffs.

In a study by Nayor et al., VE/VCO, closely reflected invasive-
ly derived haemodynamic measures.?*® Higher VE/VCO,, par-
ticularly at its nadir, was associated with lower peak CO, a
steeper PCWP/CO slope, and increased risk of cardiovascular
hospitalization or death.!'® The authors further demonstrated
that the method used to quantify VE/VCO, can influence its
physiologic and prognostic interpretation.® Across both commu-
nity and referral cohorts, VE/VCO, behaviour varied with exer-
cise intensity, with the nadir providing the most robust signal by
minimizing the confounding effects of early or late
hyperventilation.**>

Understanding relative limitations imposed by pulmonary me-
chanics and the cardiovascular system is also of utility in HFpEF
evaluation. A high ratio between Vg and maximal voluntary ven-
tilation (MVV), reduced inspiratory capacity, or a post-exercise
drop in forced expiratory volume in one second (FEV;) may in-
dicate pulmonary mechanical restraints on exercise, particularly
if VE/MVV exceeds 70% prior to reaching the ventilatory anaer-
obic threshold.?2° Flow-volume loops obtained during exercise
—particularly when combined with a maximal inspiratory man-
oeuvre—enhance diagnostic accuracy beyond resting spirom-
etry. A tidal volume to inspiratory capacity ratio (TV/IC) > 0.9
is consistent with dynamic hyperinflation.*?*

Integrated approach: the HFpEF/dyspnoea clinic model
Dedicated HFpEF/dyspnoea clinics enable evaluations that in-
tegrate clinical data, biomarkers, echocardiography, lung func-
tion, and exercise testing with appropriately parsimonious
deployment of more complex forms of evaluation such as inva-
sive CPET (Figure 6). The growing experience with CPETecho to
derive patterns defined in expert centres that utilize routing
iCPET (i.e. pressure flow relationships and CO/VO, slopes)
will aid in more widespread exercise-based phenotyping of
HFpEF, particularly if exercise-based subphenotypes are proven
to respond to targeted interventions, as discussed below.

Improving exercise capacity in
HFpEF: current approaches and
emerging therapies

A broad range of lifestyle, pharmacological, and device interven-
tions has been evaluated in clinical trials with exercise endpoints

(Figure 8A) and (Table 1),21241227163 3nd the collective results
offer insights into predominant mechanisms governing El in
HFpEF (Figure 8B-D).

Interventions for all patients with
HFpEF

Supervised exercise training (SET)

SET is the most widely investigated HFpEF intervention in-
tended to improve exercise capacity. SET confers both etiologic
and symptomatic treatment of HFpEF,*** and primarily boosts
peripheral oxygen extraction by increasing capillary recruit-
ment, %> exercise hyperaemia,'®® and respiratory efficiency®”
while reducing intramuscular adipose tissue.'®® Changes in skel-
etal muscles in HFpEF are partially distinct from those reported
with deconditioning.*® In SET trials to date, including the re-
cently published Exercise training in Diastolic Heart Failure
(Ex-DHF) trial, changes in diastolic function and other measures
of cardiac structure and function are either absent or modest.?*
Three meta-analyses have reported consistent pVO, increases
of 2.1-2.2 mL/kg/min,%*17° vs sedentary control (all P
<.001).1”! High-intensity or interval training may hasten pvVO,
gains, whereas the addition of resistance training and respira-
tory muscle training,X’? can confer additive salutary effects on
exercise capacity in HFpEF. However, (i) limited provider en-
gagement in promoting exercise training; (ii) lack of insurance
coverage for rehabilitation; (iii) common neuromuscular limita-
tions; and (iv) challenges with sustaining chronic unsupervised
exercise training limit widespread implementation of SET.

Cardio-renal-metabolic interventions
in congested HFpEF

The following interventions have been studied in trials with en-
try criteria that enriched for heightened wall stress and conges-
tion based on natriuretic-peptide level entry criteria significantly
above requisite values specified by the universal definition of
HF, coupled with evidence of structural heart disease.

Sodium-glucose cotransporter-2 (SGLT2)

inhibitors

SGLT2 inhibitors reduce HF admissions and CV death across the
left ventricular ejection fraction (LVEF) spectrum in HF, yet their
impact on exercise capacity in trials has been inconsistent. In
PRESERVED-HF (Dapaglifozin in Preserved Ejection Fraction
Heart Failure, n = 289, median BMI of 34.8 kg/m?), dapagliflozin
conferred a 20.1-m placebo-corrected improvement in 6 min
walk distance (6MWD). Notably, the observed benefit was inde-
pendent from markers of congestion,'*! but improvements
were most pronounced in participants with diabetes and BMI
>34.8 kg/m2.17® Disappointingly, the DETERMINE-Preserved
(Dapaglifozin Effect on Exercise Capacity Using a 6-min Walk
Test in Patients with HFpEF) trial (n =504, median BMI =
28.7 kg/m?) and EMPEROR-preserved (Empaglifozin Outcome
Trial in Patients with Chronic HFpEF) trial (n=5,988, 66.8%
had LVEF > 50%, median BMI =29.8 kg/m?) trials showed an
overall neutral effect on 6MWD.Y1** One meta-analysis of 8
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studies with 2624 patients demonstrated only a minimal, but
statistically significant difference of 6.7 m between SGLT2 inhi-
bitors and placebo after resolving heterogeneity between the
studies.’”* The CAMEO-DAPA (Cardiac and Metabolic Effects
of Dapaglifozin in HFpEF) trial (n = 38, average BMI 34.7 kg/m?)
notably demonstrated a reduction in rest and exercise PCWP
without an associated increment in pVO,, mirroring results with
cyclic guanosine monophosphate (cGMP) augmentation strat-
egies that lower filling pressures but do not augment pVO,.1”®

Aldosterone antagonists

The Aldo-DHF (Aldosterone Receptor Blockade in Diastolic
Heart Failure) trial (n = 422, mean age of 67 years) used CPET
and 6MWT to objectively document exercise capacity after a
year of spironolactone 25 mg or placebo. Peak VO, did not

change significantly (adjusted mean difference +0.1 mL/min/
kg [95% Cl —0.6 to +0.8 mL/kg/min], P =.81), and spironolac-
tone reduced 6MWD by 15 m (95% Cl —27 to —2 m, P=.03)
with discordant improvement in E/e’, LV mass, and
NT-proBNP levels.'?* Although spironolactone improved
pVO, in one study,'”® meta-analysis of three studies with 519
patients showed no significant differences in walk distance.'””
To our knowledge, the effect of Finerenone on exercise capacity
in HFpEF has not been reported.

Angiotensin receptor blockade and neprilysin
inhibition
The effect of Valsartan and Sacubitril or Valsartan alone on El in

HFpEF was evaluated in two randomized trials.>”® Valsartan had
no significant effect on gas exchange variables or 6MWD in a
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Figure 8 Continued

randomized trial of 152 hypertensive patients with
HFpEF.17?'18° More recently, 2572 patients with LVEF >40%
were assigned to sacubitril/valsartan or standard treatment
(predefined as enalapril, valsartan, or placebo stratum).}?®
Sacubitril/valsartan didn’t improve MWD at 24 weeks.'2¢

Loop diuretics

Loop diuretics are frequently used to mitigate congestion-
dependent El, but randomized controlled trials to definitively
understand the impact of loop diuretics on exercise capacity in
HFpEF have not been reported to our knowledge.
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Interventions for the obese
subphenotype of HFpEF

Glucagon-like peptide-1 (GLP-1) agonists

Long-acting incretin mimetics result in marked weight loss in
HFpEF.18% In the STEP-HpEF (semaglutide in patients with
HFpEF and obesity) trials, patients with HFpEF, obesity, symp-
toms, and LVEF >45% experienced 14 to 20-m placebo-
corrected increments in 6MWD.'*>181 More recently, the
SUMMIT (tirzepatide for HFpEF and obesity) trial investigated
a dual-acting GLP-1 and glucose-dependent insulinotropic poly-
peptide receptor agonist, tirzepatide, in 731 patients with a
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mean BMI of 38.2 kg/m?. Patients treated with weekly tirzepa-
tide were able to walk 18 m more on 6MWT after 1 year.82

In the STEP-HFpEF and the SUMMIT trials, functional im-
provement achieved by Semaglutide or Tirzepatide was asso-
ciated with significant weight loss (10.7% and 11.6%,
respectively, treatment vs placebo), with average relative im-
provements in 6MWD of only 6% and 6.3%, respectively.'4>182
In contrast, diet alone and diet-and-exercise studies by Kitzman
et al.in HFpEF showed 6.6% and 10% weight loss with 6.3% and
21.4% average improvements in 6MWD, reflecting greater in-
crements in walking distance relative to weight loss with diet
or diet and exercise interventions.'>* The modest gains in
6MWD observed with GLP-1 receptor agonists may reflect
lean muscle mass loss and the persistence of multi-domain
physiologic limitations in HFpEF. However, in a non-randomized
observational study of 61 patients with severe obesity (BMI
50.45 kg/m?), bariatric surgery was associated with a 23.4% im-
provement in 6MWD alongside 21.4% weight loss in three
months after gastric bypass surgery.'®® Notably, in
STEP-HFpEF, improvements in MWD plateaued by ~20 weeks
despite continued weight loss, suggesting that early functional
gains are not solely attributable to mechanical unloading.*®
More modest increments in 6MWD with GLP-1 agonists may
be attributable to loss in lean muscle mass or may follow the mo-
dest changes in exercise capacity with other interventions in
HFpEF, owing to the compound physiologic deficits that must
be overcome to improve exercise capacity.®

Dietary interventions
Dietary interventions may mitigate El, particularly in obese, mal-

nourished, sarcopenic, or hypertensive individuals. In a rando-
mized factorial trial,>>* 100 HFpEF patients (age 67 years, BMI

Anti-inflammatory Rx?

<

39.3 kg/m?) were assigned to a hypocaloric diet (350-400
kcal/day intake deficit) daily, 60-min supervised exercise ses-
sions three times weekly, both or no interventions. After 20
weeks, pVO, increased by 1.2 mL/kg/min with exercise and
1.3 mL/kg/min with diet alone. The highest improvement in
pVO, of 2.5 mL/kg/min was accomplished when diet and exer-
cise were combined (Figure 8).1>*

Salt restriction has been explored in congested HFpEF pa-
tients. In a small, non-randomized proof-of-concept study, 13
hypertensive patients with HFpEF (age 72 years, BMI 35.5 kg/
m?) received a DASH diet (1150 mg Na/2100 kcal) for 21
days.’®* The intervention resulted in minimal but significant
weight loss (1.7 kg), improved systolic and diastolic blood pres-
sure (155 to 138 mmHg, P=.02; 79 to 72 mmHg, P =.04, re-
spectively), and increased 6MWD (313 to 337 m, P =.006).

Interventions for iron and other
nutrient deficiencies in HFpEF

Iron repletion

Iron is an indispensable component of cellular respiration, which
is deficient in >50% of HFpEF patients, based on definitions of
iron deficiency used in HF trials.®? The FAIR-HFpEF (Ferric
Carboxymaltose and Exercise Capacity in HFpEF) trial (n =39
patients, stopped prematurely due to slow enrolment) demon-
strated a 6MWD increase of 49 £ 22 m, after administration of
intravenous iron carboxymaltose.**®

Vitamin supplementation

Water-soluble vitamin deficiencies (i.e. thiamine, vitamin C, and
B12) tend to be exacerbated by loop diuretics*®> and may
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contribute to fatigue and El. Vitamin B12 deficiency often arises
in elderly patients on plant-based diets, after bariatric surgery,
or when using metformin or proton pump inhibitors, though
there is a paucity of randomized clinical trial evidence support-
ing routine use of vitamin supplements to augment exercise cap-
acity in HFpEF.*8¢

Interventions for the chronotropic
incompetence HFpEF

Heart rate modulation

Clinical trials have shed some light on the question of whether
chronotropic incompetence during exercise in HFpEF is an im-
portant therapeutic target or if alternative aetiologies of El sim-
ply limit ‘chronotropic access’. Depending on the definition
used, chronotropic incompetence is present in 42% to 80% of
patients with HFpEF.3*87:188 The RAPID-HF (Rate-Adaptive
Atrial Pacing for HFpEF) trial was a randomized crossover trial
in 29 patients with HFpEF, during which a piezoelectric acceler-
ometer was adjusted to achieve atrial pacing HR augmentation
during vigorous walking exercise, while the control group had
the accelerometer turned off.1° After 4 weeks, the participants
had a CPET with non-invasive CO measurement and were
switched to opposite settings. Peak HR was modestly increased
(14 bpm difference, 123 bpm when pacing, and 109 bpm with
pacing off); however, pVO, did not change (0.4 mL/kg/min dif-
ference, 16.5 vs 16.8 mL/kg/min, P = .4) because HR augmenta-
tion was opposed by a 24 mL average decrease in peak stroke
volume (112 vs 88 mL, P =.02).24° In HFrEF, similarly neutral re-
sults'®-17? or modest benefits have been observed.l??
However, chronotropic incompetence is not ‘an all or nothing’
condition, and the advantages of rate-adaptive pacing might
be limited to patients with the most severe chronotropic
incompetence.1?3:194

The use of beta-blockers, ivabradine, and potentially other
medications with strong negative chronotropic effects could
worsen El in HFpEF. HFpEF patients may be particularly vulner-
able to bradycardia because they have impaired stroke volume
and peripheral extraction during exercise.

The elegant crossover PRESERVE-HR (Effect of Beta-blocker
Withdrawal on Functional Capacity in HFpEF) trial (52 patients,
mean BMI 31 kg/m?, age 73 years) assigned patients with chron-
otropic incompetence to the sequence of beta-blocker (bisoprolol
in 88.5%) withdrawal vs continuation, followed by the opposite
intervention in 15 days.*3? All patients demonstrated very severe
chronotropic incompetence with beta-blockers; mean chronotro-
pic index was 0.41 + 0.14 (below 0.62 in all participants, with an
average HR of 97bpm). Beta-blocker withdrawal resulted in a
30 bpm and 2.1 mL/kg/min increase in peak HR and pVO,, re-
spectively. Post hoc analysis demonstrated that the numerical va-
lue of this benefit was the highest in participants with LV
end-systolic volume below the median 14.9 mL/m?2.1%°

The observation that administration of Ivadrabine, an I¢ block-
er that selectively lowers heart rate at rest and during exercise,
diminishes pVO, in HFpEF confirms the importance of equilib-
rium between HR and other haemodynamic and oxygen ex-
change parameters,'®” though a second larger trial with
ivabradine was neutral for 6SMWT.138

Interventions for the atrial
hypertension and stressed blood
volume HFpEF

Splanchnic denervation and vasodilators
HFpEF is characterized by increased stressed blood volume.'?®
A sophisticated approach to reduce stressed blood volume and
its distribution to thoracic organs is to perform splanchnic de-
nervation to attenuate blood redistribution during splanchnic
vasoconstriction with adrenergic stimulation characteristic of
exercise. The REBALANCE-HF (Endovascular Ablation of the
Right Greater Splanchnic Nerve in HFpEF) trial (n = 90 patients)
showed no difference in PCWP (in one month) or exercise cap-
acity (in 1 year), however the procedure was associated with
11% higher rate of orthostatic hypotension in instrumented vs
sham-operated patients.*>®> Ongoing efforts are underway to
identify suitable candidates for this intervention with careful
exercise-haemodynamic phenotyping in the upright position.

Vasodilators, primarily in the form of pharmacotherapies de-
signed to augment cGMP bioavailability, have been evaluated
extensively in HFpEF. While theoretically attractive to counter
ventriculo-vascular uncoupling for excess vascular stiffness
and tone, cGMP augmentation strategies have not been shown
to improve exercise capacity in HFpEF (Figure 8B).

Interventions for the pulmonary
hypertension HFpEF

Pulmonary hypertension (PH) with HFpEF
interventions

Pulmonary arterial hypertension and combined PH-HFpEF are
beyond the scope of this manuscript. However, a promising ap-
proach to alleviate El and PH-HFpEF with Levosimendan, a cal-
cium sensitizer and K*-ATP channel activator,'®°® with an oral
formulation currently being evaluated (NCT05983250) with
6MWD as the primary endpoint. Pulmonary artery denervation
has also shown promise for lowering PVR, as has the activin in-
hibitor sotatercept, though careful physiologic phenotyping will
be required to appropriately identify patients for therapies target-
ing RV-pulmonary vascular function and overlapping conditions.

Beyond HF-directed therapies

Successful treatment of El in HFpEF often requires a broad and
holistic approach. It is important to recognize and address con-
comitant peripheral arterial disease, neuropathy, lymphedema,
arthritis, and mental barriers (Table 2). Furthermore, medications
that contribute to fluid accumulation and decreased mobility
(pregabalin, anticholinergics, amlodipine, and non-steroidal anti-
inflammatory drugs) require careful weighing of risks and
benefits.

Interventional trial synthesis and conclusions
In summary, clinical trials to date targeting El in HFpEF are not-
able for generally modest, if any, improvement in exercise cap-
acity with therapies that lower filling pressures. In this regard,
the emerging pillars of HFpEF therapy that lower hospitaliza-
tions and attenuate adverse cardiac remodelling and excess
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Table 2 Checklist after HFpEF management

Recommendations for further diagnostic examinations

Exclude coronary artery e Regional wall motion
disease abnormalities

o Repolarization abnormalities

e Presence of risk factors, or
suspected dyspnoea as angina
equivalent

o Low stroke volume reserve with
02 pulse plateau

Cardiac magnetic o Suspected infiltrative
resonance cardiomyopathy, inflammatory
cardiomyopathy, iron overload
or non-compaction

Pyp Scan o (Bilateral) carpal tunnel
+ serum light chains syndrome, spinal stenosis, biceps
+ serum/urine tendon rupture, polyneuropathy,
immune fixation especially in older, lean men
e Biventricular hypertrophy,
especially when pericardial
effusion and/or apical sparing
pattern of global longitudinal
strain are present
e Low QRS voltage over left
ventricular mass ratio

(Exercise) pulmonary hypertension
with disproportionate
ventilation-perfusion mismatch
(VE/VCO, slope >45 or SpO, <
92%)

Ventilation-perfusion
nuclear scan

High-resolution chest
computed
tomography

Restrictive lung function with
impaired oxygen diffusion
capacity with desaturation >5%
during exercise

Please see definition in
Supplementary data online, Table
S1. This finding should prompt
pulmonary consultation

Pulmonary mechanical
limitation

SpO,, peripheral capillary oxygen saturation; SV, stroke volume; Pyp scan,
Technetium pyrophosphate scintigraphy; VE, peak ventilation; VCO,, CO,
production; VO,, oxygen consumption.

wall stress have modest effects on exercise capacity, analogous
to findings in HFrEF.2*” These findings highlight the need for
clinicians to incorporate but also look beyond these therapies,
when seeking to improve El in HFpEF (Figure 8D).*%”

The modest effects of HFpEF interventions directed at central
haemodynamic abnormalities stand in stark contrast to cardio-
centric interventions for obstructive hypertrophic cardiomyop-
athy (o0HCM) (Figure 8B and C). It is notable how HCM—a pre-
dominantly cardiocentric disorder—demonstrates large-scale
improvements in exercise capacity with therapies that directly
modify cardiac structure or function (Figure 8C). These findings
are consistent with observations that HCM is associated with
a shallow CO-VO, slope, reflecting predominant limitations to

VO, augmentation imposed by reduced CO,?® in contrast to
HFpEF, which encompasses a heterogeneous spectrum of exer-
cise limitation mechanisms, in which peripheral limitations are
commonly observed with elevated CO-VO, slopes.*”’

Notably, in a recent study of cardiac myosin inhibitor treat-
ment of oHCM, improvements in pVO, were proportionate to
reductions in NTproBNP and left ventricular outflow tract gradi-
ents, further highlighting improvements in El achievable with
cardiospecific interventions in oHCM.?°® By contrast, in
HFpEF, O, pathway modulation modelling studies have indi-
cated only partial improvement in pVO, for a given improve-
ment in component variables of the O, pathway.® These
findings should not diminish efforts to correct ElI with
cardio-specific interventions, but rather to do so with exercise-
based phenotyping to augment potential effect sizes. For ex-
ample, in PRESERVE-HR, targeting patients with severe chron-
otropic incompetence with beta-blocker withdrawal resulted
in a 31% increase in peak HR and a 16.9% increase in
pVO,,*?> and studies are underway with device-based interven-
tions with exercise-based phenotypic enrichment. At the same
time, further studies are needed that are specifically directed
at improving peripheral O, utilization, including efforts to coun-
ter sarcopenia and lean muscle loss, promote adherence to
multi-modal exercise interventions, and further explore iron re-
pletion and other strategies to augment Ca-vO,.

Conclusion and future directions

El in HFpEF arises from a multifactorial constellation of central
and peripheral abnormalities, often manifesting as layered defi-
cits across multiple physiologic domains. Advances in high-
resolution exercise-based phenotyping are aiding in dissecting
the relative predominance of domain-specific contributions to
El. Therapeutic strategies that target only cardiac mechanisms
have had limited success to date, but there is an overall trend
in more positive trials of HFpEF interventions to augment El in
the last 5 years. Interventions to address El in HFpEF should
be considered alongside guideline-directed medical therapy di-
rected at reducing mortality and hospitalizations. Future inter-
ventions guided by domain-based phenotyping to identify and
target physiologic limitations in each patient hold promise but
require further investigation.

Supplementary data

Supplementary data are not available at European Heart Journal
online.

Declarations

Disclosure of Interest

G.D.L. is supported by National Heart, Lung, and Blood Institute
RO1 HL151841, U0O1 HL 160278 and HL159514 for this work
and has been a consultant for and received research support
from American Regent, Applied Therapeutics, AskBio, Bayer,
Cytokinetics, Edwards, Pharmacosmos Novo Nordisk and re-
ceived research support from Amgen, AstraZeneca, Pfizer,
Alexion, Rivus. J.V. received travel grants from AstraZeneca,
Daiichi Sankyo Belgium, Novartis Pharma, Pfizer, Novo



32

Landsteiner et al.

Nordisk Pharma, and St. Jude Medical Belgium and speaker fees
from AstraZeneca, Bayer, and Novartis Pharma, Janssen-Cilag
and Daiichy Sankyo Belgium all unrelated to this work. F.V. re-
ceived an undisclosed research grant from Roche Diagnostics.
Received speaker’s and advisory fees from Abbott, Abiomed,
AstraZeneca, Bayer, Boehringer Ingelheim, Bristol-Myers
Squibb Belgium, Edwards Lifesciences, Johnson & Johnson
Medical, Menarini Benelux, MSD Belgium, Novartis Pharma,
Novo Nordisk Pharma, travel grants from Abbott,
AstraZeneca, Bayer, Biotronik, Boehringer Ingelheim,
Janssens-Cilag, Novo Nordisk Pharma, Pfizer, and has stock
position in Eli Lilly, Boston Scientific. I.L. and D.B. have no
disclosures.

Data Availability

No data were generated or analysed for or in support of this
paper.

Funding

This work was supported by the National Heart, Lung, and Blood
Institute RO1 HL151841, UO1 HL 160278, the Massachusetts
General Hospital Heart Failure Research Innovation Fund, the
Jeffrey and Mary Ellen Jay Chair, and the American Heart
Association Strategically Focused Research Network on
Inflammation in Cardiac and Neurovascular Disease Research
Fellowship Award.

References
1. Hamo CE, DeJong C, Hartshorne-Evans N, Lund LH, Shah SJ, Solomon S, et al.
Heart failure with preserved ejection fraction. Nat Rev Dis Primers 2024;10:
55. https://doi.org/10.1038/s41572-024-00540-y
2. Becher PM, Lund LH, Coats AJS, Savarese G. An update on global epidemi-
ology in heart failure. Eur Heart J 2022;43:3005-7. https://doi.org/10.
1093/eurheartj/ehac248
3. Tromp J, Ferreira JP, Janwanishstaporn S, Shah M, Greenberg B, Zannad F,
et al. Heart failure around the world. Eur J Heart Fail 2019;21:1187-96.
https://doi.org/10.1002/ejhf.1585
4. Tromp J, Claggett BL, Liu J, Jackson AM, Jhund PS, Kober L, et al. Global dif-
ferences in heart failure with preserved ejection fraction: the PARAGON-HF
trial.  Circ Heart Fail 2021;14:e007901. https://doi.org/10.1161/
CIRCHEARTFAILURE.120.007901
5. Pandey A, Shah SJ, Butler J, Kellogg DL Jr, Lewis GD, Forman DE, et al.
Exercise intolerance in older adults with heart failure with preserved ejection
fraction: JACC state-of-the-art review. J Am Coll Cardiol 2021;78:1166-87.
https://doi.org/10.1016/j.jacc.2021.07.014
6. Houstis NE, Eisman AS, Pappagianopoulos PP, Wooster L, Bailey CS, Wagner
PD, et al. Exercise intolerance in heart failure with preserved ejection fraction:
diagnosing and ranking its causes using personalized O(2) pathway analysis.
Circulation 2018;137:148-61. https://doi.org/10.1161/CIRCULATIONA
HA.117.029058
7. Larson K, Omar M, Sorimachi H, Omote K, Alogna A, Popovic D, et al. Clinical
phenogroup diversity and multiplicity: impact on mechanisms of exercise in-
tolerance in heart failure with preserved ejection fraction. Eur J Heart Fail
2024;26:564-77. https://doi.org/10.1002/ejhf.3105
8. Nayor M, Houstis NE, Namasivayam M, Rouvina J, Hardin C, Shah RV, et al.
Impaired exercise tolerance in heart failure with preserved ejection fraction:
quantification of multiorgan system reserve capacity. JACC Heart Fail 2020;8:
605-17. https://doi.org/10.1016/j.jchf.2020.03.008
9. Lau ES, Roshandelpoor A, Zarbafian S, Wang D, Guseh JS, Allen N, et al.
Eicosanoid and eicosanoid-related inflammatory mediators and exercise in-
tolerance in heart failure with preserved ejection fraction. Nat Commun
2023;14:7557. https://doi.org/10.1038/s41467-023-43363-3
10. Landsteiner I, lkoma T, Ramesh A, Campain J, Cohen LP, Hardin CC, et al.
Implications of HFpEF definitions unveiled by rest and exercise hemodynam-
ics. Circ Res 2025;137:357-59. https://doi.org/10.1161/CIRCRESAHA.125.
326504
11. Eisman AS, Shah RV, Dhakal BP, Pappagianopoulos PP, Wooster L, Bailey C,
et al. Pulmonary capillary wedge pressure patterns during exercise predict

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

exercise capacity and incident heart failure. Circ Heart Fail 2018;11:
e004750. https://doi.org/10.1161/CIRCHEARTFAILURE.117.004750
Landsteiner |, Ramesh A, Yang BQ, Lewis GD. Hemodynamic insights from
provocative testing in pulmonary hypertension and heart failure with pre-
served ejection fraction. J Am Coll Cardiol 2024;84:2211-4. https://doi.
org/10.1016/j.jacc.2024.09.1226

Shah SJ, Kitzman DW, Borlaug BA, van Heerebeek L, Zile MR, Kass DA, et al.
Phenotype-specific treatment of heart failure with preserved ejection frac-
tion: a multiorgan roadmap. Circulation 2016;134:73-90. https://doi.org/
10.1161/CIRCULATIONAHA.116.021884

Nadruz W Jr, West E, Sengelov M, Santos M, Groarke JD, Forman DE, et al.
Prognostic value of cardiopulmonary exercise testing in heart failure with re-
duced, midrange, and preserved ejection fraction. J Am Heart Assoc 2017;6:
e€006000. https://doi.org/10.1161/JAHA.117.006000

Savarese G, Schiattarella GG, Lindberg F, Anker MS, Bayes-Genis A, Back M,
et al. Heart failure and obesity: translational approaches and therapeutic per-
spectives. A scientific statement of the Heart Failure Association of the ESC.
Eur J Heart Fail 2025;27:1273-93. https://doi.org/10.1002/ejhf.3676
Bonfioli GB, Pagnesi M, Calo L, Metra M. Towards a phenotype profiling of
the patients with heart failure and preserved ejection fraction. Eur Heart J
Suppl 2025;27:1115-i21. https://doi.org/10.1093/eurheartjsupp/suae095
Anker SD, Butler J, Filippatos G, Ferreira JP, Bocchi E, Bohm M, et al.
Empagliflozin in heart failure with a preserved ejection fraction. N Engl J
Med 2021;385:1451-61. https://doi.org/10.1056/NEJM0a2107038

Beale AL, Nanayakkara S, Segan L, Mariani JA, Maeder MT, van Empel V, et al.
Sex differences in heart failure with preserved ejection fraction pathophysi-
ology: a detailed invasive hemodynamic and echocardiographic analysis.
JACC Heart Fail 2019;7:239-49. https://doi.org/10.1016/j.jchf.2019.01.004
Mauricio R, Patel KV, Agusala V, Singh K, Lewis A, Ayers C, et al. Sex differ-
ences in cardiac function, biomarkers and exercise performance in heart fail-
ure with preserved ejection fraction: findings from the RELAX trial. Eur J
Heart Fail 2019;21:1476-9. https://doi.org/10.1002/ejhf.1554

Lau ES, Cunningham T, Hardin KM, Liu E, Malhotra R, Nayor M, et al. Sex dif-
ferences in cardiometabolic traits and determinants of exercise capacity in
heart failure with preserved ejection fraction. JAMA Cardiol 2020;5:30-7.
https://doi.org/10.1001/jamacardio.2019.4150

Mueller S, Winzer EB, Duvinage A, Gevaert AB, Edelmann F, Haller B, et al.
Effect of high-intensity interval training, moderate continuous training, or
guideline-based physical activity advice on peak oxygen consumption in pa-
tients with heart failure with preserved ejection fraction: a randomized clin-
ical trial. JAMA 2021;325:542-51. https://doi.org/10.1001/jama.2020.
26812

Sorimachi H, Omote K, Omar M, Popovic D, Verbrugge FH, Reddy YNV, et al.
Sex and central obesity in heart failure with preserved ejection fraction. Eur J
Heart Fail 2022;24:1359-70. https://doi.org/10.1002/ejhf.2563
Rozenbaum Z, Granot Y, Sadeh B, Havakuk O, Arnold JH, Shimiaie J, et al. Sex
differences in heart failure patients assessed by combined echocardiographic
and cardiopulmonary exercise testing. Front Cardiovasc Med 2023;10:
1098395. https://doi.org/10.3389/fcvm.2023.1098395

Edelmann F, Wachter R, Duvinage A, Mueller S, Fegers-Wustrow |, Schwarz
S, et al. Combined endurance and resistance exercise training in heart failure
with preserved ejection fraction: a randomized controlled trial. Nat Med
2025;31:306-14. https://doi.org/10.1038/s41591-024-03342-7
Verwerft J, Foulkes S, Bekhuis Y, Moura-Ferreira S, Falter M, Hoedemakers S,
et al. The oxygen cascade according to HFpEF likelihood: a focus on sex dif-
ferences. JACC Adv 2024;3:101039. https://doi.org/10.1016/j.jacadv.2024.
101039

Skow RJ, Foulkes SJ, Wang J, Walesiak D, McMurtry T, Kennedy M, et al.
Sex-based differences in peak oxygen uptake among individuals with heart
failure: systematic review and meta-analysis. J Appl Physiol (1985) 2025;
139:45-57. https://doi.org/10.1152/japplphysiol.00153.2025

Ainsworth BE, Haskell WL, Herrmann SD, Meckes N, Bassett DR Jr,
Tudor-Locke C, et al. 2011 compendium of physical activities: a second up-
date of codes and MET values. Med Sci Sports Exerc 2011;43:1575-81.
https://doi.org/10.1249/MSS.0b013e31821ecel2

Landsteiner |, lkoma T, Lewis GD. Cardiopulmonary exercise testing in ad-
vanced heart failure management. Heart Fail Clin 2025;21:35-49. https://
doi.org/10.1016/j.hfc.2024.09.001

Mancini DM, Eisen H, Kussmaul W, Mull R, Edmunds LH, Wilson J, et al. Value
of peak exercise oxygen consumption for optimal timing of cardiac trans-
plantation in ambulatory patients with heart failure. Circulation 1991;83:
778-86. https://doi.org/10.1161/01.CIR.83.3.778

Ho JE, Enserro D, Brouwers FP, Kizer JR, Shah SJ, Psaty BM, et al. Predicting
heart failure with preserved and reduced ejection fraction: the international
collaboration on heart failure subtypes. Circ Heart Fail 2016;9:.e003116.
https://doi.org/10.1161/CIRCHEARTFAILURE.115.003116



Heart failure and preserved ejection fraction: pathophysiology, clinical assessment, and management of exercise intolerance

33

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

La Gerche A, Howden EJ, Haykowsky MJ, Lewis GD, Levine BD, Kovacic JC.
Heart failure with preserved ejection fraction as an exercise deficiency syn-
drome: JACC focus seminar 2/4. J Am Coll Cardiol 2022;80:1177-91. https://
doi.org/10.1016/j.jacc.2022.07.011

Borlaug BA, Jaber WA, Ommen SR, Lam CSP, Redfield MM, Nishimura RA.
Diastolic relaxation and compliance reserve during dynamic exercise in heart
failure with preserved ejection fraction. Heart 2011;97:964-9. https://doi.
org/10.1136/hrt.2010.212787

Tartiere-Kesri L, Tartiere J-M, Logeart D, Beauvais F, Cohen Solal A.
Increased proximal arterial stiffness and cardiac response with moderate ex-
ercise in patients with heart failure and preserved ejection fraction. J Am Coll
Cardiol 2012;59:455-61. https://doi.org/10.1016/j.jacc.2011.10.873
Wolsk E, Kaye DM, Komtebedde J, Shah SJ, Borlaug BA, Burkhoff D, et al.
Determinants and consequences of heart rate and stroke volume response
to exercise in patients with heart failure and preserved ejection fraction.
Eur J Heart Fail 2021;23:754-64. https://doi.org/10.1002/ejhf.2146
Borlaug BA, Nishimura RA, Sorajja P, Lam CSP, Redfield MM. Exercise hemo-
dynamics enhance diagnosis of early heart failure with preserved ejection
fraction. Circ Heart Fail 2010;3:588-95. https://doi.org/10.1161/
CIRCHEARTFAILURE.109.930701

Baratto C, Caravita S, Soranna D, Dewachter C, Bondue A, Zambon A, et al.
Exercise haemodynamics in heart failure with preserved ejection fraction: a
systematic review and meta-analysis. ESC Heart Fail 2022;9:3079-91.
https://doi.org/10.1002/ehf2.13979

Andersen MJ, Olson TP, Melenovsky V, Kane GC, Borlaug BA. Differential
hemodynamic effects of exercise and volume expansion in people with and
without heart failure. Circ Heart Fail 2015;8:41-8. https://doi.org/10.1161/
CIRCHEARTFAILURE.114.001731

Sorimachi H, Burkhoff D, Verbrugge FH, Omote K, Obokata M, Reddy YNV,
et al. Obesity, venous capacitance, and venous compliance in heart failure
with preserved ejection fraction. Eur J Heart Fail 2021;23:1648-58.
https://doi.org/10.1002/ejhf.2254

Tan YT, Wenzelburger F, Lee E, Heatlie G, Leyva F, Patel K, et al. The patho-
physiology of heart failure with normal ejection fraction: exercise echocardi-
ography reveals complex abnormalities of both systolic and diastolic
ventricular function involving torsion, untwist, and longitudinal motion. J
Am Coll Cardiol 2009;54:36-46. https://doi.org/10.1016/j.jacc.2009.03.037
Weber T, Chirinos JA. Pulsatile arterial haemodynamics in heart failure. Eur
Heart J 2018;39:3847-54. https://doi.org/10.1093/eurheartj/ehy346
Borlaug BA, Kass DA. Ventricular-vascular interaction in heart failure. Heart
Fail Clin 2008;4:23-36. https://doi.org/10.1016/j.hfc.2007.10.001
Namasivayam M, Lau ES, Zern EK, Schoenike MW, Hardin KM, Sbarbaro JA,
et al. Exercise blood pressure in heart failure with preserved and reduced
ejection fraction. JACC Heart Fail 2022;10:278-86. https://doi.org/10.
1016/j.jchf.2022.01.012

Borlaug BA, Olson TP, Lam CSP, Flood KS, Lerman A, Johnson BD, et al.
Global cardiovascular reserve dysfunction in heart failure with preserved
ejection fraction. J Am Coll Cardiol 2010;56:845-54. https://doi.org/10.
1016/j.jacc.2010.03.077

Shah SJ, Lam CSP, Svedlund S, Saraste A, Hage C, Tan R-S, et al. Prevalence
and correlates of coronary microvascular dysfunction in heart failure with
preserved ejection fraction: PROMIS-HFpEF. Eur Heart J 2018;39:
3439-50. https://doi.org/10.1093/eurheartj/ehy531

Obokata M, Reddy YNV, Melenovsky V, Kane GC, Olson TP, Jarolim P, et al.
Myocardial injury and cardiac reserve in patients with heart failure and pre-
served ejection fraction. J Am Coll Cardiol 2018;72:29-40. https://doi.org/
10.1016/j.jacc.2018.04.039

Reddy YNV, Andersen MJ, Obokata M, Koepp KE, Kane GC, Melenovsky V,
et al. Arterial stiffening with exercise in patients with heart failure and pre-
served ejection fraction. J Am Coll Cardiol 2017;70:136-48. https://doi.
org/10.1016/j.jacc.2017.05.029

Andrea R, Lopez-Giraldo A, Falces C, Sobradillo P, Sanchis L, Gistau C, et al.
Lung function abnormalities are highly frequent in patients with heart failure
and preserved ejection fraction. Heart Lung Circ 2014;23:273-9. https://doi.
org/10.1016/j.hlc.2013.08.003

Malhotra R, Dhakal BP, Eisman AS, Pappagianopoulos PP, Dress A, Weiner
RB, et al. Pulmonary vascular distensibility predicts pulmonary hypertension
severity, exercise capacity, and survival in heart failure. Circ Heart Fail 2016;9:
e003011. https://doi.org/10.1161/CIRCHEARTFAILURE.115.003011
Omote K, Sorimachi H, Obokata M, Reddy YNV, Verbrugge FH, Omar M,
et al. Pulmonary vascular disease in pulmonary hypertension due to left heart
disease: pathophysiologic implications. Eur Heart J 2022;43:3417-31.
https://doi.org/10.1093/eurheartj/ehac18

Mentz RJ, Kelly JP, von Lueder TG, Voors AA, Lam CSP, Cowie MR, et al.
Noncardiac comorbidities in heart failure with reduced versus preserved

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

ejection fraction. J Am Coll Cardiol 2014;64:2281-93. https://doi.org/10.
1016/j.jacc.2014.08.036

Fermoyle CC, Stewart GM, Borlaug BA, Johnson BD. Simultaneous measure-
ment of lung diffusing capacity and pulmonary hemodynamics reveals exer-
tional alveolar-capillary dysfunction in heart failure with preserved ejection
fraction. J Am Heart Assoc 2021;10:e019950. https://doi.org/10.1161/
JAHA.120.019950

Fermoyle CC, Stewart GM, Borlaug BA, Johnson BD. Effects of exercise on
thoracic blood volumes, lung fluid accumulation, and pulmonary diffusing
capacity in heart failure with preserved ejection fraction. Am J Physiol Regul
Integr Comp Physiol 2020;319:R602-R9. https://doi.org/10.1152/ajpregu.
00192.2020

Olson TP, Johnson BD, Borlaug BA. Impaired pulmonary diffusion in heart
failure with preserved ejection fraction. JACC Heart Fail 2016;4:490-8.
https://doi.org/10.1016/j.jchf.2016.03.001

Leahy MG, Wakeham DJ, MacNamara JP, Brazile T, Abulimiti A, Hearon CM
Jr, et al. Heart-lung interactions in HFpEF: dynamic hyperinflation and exer-
cise PCWP. JACC Heart Fail 2025;13:102523. https://doi.org/10.1016/].jchf.
2025.102523

Obokata M, Reddy YNV, Pislaru SV, Melenovsky V, Borlaug BA. Evidence
supporting the existence of a distinct obese phenotype of heart failure
with preserved ejection fraction. Circulation 2017;136:6-19. https://doi.
org/10.1161/CIRCULATIONAHA.116.026807

Campain J, Giverts |, Schoenicke MW, Sbarbaro J, Griskowitz C, Minasian A,
et al. Characterization and prognostic implications of respirophasic variation
in invasive hemodynamic measurements at rest and with exercise. J Card Fail
2024;30:843-7. https://doi.org/10.1016/j.cardfail.2023.12.009
Haykowsky MJ, Kouba EJ, Brubaker PH, Nicklas BJ, Eggebeen J, Kitzman
DW. Skeletal muscle composition and its relation to exercise intolerance in
older patients with heart failure and preserved ejection fraction. Am J
Cardiol 2014;113:1211-6. https://doi.org/10.1016/j.amjcard.2013.12.031
Dhakal BP, Malhotra R, Murphy RM, Pappagianopoulos PP, Baggish AL,
Weiner RB, et al. Mechanisms of exercise intolerance in heart failure with
preserved ejection fraction: the role of abnormal peripheral oxygen extrac-
tion. Circ Heart Fail 2015;8:286-94. https://doi.org/10.1161/
CIRCHEARTFAILURE.114.001825

Anderson M, Parrott CF, Haykowsky MJ, Brubaker PH, Ye F, Upadhya B.
Skeletal muscle abnormalities in heart failure with preserved ejection frac-
tion. Heart Fail Rev 2023;28:157-68. https://doi.org/10.1007/s10741-
022-10219-9

Scandalis L, Kitzman DW, Nicklas BJ, Lyles M, Brubaker P, Nelson MB, et al.
Skeletal muscle mitochondrial respiration and exercise intolerance in patients
with heart failure with preserved ejection fraction. JAMA Cardiol 2023;8:
575-84. https://doi.org/10.1001/jamacardio.2023.0957

Haykowsky MJ, Brubaker PH, John JM, Stewart KP, Morgan TM, Kitzman
DW. Determinants of exercise intolerance in elderly heart failure patients
with preserved ejection fraction. J Am Coll Cardiol 2011;58:265-74.
https://doi.org/10.1016/j.jacc.2011.02.055

Beavers CJ, Ambrosy AP, Butler J, Davidson BT, Gale SE, Pina IL, et al. Iron
deficiency in heart failure: a scientific statement from the Heart Failure
Society of America. J Card Fail 2023;29:1059-77. https://doi.org/10.1016/
j.cardfail.2023.03.025

Dietz JV, Fox JL, Khalimonchuk O. Down the iron path: mitochondrial iron
homeostasis and beyond. Cells 2021;10:2198. https://doi.org/10.3390/
cells10092198

Barandiaran Aizpurua A, Sanders-van Wijk S, Brunner-La Rocca H-P,
Henkens MTHM, Weerts J, Spanjers MHA, et al. Iron deficiency impacts
prognosis but less exercise capacity in heart failure with preserved ejection
fraction. ESC Heart Fail 2021;8:1304-13. https://doi.org/10.1002/ehf2.
13204

De Biase N, Del Punta L, L'Hoyes W, Pellicori P, Cleland JGF, Masini G, et al.
Associations of iron deficiency with cardiac function, congestion, exercise
capacity and prognosis in heart failure. Eur J Heart Fail 2025;27:889-900.
https://doi.org/10.1002/ejhf.3534

Lee S, Houstis NE, Cunningham TF, Brooks LC, Chen K, Slocum CL, et al.
Transferrin saturation is a better predictor than ferritin of metabolic and
hemodynamic exercise responses in HFpEF. JACC Heart Fail 2025;13:
102478. https://doi.org/10.1016/j.jchf.2025.02.024

Borlaug BA, Jensen MD, Kitzman DW, Lam CSP, Obokata M, Rider OJ.
Obesity and heart failure with preserved ejection fraction: new insights
and pathophysiological targets. Cardiovasc Res 2023;118:3434-50. https://
doi.org/10.1093/cvr/cvac120

Rao VN, Fudim M, Mentz RJ, Michos ED, Felker GM. Regional adiposity and
heart failure with preserved ejection fraction. Eur J Heart Fail 2020;22:
1540-50. https://doi.org/10.1002/ejhf.1956



34

Landsteiner et al.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Babb TG, Balmain BN, Tomlinson AR, Hynan LS, Levine BD, MacNamara JP,
et al. Ventilatory limitations in patients with HFpEF and obesity. Respir Physiol
Neurobiol 2023;318:104167. https://doi.org/10.1016/j.resp.2023.104167
Shah RV, Schoenike MW, Armengol de la Hoz MA, Cunningham TF, Blodgett
JB, Tanguay M, et al. Metabolic cost of exercise initiation in patients with
heart failure with preserved ejection fraction vs community-dwelling adults.
JAMA Cardiol 2021;6:653-60. https://doi.org/10.1001/jamacardio.2021.
0292

Yang M, Henderson AD, Talebi A, Atherton JJ, Chiang C-E, Chopra V, et al.
Effect of finerenone on the KCCQ in patients with HFmrEF/HFpEF: a prespe-
cified analysis of FINEARTS-HF. J Am Coll Cardiol 2025;85:120-36. https://
doi.org/10.1016/j.jacc.2024.09.023

Michelis KC, Grodin JL, Zhong L, Pandey A, Toto K, Ayers CR, et al.
Discordance between severity of heart failure as determined by patient re-
port versus cardiopulmonary exercise testing. J Am Heart Assoc 2021;10:
e€019864. https://doi.org/10.1161/JAHA.120.019864

Jain SS, Cohen DJ, Zhang Z, Uriel N, Sayer G, Lindenfeld J, et al. Defining a
clinically important change in 6-Minute walk distance in patients with heart
failure and mitral valve disease. Circ Heart Fail 2021;14:e007564. https://
doi.org/10.1161/CIRCHEARTFAILURE.120.007564

Reddy YNV, Obokata M, Egbe A, Yang JH, Pislaru S, Lin G, et al. Left atrial
strain and compliance in the diagnostic evaluation of heart failure with pre-
served ejection fraction. Eur J Heart Fail 2019;21:891-900. https://doi.org/
10.1002/ejhf.1464

Lababidi H, Rahi W, Smiseth OA, Billick K, Inoue K, Khan FH, et al. New algo-
rithm for estimating left ventricular filling pressure by echocardiography.
Circulation 2025;152:424-35. https://doi.org/10.1161/CIRCULATIO
NAHA.125.074974

Reddy YNV, Carter RE, Obokata M, Redfield MM, Borlaug BA. A simple,
evidence-based approach to help guide diagnosis of heart failure with pre-
served ejection fraction. Circulation 2018;138:861-70. https://doi.org/10.
1161/CIRCULATIONAHA.118.034646

Fudim M, Kittipibul V, Swavely A, Gray A, Mikitka J, Young E, et al.
Discrepancy in the diagnosis of heart failure with preserved ejection fraction
between supine versus upright exercise hemodynamic testing. Circ Heart Fail
2024;17:e012020. https://doi.org/10.1161/CIRCHEARTFAILURE.124.
012020

Harada T, Obokata M, Kagami K, Sorimachi H, Kato T, Takama N, et al. Utility
of E/€’ ratio during low-level exercise to diagnose heart failure with pre-
served ejection fraction. JACC Cardiovasc Imaging 2023;16:145-55.
https://doi.org/10.1016/j.jcmg.2022.10.024

Borlaug BA. Exercise echocardiography: how hard do we really need to push?
JACC Cardiovasc Imaging 2023;16:156-8. https://doi.org/10.1016/j.jcmg.
2022.12.005

Claessen G, La Gerche A, Voigt J-U, Dymarkowski S, Schnell F, Petit T, et al.
Accuracy of echocardiography to evaluate pulmonary vascular and RV func-
tion during exercise. JACC Cardiovasc Imaging 2016;9:532-43. https://doi.
org/10.1016/j.jcmg.2015.06.018

Humbert M, Kovacs G, Hoeper MM, Badagliacca R, Berger RMF, Brida M,
et al. 2022 ESC/ERS guidelines for the diagnosis and treatment of pulmonary
hypertension: developed by the task force for the diagnosis and treatment of
pulmonary hypertension of the European Society of Cardiology (ESC) and the
European Respiratory Society (ERS). Endorsed by the International Society
for Heart and Lung Transplantation (ISHLT) and the European Reference
Network on rare respiratory diseases (ERN-LUNG). Eur Heart J 2022;43:
3618-731. https://doi.org/10.1093/eurheartj/ehac237

Mounsey LA, Kalaria CJ, Kowal A, Hoenstine C, McGinnis S, Landsteiner |,
et al. Exercise hemodynamics and the evolving definition of precapillary pul-
monary hypertension. Chest 2025;168:780-4. https://doi.org/10.1016/j.
chest.2025.03.035

Lewis GD, Bossone E, Naeije R, Grunig E, Saggar R, Lancellotti P, et al.
Pulmonary vascular hemodynamic response to exercise in cardiopulmonary
diseases. Circulation 2013;128:1470-9. https://doi.org/10.1161/CIRCULA
TIONAHA.112.000667

Naeije R, Vanderpool R, Dhakal BP, Saggar R, Saggar R, Vachiery J-L, et al.
Exercise-induced pulmonary hypertension: physiological basis and methodo-
logical concerns. Am J Respir Crit Care Med 2013;187:576-83. https://doi.
org/10.1164/rccm.201211-2090ClI

van Riel ACMJ, Opotowsky AR, Santos M, Rivero JM, Dhimitri A, Mulder
BJM, et al. Accuracy of echocardiography to estimate pulmonary artery pres-
sures with exercise: a simultaneous invasive-noninvasive comparison. Circ
Cardiovasc Imaging 2017;10:e005711. https://doi.org/10.1161/CIRCIM
AGING.116.005711

Obokata M, Kane GC, Sorimachi H, Reddy YNV, Olson TP, Egbe AC, et al.
Noninvasive evaluation of pulmonary artery pressure during exercise: the

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

importance of right atrial hypertension. Eur Respir J 2020;55:1901617.
https://doi.org/10.1183/13993003.01617-2019

Chemla D, Castelain V, Humbert M, Hebert J-L, Simonneau G, Lecarpentier Y,
et al. New formula for predicting mean pulmonary artery pressure using sys-
tolic pulmonary artery pressure. Chest 2004;126:1313-7. https://doi.org/10.
1378/chest.126.4.1313

Falter M, Bekhuis Y, L'Hoyes W, Milani M, Hoedemakers S, Soens L, et al.
Exercise echocardiography for risk stratification in unexplained dyspnea:
the incremental value of the mPAP/CO slope. J Am Soc Echocardiogr 2025;
38:875-89. https://doi.org/10.1016/j.echo.2025.06.007

Bekhuis Y, Milani M, Falter M, L'Hoyes W, Hoedemakers S, Soens L, et al.
Prognostic value and reproducibility of simplified noninvasive pulmonary ar-
tery pressure-flow relationships in exercise echocardiography. J Card Fail
2025;31:1707-15. https://doi.org/10.1016/j.cardfail.2025.08.013
Claessen G, La Gerche A. Pulmonary vascular function during exercise: pro-
gressing toward routine clinical use. Circ Cardiovasc Imaging 2017;10:
e006326. https://doi.org/10.1161/CIRCIMAGING.117.006326
Utsunomiya H, Hidaka T, Susawa H, lzumi K, Harada Y, Kinoshita M, et al.
Exercise-stress echocardiography and effort intolerance in asymptomatic/
minimally symptomatic patients with degenerative mitral regurgitation com-
bined invasive-noninvasive hemodynamic monitoring. Circ Cardiovasc
Imaging 2018;11:e007282. https://doi.org/10.1161/CIRCIMAGING.117.
007282

Agrawal V, Brittain EL. Floating the invisible swan: noninvasive prediction of
haemodynamics. Eur Respir J 2020;55:1902385. https://doi.org/10.1183/
13993003.02385-2019

Sugimoto T, Barletta M, Bandera F, Generati G, Alfonzetti E, Rovida M, et al.
Central role of left atrial dynamics in limiting exercise cardiac output increase
and oxygen uptake in heart failure: insights by cardiopulmonary imaging. Eur J
Heart Fail 2020;22:1186-98. https://doi.org/10.1002/ejhf.1829

Dhont S, L'Hoyes W, Moura Ferreira S, Martens P, Stassen J, Claessen G, et al.
Atrial functional mitral regurgitation and exercise-induced changes in heart
failure with preserved ejection fraction. JACC Cardiovasc Imaging 2025;18:
1285-96. https://doi.org/10.1016/j.jcmg.2025.07.016

Moura-Ferreira S, Pugliese NR, Milani M, Taddei S, Jacobs A, De Biase N, et al.
Prognostic value of exercise right ventricular-pulmonary arterial coupling in
primary mitral regurgitation. Circulation 2025;23:1594-607. https://doi.
org/10.1161/CIRCULATIONAHA.125.073778

Pugliese NR, Mazzola M, Fabiani |, Gargani L, De Biase N, Pedrinelli R, et al.
Haemodynamic and metabolic phenotyping of hypertensive patients with
and without heart failure by combining cardiopulmonary and echocardio-
graphic stress test. Eur J Heart Fail 2020;22:458-68. https://doi.org/10.
1002/ejhf.1739

Pieske B, Tschope C, de Boer RA, Fraser AG, Anker SD, Donal E, et al. How to
diagnose heart failure with preserved ejection fraction: the HFA-PEFF diag-
nostic algorithm: a consensus recommendation from the Heart Failure
Association (HFA) of the European Society of Cardiology (ESC). Eur Heart J
2019;40:3297-317. https://doi.org/10.1093/eurheartj/ehz641

Gessner R, Hubner A-C, Stobe S, Rudolph UM, Unger L, Schmeisser A, et al.
Diagnosing HFpEF in patients with unexplained dyspnea by using invasive
left ventricular pressure-volume loops. J Card Fail 2025;31:1661-71.
https://doi.org/10.1016/j.cardfail.2025.09.010

Kasner M, Sinning D, Burkhoff D, Tschope C. Diastolic pressure-volume quo-
tient (DPVQ) as a novel echocardiographic index for estimation of LV stiff-
ness in HFpEF. Clin Res Cardiol 2015;104:955-63. https://doi.org/10.
1007/s00392-015-0863-y

Klotz S, Hay I, Dickstein ML, Yi G-H, Wang J, Maurer MS, et al. Single-beat
estimation of end-diastolic pressure-volume relationship: a novel method
with potential for noninvasive application. Am J Physiol Heart Circ Physiol
2006;291:H403-12. https://doi.org/10.1152/ajpheart.01240.2005

Reddy YNV, Kaye DM, Handoko ML, van de Bovenkamp AA, Tedford RJ,
Keck C, et al. Diagnosis of heart failure with preserved ejection fraction
among patients with unexplained dyspnea. JAMA Cardiol 2022;7:891-9.
https://doi.org/10.1001/jamacardio.2022.1916

Campain J, Griskowitz C, Newlands C, Claggett BL, Kulac IJ, McGinnis S, et al.
Characterization and application of novel exercise recovery patterns that re-
flect cardiac performance: a substudy of the SEQUOIA-HCM trial. Circulation
2025;152:990-1002.  https://doi.org/10.1161/CIRCULATIONAHA.124.
073585

Ho JE, Zern EK, Lau ES, Wooster L, Bailey CS, Cunningham T, et al. Exercise
pulmonary hypertension predicts clinical outcomes in patients with dyspnea
on effort. J Am Coll Cardiol 2020;75:17-26. https://doi.org/10.1016/j.jacc.
2019.10.048

Landsteiner I, Newlands CE, Campain J, lkoma T, Malhotra R, Lewis GD.
Feasibility and reproducibility of performing maximal incremental exercise



Heart failure and preserved ejection fraction: pathophysiology, clinical assessment, and management of exercise intolerance

35

105.

106.

107.

108.

109.

110.

111

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

with the addition of invasive hemodynamic measurements. J Card Fail 2025;
31:163-5. https://doi.org/10.1016/j.cardfail.2024.08.052

Lewis GD, Tada A, Landsteiner |, Borlaug BA. Physiologic phenotyping of re-
sponses to exercise and activity in heart failure. Circ Res 2025;137:290-315.
https://doi.org/10.1161/CIRCRESAHA.125.325534

Herve P, Lau EM, Sitbon O, Savale L, Montani D, Godinas L, et al. Criteria for
diagnosis of exercise pulmonary hypertension. Eur Respir J 2015;46:728-37.
https://doi.org/10.1183/09031936.00021915

Baratto C, Caravita S, Soranna D, Faini A, Dewachter C, Zambon A, et al.
Current limitations of invasive exercise hemodynamics for the diagnosis of
heart failure with preserved ejection fraction. Circ Heart Fail 2021;14:
e007555. https://doi.org/10.1161/CIRCHEARTFAILURE.120.007555
Kovacs G, Humbert M, Avian A, Lewis GD, Ulrich S, Vonk Noordegraaf A,
et al. Prognostic relevance of exercise pulmonary hypertension: results of
the multicentre PEX-NET Clinical Research Collaboration. Eur Respir J
2024;64:2400698. https://doi.org/10.1183/13993003.00698-2024

Dorfs S, Zeh W, Hochholzer W, Jander N, Kienzle R-P, Pieske B, et al.
Pulmonary capillary wedge pressure during exercise and long-term mortality
in patients with suspected heart failure with preserved ejection fraction. Eur
Heart J 2014;35:3103-12. https://doi.org/10.1093/eurheartj/ehu315
Skow RJ, Sarma S, MacNamara JP, Bartlett MF, Wakeham DJ, Martin ZT,
et al. Identifying the mechanisms of a peripherally limited exercise phenotype
in patients with heart failure with preserved ejection fraction. Circ Heart Fail
2024;17:€011693. https://doi.org/10.1161/CIRCHEARTFAILURE.123.011
693

Chomsky DB, Lang CC, Rayos GH, Shyr Y, Yeoh T-K, Pierson RN 3rd, et al.
Hemodynamic exercise testing. A valuable tool in the selection of cardiac
transplantation candidates. Circulation 1996;94:3176-83. https://doi.org/
10.1161/01.CIR.94.12.3176

Caravita S, Faini A, Deboeck G, Bondue A, Naeije R, Parati G, et al. Pulmonary
hypertension and ventilation during exercise: role of the pre-capillary com-
ponent. J Heart Lung Transplant 2017;36:754-62. https://doi.org/10.1016/
j.healun.2016.12.011

Omar M, Omote K, Sorimachi H, Popovic D, Kanwar A, Alogna A, et al.
Hypoxaemia in patients with heart failure and preserved ejection fraction.
Eur J Heart Fail 2023;25:1593-603. https://doi.org/10.1002/ejhf.2930
Hardin KM, Giverts |, Campain J, Farrell R, Cunningham T, Brooks L, et al.
Systemic arterial oxygen levels differentiate Pre- and post-capillary predom-
inant hemodynamic abnormalities during exercise in undifferentiated dys-
pnea on exertion. J Card Fail 2024;30:39-47. https://doi.org/10.1016/j.
cardfail.2023.05.023

Nayor M, Xanthakis V, Tanguay M, Blodgett JB, Shah RV, Schoenike M, et al.
Clinical and hemodynamic associations and prognostic implications of venti-
latory efficiency in patients with preserved left ventricular systolic function.
Circ Heart Fail 2020;13:¢006729. https://doi.org/10.1161/CIRCHEART
FAILURE.119.006729

Gong J, Castro RRT, Caron JP, Bay CP, Hainer J, Opotowsky AR, et al.
Usefulness of ventilatory inefficiency in predicting prognosis across the heart
failure spectrum. ESC Heart Fail 2022;9:293-302. https://doi.org/10.1002/
ehf2.13761

Guazzi M, Arena R, Ascione A, Piepoli M, Guazzi MD; Gruppo di Studio
Fisiologia dell'Esercizio CdSeRCotISoC. Exercise oscillatory breathing and in-
creased ventilation to carbon dioxide production slope in heart failure: an un-
favorable combination with high prognostic value. Am Heart J 2007;153:
859-67. https://doi.org/10.1016/j.ahj.2007.02.034

Guazzi M, Myers J, Arena R. Cardiopulmonary exercise testing in the clinical
and prognostic assessment of diastolic heart failure. J Am Coll Cardiol 2005;
46:1883-90. https://doi.org/10.1016/j.jacc.2005.07.051

Van Iterson EH, Johnson BD, Borlaug BA, Olson TP. Physiological dead space
and arterial carbon dioxide contributions to exercise ventilatory inefficiency
in patients with reduced or preserved ejection fraction heart failure. Eur J
Heart Fail 2017;19:1675-85. https://doi.org/10.1002/ejhf.913

Milne KM, Domnik NJ, Phillips DB, James MD, Vincent SG, Neder JA, et al.
Evaluation of dynamic respiratory mechanical abnormalities during conven-
tional CPET. Front Med (Lausanne) 2020;7:548. https://doi.org/10.3389/
fmed.2020.00548

Johnson BD, Weisman IM, Zeballos RJ, Beck KC. Emerging concepts in the
evaluation of ventilatory limitation during exercise: the exercise tidal flow-
volume loop. Chest 1999;116:488-503. https://doi.org/10.1378/chest.
116.2.488

Feldman T, Mauri L, Kahwash R, Litwin S, Ricciardi MJ, van der Harst P, et al.
Transcatheter interatrial shunt device for the treatment of heart failure with
preserved ejection fraction (REDUCE LAP-HF | [Reduce elevated left atrial
pressure in patients with heart failure]): a phase 2, randomized, sham-
controlled trial. Circulation 2018;137:364-75. https://doi.org/10.1161/
CIRCULATIONAHA.117.032094

123.

124.

125.

126.

127.

128.

129.

130.

132.

133.

134.

135.

136.

137.

138.

139.

140.

Fudim M, Borlaug BA, Mohan RC, Price MJ, Fail P, Goyal P, et al
Endovascular ablation of the greater splanchnic nerve in heart failure with
preserved ejection fraction: the REBALANCE-HF randomized clinical trial.
JAMA Cardiol 2024;9:1143-53. https://doi.org/10.1001/jamacardio.2024.
2612

Edelmann F, Wachter R, Schmidt AG, Kraigher-Krainer E, Colantonio C,
Kamke W, et al. Effect of spironolactone on diastolic function and exercise
capacity in patients with heart failure with preserved ejection fraction: the
Aldo-DHF randomized controlled trial. JAMA 2013;309:781-91. https://
doi.org/10.1001/jama.2013.905

Upadhya B, Hundley WG, Brubaker PH, Morgan TM, Stewart KP, Kitzman
DW. Effect of spironolactone on exercise tolerance and arterial function in
older adults with heart failure with preserved ejection fraction. J Am
Geriatr Soc 2017;65:2374-82. https://doi.org/10.1111/jgs.14940

Pieske B, Wachter R, Shah SJ, Baldridge A, Szeczoedy P, Ibram G, et al. Effect
of sacubitril/valsartan vs standard medical therapies on plasma NT-proBNP
concentration and submaximal exercise capacity in patients with heart failure
and preserved ejection fraction: the PARALLAX randomized clinical trial.
JAMA 2021;326:1919-29. https://doi.org/10.1001/jama.2021.18463
Redfield MM, Chen HH, Borlaug BA, Semigran MJ, Lee KL, Lewis G, et al.
Effect of phosphodiesterase-5 inhibition on exercise capacity and clinical sta-
tus in heart failure with preserved ejection fraction: a randomized clinical
trial. JAMA 2013;309:1268-77. https://doi.org/10.1001/jama.2013.2024
Borlaug BA, Koepp KE, Melenovsky V. Sodium nitrite improves exercise
hemodynamics and ventricular performance in heart failure with preserved
ejection fraction. J Am Coll Cardiol 2015;66:1672-82. https://doi.org/10.
1016/j.jacc.2015.07.067

Redfield MM, Anstrom KJ, Levine JA, Koepp GA, Borlaug BA, Chen HH, et al.
Isosorbide mononitrate in heart failure with preserved ejection fraction. N
Engl J Med 2015;373:2314-24. https://doi.org/10.1056/NEJMo0al1510774
Borlaug BA, Melenovsky V, Koepp KE. Inhaled sodium nitrite improves rest
and exercise hemodynamics in heart failure with preserved ejection fraction.
Circ Res 2016;119:880-6. https://doi.org/10.1161/CIRCRESAHA.116.
309184

. Borlaug BA, Anstrom KJ, Lewis GD, Shah SJ, Levine JA, Koepp GA, et al.

Effect of inorganic nitrite vs placebo on exercise capacity among patients
with heart failure with preserved ejection fraction: the INDIE-HFpEF rando-
mized clinical trial. JAMA 2018;320:1764-73. https://doi.org/10.1001/jama.
2018.14852

Armstrong PW, Lam CSP, Anstrom KJ, Ezekowitz J, Hernandez AF, O’Connor
CM, et al. Effect of vericiguat vs placebo on quality of life in patients with
heart failure and preserved ejection fraction: the VITALITY-HFpEF rando-
mized clinical trial. JAMA 2020;324:1512-21. https://doi.org/10.1001/
jama.2020.15922

Udelson JE, Lewis GD, Shah SJ, Zile MR, Redfield MM, Burnett J Jr, et al.
Effect of praliciguat on peak rate of oxygen consumption in patients with
heart failure with preserved ejection fraction: the CAPACITY HFpEF rando-
mized clinical trial. JAMA 2020;324:1522-31. https://doi.org/10.1001/jama.
2020.16641

Sarma S, MacNamara JP, Balmain BN, Hearon CM Jr, Wakeham DJ,
Tomlinson AR, et al. Challenging the hemodynamic hypothesis in heart failure
with preserved ejection fraction: is exercise capacity limited by elevated pul-
monary capillary wedge pressure? Circulation 2023;147:378-87. https://doi.
org/10.1161/CIRCULATIONAHA.122.061828

Borlaug BA, Koepp KE, Reddy YNV, Obokata M, Sorimachi H, Freund M, et al.
Inorganic nitrite to amplify the benefits and tolerability of exercise training in
heart failure with preserved ejection fraction: the INABLE-training trial. Mayo
Clin Proc 2024;99:206-17. https://doi.org/10.1016/j.mayocp.2023.08.031
Zamani P, Shah SJ, Cohen JB, Zhao M, Yang W, Afable JL, et al. Potassium ni-
trate in heart failure with preserved ejection fraction: a randomized clinical
trial. JAMA Cardiol 2025;10:284-9. https://doi.org/10.1001/jamacardio.
2024.4417

Pal N, Sivaswamy N, Mahmod M, Yavari A, Rudd A, Singh S, et al. Effect of
selective heart rate slowing in heart failure with preserved ejection fraction.
Circulation  2015;132:1719-25.  https://doi.org/10.1161/CIRCULATIO
NAHA.115.017119

Komajda M, Isnard R, Cohen-Solal A, Metra M, Pieske B, Ponikowski P, et al.
Effect of ivabradine in patients with heart failure with preserved ejection
fraction: the EDIFY randomized placebo-controlled trial. Eur J Heart Fail
2017;19:1495-503. https://doi.org/10.1002/ejhf.876

Palau P, Seller J, Dominguez E, Sastre C, Ramon JM, de La Espriella R, et al.
Effect of beta-blocker withdrawal on functional capacity in heart failure
and preserved ejection fraction. J Am Coll Cardiol 2021;78:2042-56.
https://doi.org/10.1016/j.jacc.2021.08.073

Reddy YNV, Koepp KE, Carter R, Win S, Jain CC, Olson TP, et al.
Rate-adaptive atrial pacing for heart failure with preserved ejection fraction:



36

Landsteiner et al.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

the RAPID-HF randomized clinical trial. JAMA 2023;329:801-9. https://doi.
org/10.1001/jama.2023.0675

Nassif ME, Windsor SL, Borlaug BA, Kitzman DW, Shah SJ, Tang F, et al. The
SGLT2 inhibitor dapagliflozin in heart failure with preserved ejection fraction:
a multicenter randomized trial. Nat Med 2021;27:1954-60. https://doi.org/
10.1038/s41591-021-01536-x

Abraham WT, Lindenfeld J, Ponikowski P, Agostoni P, Butler J, Desai AS, et al.
Effect of empagliflozin on exercise ability and symptoms in heart failure pa-
tients with reduced and preserved ejection fraction, with and without type 2
diabetes. Eur Heart J 2021;42:700-10. https://doi.org/10.1093/eurheartj/
ehaa943

Borlaug BA, Reddy YNV, Braun A, Sorimachi H, Omar M, Popovic D, et al.
Cardiac and metabolic effects of dapagliflozin in heart failure with preserved
ejection fraction: the CAMEO-DAPA trial. Circulation 2023;143:834-44.
https://doi.org/10.1161/CIRCULATIONAHA.123.065134

McMurray JJV, Docherty KF, de Boer RA, Hammarstedt A, Kitzman DW,
Kosiborod MN, et al. Effect of dapagliflozin versus placebo on symptoms
and 6-Minute walk distance in patients with heart failure: the DETERMINE
randomized clinical trials. Circulation 2024;149:825-38. https://doi.org/10.
1161/CIRCULATIONAHA.123.065061

Kosiborod MN, Abildstrom SZ, Borlaug BA, Butler J, Rasmussen S, Davies M,
et al. Semaglutide in patients with heart failure with preserved ejection frac-
tion and obesity. N Engl J Med 2023;389:1069-84. https://doi.org/10.1056/
NEJMo0a2306963

Packer M, Zile MR, Kramer CM, Baum SJ, Litwin SE, Menon V, et al.
Tirzepatide for heart failure with preserved ejection fraction and obesity. N
Engl J Med 2025;392:427-37. https://doi.org/10.1056/NEJM0a2410027
Pandey A, Lewis GD, Borlaug BA, Shah SJ, Sauer AJ, Litwin S, et al. Novel con-
trolled metabolic accelerator for obesity-related HFpEF: the
HuMAIN-HFpEF randomized clinical trial. JAMA Cardiol 2025;10:609-16.
https://doi.org/10.1001/jamacardio.2025.0103

von Haehling S, Doehner W, Evertz R, Garfias-Veitl T, Derad C, Diek M, et al.
Ferric carboxymaltose and exercise capacity in heart failure with preserved
ejection fraction and iron deficiency: the FAIR-HFpEF trial. Eur Heart J
2024;45:3789-800. https://doi.org/10.1093/eurheartj/ehae479

Kitzman DW, Brubaker PH, Morgan TM, Stewart KP, Little WC. Exercise
training in older patients with heart failure and preserved ejection fraction:
a randomized, controlled, single-blind trial. Circ Heart Fail 2010;3:659-67.
https://doi.org/10.1161/CIRCHEARTFAILURE.110.958785

Edelmann F, Bobenko A, Gelbrich G, Hasenfuss G, Herrmann-Lingen C,
Duvinage A, et al. Exercise training in Diastolic Heart Failure (Ex-DHF): ra-
tionale and design of a multicentre, prospective, randomized, controlled, par-
allel group trial. Eur J Heart Fail 2017;19:1067-74. https://doi.org/10.1002/
ejhf.862

Smart NA, Haluska B, Jeffriess L, Leung D. Exercise training in heart failure
with preserved systolic function: a randomized controlled trial of the effects
on cardiac function and functional capacity. Congest Heart Fail 2012;18:
295-301. https://doi.org/10.1111/j.1751-7133.2012.00295.x

Haykowsky MJ, Brubaker PH, Stewart KP, Morgan TM, Eggebeen J, Kitzman
DW. Effect of endurance training on the determinants of peak exercise oxy-
gen consumption in elderly patients with stable compensated heart failure
and preserved ejection fraction. J Am Coll Cardiol 2012;60:120-8. https://
doi.org/10.1016/j.jacc.2012.02.055

Kitzman DW, Brubaker PH, Herrington DM, Morgan TM, Stewart KP,
Hundley WG, et al. Effect of endurance exercise training on endothelial func-
tion and arterial stiffness in older patients with heart failure and preserved
ejection fraction: a randomized, controlled, single-blind trial. J Am Coll
Cardiol 2013;62:584-92. https://doi.org/10.1016/j.jacc.2013.04.033
Kitzman DW, Brubaker P, Morgan T, Haykowsky M, Hundley G, Kraus WE,
et al. Effect of caloric restriction or aerobic exercise training on peak oxygen
consumption and quality of life in obese older patients with heart failure with
preserved ejection fraction: a randomized clinical trial. JAMA 2016;315:
36-46. https://doi.org/10.1001/jama.2015.17346

Selvaraj S, Karaj A, Chirinos JA, Denney N, Grosso G, Fernando M, et al.
Crossover trial of exogenous ketones on cardiometabolic endpoints in heart
failure with preserved ejection fraction. JACC Heart Fail 2025;13:102435.
https://doi.org/10.1016/j.jchf.2025.03.002

Gopalasingam N, Berg-Hansen K, Christensen KH, Ladefoged BT, Poulsen
SH, Andersen MJ, et al. Randomized crossover trial of 2-week ketone ester
treatment in patients with type 2 diabetes and heart failure with preserved
ejection fraction. Circulation 2024;150:1570-83. https://doi.org/10.1161/
CIRCULATIONAHA.124.069732

Kitzman DW, Voors AA, Mentz RJ, Lewis GD, Perl S, Myte R, et al. Verinurad
plus allopurinol for heart failure with preserved ejection fraction: the
AMETHYST randomized clinical trial. JAMA Cardiol 2024;9:892-900.
https://doi.org/10.1001/jamacardio.2024.2435

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

Lewis GA, Dodd S, Clayton D, Bedson E, Eccleson H, Schelbert EB, et al.
Pirfenidone in heart failure with preserved ejection fraction: a randomized
phase 2 trial. Nat Med 2021;27:1477-82. https://doi.org/10.1038/
s41591-021-01452-0

Shah SJ, Voors AA, McMurray JJV, Kitzman DW, Viethen T, Bomfim Wirtz A,
et al. Effect of neladenoson bialanate on exercise capacity among patients
with heart failure with preserved ejection fraction: a randomized clinical trial.
JAMA 2019;321:2101-12. https://doi.org/10.1001/jama.2019.6717
Burkhoff D, Borlaug BA, Shah SJ, Zolty R, Tedford RJ, Thenappan T, et al.
Levosimendan improves hemodynamics and exercise tolerance in
PH-HFpEF: results of the randomized placebo-controlled HELP trial. JACC
Heart Fail 2021;9:360-70. https://doi.org/10.1016/j.jchf.2021.01.015
Yaku H, Burkhoff D, Borlaug BA, Lala A, Butler J, Rich S, et al. Oral levosimen-
dan for the treatment of pulmonary hypertension due to heart failure with
preserved ejection fraction: rationale and design of the LEVEL trial: rationale
and design of LEVEL. J Card Fail 2025. https://doi.org/10.1016/j.cardfail.
2025.06.009

van de Bovenkamp AA, Geurkink KTJ, Oosterveer FTP, de Man FS, Kok
WEM, Bronzwaer PNA, et al. Trimetazidine in heart failure with preserved
ejection fraction: a randomized controlled cross-over trial. ESC Heart Fail
2023;10:2998-3010. https://doi.org/10.1002/ehf2.14418

Popovic D, Reddy YNV, Omar M, Omote K, Melenovsky V, Burkhoff D, et al.
Acute effects of myeloperoxidase inhibition on exercise hemodynamics in
heart failure with preserved ejection fraction: a randomized clinical trial.
Mayo Clin Proc 2025;100:1495-505. https://doi.org/10.1016/j.mayocp.
2025.02.022

Sachdev V, Sharma K, Keteyian SJ, Alcain CF, Desvigne-Nickens P, Fleg JL,
et al. Supervised exercise training for chronic heart failure with preserved
ejection fraction: a scientific statement from the American Heart
Association and American College of Cardiology. Circulation 2023;147:
e699-715. https://doi.org/10.1161/CIR.0000000000001122

Honig CR, Odoroff CL, Frierson JL. Capillary recruitment in exercise: rate, ex-
tent, uniformity, and relation to blood flow. Am J Physiol 1980;238:H31-42.
https://doi.org/10.1152/ajpheart.1980.238.1.H31

Sanders JS, Mark AL, Ferguson DW. Evidence for cholinergically mediated
vasodilation at the beginning of isometric exercise in humans. Circulation
1989;79:815-24. https://doi.org/10.1161/01.CIR.79.4.815

Ritenis EJ, Padilha CS, Cooke MB, Stathis CG, Philp A, Camera DM. The acute
and chronic influence of exercise on mitochondrial dynamics in skeletal mus-
cle. Am J Physiol Endocrinol Metab 2025;328:E198-209. https://doi.org/10.
1152/ajpendo.00311.2024

Ahn C, Ryan BJ, Schleh MW, Varshney P, Ludzki AC, Gillen JB, et al. Exercise
training remodels subcutaneous adipose tissue in adults with obesity even
without weight loss. J Physiol 2022;600:2127-46. https://doi.org/10.
1113/JP282371

Duscha BD, Annex BH, Green HJ, Pippen AM, Kraus WE. Deconditioning
fails to explain peripheral skeletal muscle alterations in men with chronic
heart failure. J Am Coll Cardiol 2002;39:1170-4. https://doi.org/10.1016/
S0735-1097(02)01740-0

Chan E, Giallauria F, Vigorito C, Smart NA. Exercise training in heart failure
patients with preserved ejection fraction: a systematic review and
meta-analysis. Monaldi Arch Chest Dis 2016;86:759. https://doi.org/10.
4081/monaldi.2016.759

Dieberg G, Ismail H, Giallauria F, Smart NA. Clinical outcomes and cardiovas-
cular responses to exercise training in heart failure patients with preserved
ejection fraction: a systematic review and meta-analysis. J Appl Physiol
(1985) 2015;119:726-33. https://doi.org/10.1152/japplphysiol.00904.
2014

Palau P, Dominguez E, Nunez E, Schmid J-P, Vergara P, Ramon JM, et al.
Effects of inspiratory muscle training in patients with heart failure with pre-
served ejection fraction. Eur J Prev Cardiol 2014;21:1465-73. https://doi.
org/10.1177/2047487313498832

Lewis GD, Gosch K, Cohen LP, Nassif ME, Windsor SL, Borlaug BA, et al.
Effect of dapagliflozin on 6-Minute walk distance in heart failure with pre-
served ejection fraction: PRESERVED-HF. Circ Heart Fail 2023;16:
€010633. https://doi.org/10.1161/CIRCHEARTFAILURE.123.010633
Tanashat M, Manasrah A, Abouzid M. Effects of dapagliflozin and empagliflo-
zin on 6-min walk distance in heart failure with preserved and reduced ejec-
tion fraction: a systematic review and meta-analysis of randomized
controlled trials involving 2624 patients. Eur J Clin Pharmacol 2024;80:
951-63. https://doi.org/10.1007/s00228-024-03660-2

Borlaug BA, Reddy YNV, Braun A, Sorimachi H, Omar M, Popovic D, et al.
Cardiac and metabolic effects of dapagliflozin in heart failure with preserved
ejection fraction: the CAMEO-DAPA trial. Circulation 2023;148:834-44.
https://doi.org/10.1161/CIRCULATIONAHA.123.065134



Heart failure and preserved ejection fraction: pathophysiology, clinical assessment, and management of exercise intolerance

37

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

Kosmala W, Rojek A, Przewlocka-Kosmala M, Wright L, Mysiak A, Marwick
TH. Effect of aldosterone antagonism on exercise tolerance in heart failure
with preserved ejection fraction. J Am Coll Cardiol 2016;68:1823-34.
https://doi.org/10.1016/j.jacc.2016.07.763

Li S, Zhang X, Dong M, Gong S, Shang Z, Jia X, et al. Effects of spironolactone
in heart failure with preserved ejection fraction: a meta-analysis of rando-
mized controlled trials. Medicine (Baltimore) 2018;97:€11942. https://doi.
org/10.1097/MD.0000000000011942

Solomon SD, McMurray JJV, Anand IS, Ge J, Lam CSP, Maggioni AP, et al.
Angiotensin-neprilysin inhibition in heart failure with preserved ejection
fraction. N Engl J Med 2019;381:1609-20. https://doi.org/10.1056/
NEJMo0a1908655

Parthasarathy HK, Pieske B, Weisskopf M, Andrews CD, Brunel P, Struthers
AD, et al. A randomized, double-blind, placebo-controlled study to determine
the effects of valsartan on exercise time in patients with symptomatic heart
failure with preserved ejection fraction. Eur J Heart Fail 2009;11:980-9.
https://doi.org/10.1093/eurjhf/hfp120

Mentz RJ, Ward JH, Hernandez AF, Lepage S, Morrow DA, Sarwat S, et al.
Angiotensin-neprilysin inhibition in patients with mildly reduced or pre-
served ejection fraction and worsening heart failure. J Am Coll Cardiol
2023;82:1-12. https://doi.org/10.1016/j.jacc.2023.04.019

Kosiborod MN, Petrie MC, Borlaug BA, Butler J, Davies MJ, Hovingh GK,
et al. Semaglutide in patients with obesity-related heart failure and type 2
diabetes. N Engl J Med 2024;390:1394-407. https://doi.org/10.1056/
NEJMo0a2313917

Zile MR, Borlaug BA, Kramer CM, Baum SJ, Litwin SE, Menon V, et al. Effects
of tirzepatide on the clinical trajectory of patients with heart failure, pre-
served ejection fraction, and obesity. Circulation 2025;151:656-68.
https://doi.org/10.1161/CIRCULATIONAHA.124.072679

Vargas CB, Picolli F, Dani C, Padoin AV, Mottin CC. Functioning of obese in-
dividuals in pre- and postoperative periods of bariatric surgery. Obes Surg
2013;23:1590-5. https://doi.org/10.1007/511695-013-0924-0

Hummel SL, Seymour EM, Brook RD, Kolias TJ, Sheth SS, Rosenblum HR,
et al. Low-sodium dietary approaches to stop hypertension diet reduces
blood pressure, arterial stiffness, and oxidative stress in hypertensive heart
failure with preserved ejection fraction. Hypertension 2012;60:1200-6.
https://doi.org/10.1161/HYPERTENSIONAHA.112.202705

Ao M, Yamamoto K, Ohta J, Abe Y, Niki N, Inoue S, et al. Possible involvement
of thiamine insufficiency in heart failure in the institutionalized elderly. J Clin
Biochem Nutr 2019;64:239-42. https://doi.org/10.3164/jcbn.18-85
Kinugasa Y, Sota T, Nakamura K, Hirai M, Kato M, Yamamoto K. Association
of carnitine insufficiency with sarcopenia and dynapenia in patients with
heart failure. Geriatr Gerontol Int 2023;23:524-30. https://doi.org/10.
1111/ggi. 14621

Phan TT, Shivu GN, Abozguia K, Davies C, Nassimizadeh M, Jimenez D, et al.
Impaired heart rate recovery and chronotropic incompetence in patients with
heart failure with preserved ejection fraction. Circ Heart Fail 2010;3:29-34.
https://doi.org/10.1161/CIRCHEARTFAILURE.109.877720

Klein DA, Katz DH, Beussink-Nelson L, Sanchez CL, Strzelczyk TA, Shah SJ.
Association of chronic kidney disease with chronotropic incompetence in
heart failure with preserved ejection fraction. Am J Cardiol 2015;116:
1093-100. https://doi.org/10.1016/j.amjcard.2015.06.038

189.

190.

192.

193.

194.

195.

196.

197.

198.

199.

200.

Van Thielen G, Paelinck BP, Paul B, Vrints CJ, Conraads VMA. Rate response
and cardiac resynchronisation therapy in chronic heart failure: higher cardiac
output does not acutely improve exercise performance: a pilot trial. Eur J
Cardiovasc Prev Rehabil 2008;15:197-202. https://doi.org/10.1097/HJR.
0b013e3282f19d17

Passman R, Banthia S, Galvez D, Sheldon T, Kadish A. The effects of rate-
adaptive atrial pacing versus ventricular backup pacing on exercise capacity
in patients with left ventricular dysfunction. Pacing Clin Electrophysiol 2009;
32:1-6. https://doi.org/10.1111/j.1540-8159.2009.02169.x

. Sims DB, Mignatti A, Colombo PC, Uriel N, Garcia LI, Ehlert FA, et al. Rate re-

sponsive pacing using cardiac resynchronization therapy in patients with
chronotropic incompetence and chronic heart failure. Europace 2011;13:
1459-63. https://doi.org/10.1093/europace/eurl27

Palmisano P, Aspromonte V, Ammendola E, Dell’era G, Ziacchi M, Guerra F,
et al. Effect of fixed-rate vs. rate-RESPONSIve pacing on exercise capacity in
patients with permanent, refractory atrial fibrillation and left ventricular dys-
function treated with atrioventricular junction aBLation and bivEntricular pa-
cing (RESPONSIBLE): a prospective, multicentre, randomized, single-blind
study. Europace 2017;19:414-20. https://doi.org/10.1093/europace/
euw035

Tse H-F, Siu C-W, Lee KLF, Fan K, Chan H-W, Tang M-0O, et al. The incremen-
tal benefit of rate-adaptive pacing on exercise performance during cardiac
resynchronization therapy. J Am Coll Cardiol 2005;46:2292-7. https://doi.
org/10.1016/j.jacc.2005.02.097

Zweerink A, van der Lingen A-LCJ, Handoko ML, van Rossum AC, Allaart CP.
Chronotropic incompetence in chronic heart failure. Circ Heart Fail 2018;11:
€004969. https://doi.org/10.1161/CIRCHEARTFAILURE.118.004969
Palau P, de la Espriella R, Seller J, Santas E, Dominguez E, Bodi V, et al. beta-
blocker withdrawal and functional capacity improvement in patients with
heart failure with preserved ejection fraction. JAMA Cardiol 2024;9:392-6.
https://doi.org/10.1001/jamacardio.2023.5500

Fudim M, Kaye DM, Borlaug BA, Shah SJ, Rich S, Kapur NK, et al. Venous tone
and stressed blood volume in heart failure: JACC review topic of the week. J
Am Coll Cardiol 2022;79:1858-69. https://doi.org/10.1016/j.jacc.2022.02.
050

Lewis GD, Docherty KF, Voors AA, Cohen-Solal A, Metra M, Whellan DJ,
et al. Developments in exercise capacity assessment in heart failure clinical
trials and the rationale for the design of METEORIC-HF. Circ Heart Fail
2022;15:e008970. https://doi.org/10.1161/CIRCHEARTFAILURE.121.008
970

Landsteiner I, Masri A, Saberi S, Maron MS, McGinnis SL, Griskowitz C, et al.
Cardiopulmonary exercise testing for characterization of hypertrophic car-
diomyopathy: a meta-analysis. J Am Heart Assoc 2025;14:e039551. https://
doi.org/10.1161/JAHA.124.039551

MacNamara JP, Dias KA, Hearon CM Jr, Hieda M, Turer AT, Link MS, et al.
Limits to submaximal and maximal exercise in patients with hypertrophic car-
diomyopathy. J Appl Physiol (1985) 2022;133:787-97. https://doi.org/10.
1152/japplphysiol.00566.2021

Lee MMY, Masri A, Nassif ME, Barriales-Villa R, Abraham TP, Claggett BL,
et al. Aficamten and cardiopulmonary exercise test performance: a substudy
of the SEQUOIA-HCM randomized clinical trial. JAMA Cardiol 2024;9:
990-1000. https://doi.org/10.1001/jamacardio.2024.2781



