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

ARNi, angiotensin receptor–neprilysin inhibitor; BB, beta-blocker; cGMP, cyclic guanosine monophosphate; GLP-1, glucagon-like peptide-1; HFpEF, heart failure with preserved 
ejection fraction; HR, heart rate; IAS, interatrial shunt; IV, intravenous; LV, left ventricle; MRA, mineralocorticoid receptor antagonist; O2, oxygen; PDE5i, phosphodiesterase-5 
inhibitor; SGLT2i, sodium–glucose cotransporter-2 inhibitor; VO2, oxygen uptake
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Peak VO2 achievable VO2 cost of activities

Multisystem mechanisms underlying exercise intolerance (EI) in heart failure with preserved ejection fraction (HFpEF) and differential 
responsiveness to therapeutic interventions. EI in HFpEF reflects multisystem impairments, resulting in markedly reduced peak VO₂ 
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 interventions 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.

Keywords Exercise test • Heart failure, preserved ejection fraction • Diastolic heart failure • Disease management • 
Therapeutics

Introduction
Heart failure (HF) is a major and growing global public health 
challenge, currently affecting over 64 million individuals world
wide.1 HF with preserved ejection fraction (HFpEF) accounts for 
nearly half of all HF cases and continues to increase in preva
lence.1,2 Clinical characteristics and risk factor profiles of 
HFpEF have considerable regional heterogeneity, shaped by 
demographic trends, comorbidity patterns, and environmental 
exposures.1,3,4

Despite regional variation in clinical presentation, exercise in
tolerance (EI) is consistently observed in HFpEF, even in the ab
sence of overt evidence of congestion at rest.5 EI 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).6,7 The various admixtures of these deficits under
score the systemic and heterogeneous nature of the syn
drome.6,8,9 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.10–12 Exercise-based phenotyping thereby 
offers critical insights into diagnosis and risk stratification of 
HFpEF, while also potentially informing targeted treat
ments.4,13–17

Extent and aetiology of exercise 
intolerance in HFpEF
Peak oxygen uptake (pVO2) 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 
pVO2 values in 2012 HFpEF patients show that women with 
HFpEF achieve a mean (±standard deviation) pVO2 of approxi
mately 13.1 ± 4.1 mL/kg/min, while men achieve a pVO2 of 
15.9 ± 5.5 mL/kg/min (Figure 1B).18–26 Common daily activities, 
such as walking at 5 km per hour (km/hr), impose a metabolic 
cost equivalent of >70% of the average pVO2 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.27 Notably, pVO2 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.28,29

EI 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 EI 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).6,8 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.30,31 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.30 As a result, assessment of broad metabolic and multi- 
organ function is requisite to understanding EI 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.32,33 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.34

Pulmonary capillary wedge pressure (PCWP) ≥ 25 mmHg 
during supine exercise serves as a diagnostic criterion for 
HFpEF (Figure 2A).35 In addition to absolute elevations in filling 
pressure, HFpEF is characterized by impaired augmentation of 
cardiac output (CO) during exercise (Figure 2).38 This can be ex
pressed as a steep PCWP/CO relationship, with PCWP/CO 
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slope ≥ 2 mmHg/L/min constituting an abnormal threshold 
(Figure 2A–F)11,36 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.39 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.39

Systemic vascular contributors
Arterial stiffness is a key systemic contributor to EI in HFpEF. It 
arises from the interplay of vascular ageing, neurohormonal ac
tivation, inflammation, and structural remodelling of the arterial 
wall.40 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.41,42

Impairments in endothelial function and microvascular reactivity 
further limit skeletal muscle and coronary perfusion, correlating 
with greater symptom burden and reduced functional cap
acity.43,44 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 VO2 and limitations in cardiac reserve.45

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.46

These abnormalities were directly associated with higher ven
tricular filling pressures and reduced cardiac output.46

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.42

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.47,48 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.48

Abnormal PAP-flow relationships with exercise-induced right 

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 VO2 (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 VO2 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; O2, oxygen; PV, pulmonary-vascular; SV, stroke volume; TR, tricuspid regurgitation; V/Q, ventilation/perfusion; VO2, oxygen 
uptake
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ventricular–pulmonary artery (RV–PA) uncoupling have also 
been described in HFpEF.49 Together, these abnormalities link 
pulmonary vascular dysfunction to impaired cardiac output re
serve and reduced aerobic capacity during exertion.

HFpEF patients frequently experience impaired ventilatory 
efficiency as indicated by increased minute ventilation/carbon 
dioxide production (VE/VCO2) slope (Supplementary data on
line, Table S1), reflecting abnormalities in both component vari
ables (fractional dead space and partial pressure of carbon 
dioxide [PaCO2] set point, Figure 1A). When coupled with fre
quent obstructive deficits in HFpEF that limit forced expiratory 
volume,50 HFpEF patients can reach their pulmonary mechanic
al limit during exercise, as denoted by minute ventilation ap
proaching maximum voluntary ventilation during incremental 

exercise (Supplementary data online, Table S1). Rapid shallow 
breathing in the context of reduced respiratory muscle strength 
further contributes to increased physiologic dead space and in
efficient ventilation in HFpEF.

Impaired pulmonary gas exchange with reduced diffusing cap
acity for carbon monoxide (DLco) has been observed at rest and 
during exercise in HFpEF. This impairment is primarily attribut
able to reductions in alveolar-capillary membrane conductance 
(Dm), with a variable contribution from pulmonary capillary 
blood volume (Vc).51–53 Chronic elevation of left-sided filling 
pressures in HFpEF leads to pulmonary vascular remodelling, in
creased extravascular lung water, and thickening of the alveolar- 
capillary membrane, all of which contribute to impaired gas 
transfer.52,53 During exercise, the inability to appropriately 

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.35 (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.11 (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.36 (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.37 (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.10 (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.10 Abbreviations: CI, 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
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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).54

Both increased end-expiratory lung volume and elevated 
PCWP may also reflect shared associations with greater adipos
ity.55 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.56

Peripheral-skeletal contributors
Skeletal muscle oxygen extraction and utilization
Peripheral abnormalities, particularly within skeletal muscle, 
have been extensively investigated and significantly contribute 
to EI in HFpEF, including myosteatosis, sarcopenia, capillary rar
efaction, increased vascular stiffness, reduced type I (oxidative) 
muscle fibres, and reduced type I-to-type II fibre ratio (Figures 
1A and 4A).59,60 The extent of these peripheral abnormalities 
has been shown to directly correlate with the extent of reduc
tion in pVO2 (Figure 4B and C).61

While direct measurement of arteriovenous oxygen content 
difference (Ca–vO2) during invasive cardiopulmonary exercise 
testing (CPET) permits assessment of the contribution of periph
eral O2 extraction to pVO2, it is important to account for the in
fluence of rate of O2 delivery on Ca-vO2. Skeletal muscle 
oxygen diffusion capacity (DmO2), approximated by the VO2/ 
mixed venous oxygen tension (PvO2) ratio, specifically repre
sents the peripheral oxygen utilization. For example, a patient 
with HFpEF with low CO reserve may exhibit a high Ca–vO2 

simply due to prolonged capillary transit time, masking a true 
DmO2 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.62 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.63 Iron deficiency, particularly when defined by 
transferrin saturation <20%, is associated with reduced pVO2 
and worse clinical outcomes in HFpEF.64–66

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).55 These alterations contribute 
to impaired diastolic reserve and elevated cardiac filling pres
sures during exercise.67 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.68,69

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).67 Furthermore, obesity increases the metabol
ic cost of initiating movement—referred to as internal work— a 
body mass index (BMI)-related measure that quantifies the 
work equivalents required to initiate unloaded exercise 
(Figure 5A, unloaded exercise).70

Clinical assessment in HFpEF
Dynamic, integrative assessments—such as cardiopulmonary ex
ercise testing (CPET) and exercise stress echocardiography—aid 

Figure 3 Dynamic Hyperinflation and Correlation to Exercise PCWP in HFpEF. (A) Illustration 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.54 (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.54
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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 EI.

Global exercise capacity and symptom 
burden
Evaluation of EI 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).71,72

Objective assessments of EI 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 pVO2 and ventilatory response, with respira
tory exchange ratio (RER) values in excess of 1.05, helping to 
verify maximal effort.14 Accelerometers offer real-world physic
al activity data, though they are limited by wear variability and 
contextual interpretation.

Clinically meaningful thresholds for KCCQ, pVO2, and 6MWT 
are useful for interpreting therapeutic response.73 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 VO2 are modest. 
The potent prognostic performance of measured exercise 

Figure 4 Peripheral contributors to exercise intolerance in HFpEF. (A) Axial magnetic resonance imaging of the mid-thigh in a patient with 
HFpEF and a healthy control. Skeletal muscle is shown in red, intermuscular fat in green, subcutaneous fat in blue, femoral cortex in purple, 
and femoral medulla in yellow. The HFpEF subject demonstrates increased intermuscular fat compared with the healthy control, despite 
similar subcutaneous fat. Adapted from Haykowsky et al. with permission.57 (B) Plot representing the relationship between intermuscular 
fat/skeletal muscle ratio and peak VO2 in HFpEF (solid squares) and healthy controls (solid triangles). Adapted from Haykowsky with per
mission.57 (C ) Plot representing the relationship between capillary to fibre ratio and peak VO2 in HFpEF (solid squares) and healthy con
trols (solid triangles). Adapted from Haykowsky et al with permission.57 (D) This schematic illustrates the convective and diffusive 
components that interact to determine oxygen uptake (VO2) during exercise in patients with HFpEF, HFrEF, and controls. Mean values 
for mixed venous oxygen content (CvO2) and VO2 at rest, 30 W, and peak exercise are used to construct Fick principle lines, which reflect 
convective oxygen delivery and are curvilinear because they reflect the haemoglobin dissociation curve. Vertical lines extending from the 
origin to the VO2–CvO2 plot at peak exercise represent maximum diffusive oxygen delivery, with a steeper relationship indicating better 
oxygen diffusion. The black arrow illustrates the potential improvement in peak VO2 in HFpEF if convective oxygen delivery was normal
ized to that of controls; the white arrow shows the improvement in peak VO2 if diffusive conductance was normalized. Adapted from 
Dhakal et al with permission.58 (E) Arterial oxygen content (CaO2) and mixed venous oxygen content (CvO2) at peak exercise in HFpEF, 
HFrEF, and controls. *P-value <.05 for comparison of HFpEF with HFrEF and controls. Adapted from Dhakal et al with permission.58

Abbreviations: CaO2, arterial oxygen content; CvO2, venous oxygen content; FFA, free fatty acids; HC, healthy control; HFpEF, heart fail
ure with preserved ejection fraction; HFrEF, heart failure with reduced ejection fraction; IMF, intermuscular fat; MRI, magnetic resonance 
imaging; myosteatosis, intramuscular fat infiltration; O2, oxygen; SM, skeletal muscle; VO2, oxygen consumption
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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 EI in HFpEF.14

Domain-based assessment
Given the multisystem nature of HFpEF and the peril of assum
ing that an abnormal finding at rest explains EI, 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),74 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.75

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).10

Diagnostic HFpEF scores
Probability scores such as H2FPEF, HFpEF-ABA, and HFA-PEFF 
were derived and validated using the criterion of supine 
PCWP ≥ 25 mmHg measured at peak exercise.76 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.77 These ‘discordant’ pa
tients had fewer structural and haemodynamic abnormalities 
and lower H2FPEF scores compared with patients with 

A

B

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 VO2 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 VO2 kinetics, increased VO2 during unloaded activity, reduced VO2/work slope and peak VO2, and prolonged VO2 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, 
heart failure with preserved ejection fraction; KCCQ, Kansas City Cardiomyopathy Questionnaire; LV–SV, left ventricle–systemic vascula
ture; MAU, monitor activity units; m, metres; mph, miles per hour; MLHFQ, Minnesota Living with Heart Failure Questionnaire; NYHA, 
New York Heart Association; PAP, pulmonary artery pressure; PCWP, pulmonary capillary wedge pressure; pVO2, peak oxygen consumption; 
RV–PV, right ventricle–pulmonary vasculature; SPPB, Short Physical Performance Battery; VO2, oxygen consumption
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concordant abnormal responses,77 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 
S1). 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%).78 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 

Figure 6 Clinical assessment flow-chart for domain-based diagnostic assessment in unexplained dyspnoea/HFpEF. Diagnostic measures 
uncover distinct mechanisms of exercise intolerance, grouped by physiological domain: haemodynamic (red), pulmonary (blue), and per
ipheral/muscular (brown). These mechanisms often co-exist, and tests are sequenced stepwise, beginning with resting evaluation (echo
cardiography, natriuretic peptides, HFpEF scores) and followed by dynamic testing in patients with unexplained exertional symptoms. 
Patients with known HFpEF may undergo the same structured assessment if symptoms persist despite therapy. CPET alone captures 
only pulmonary limitations and chronotropic incompetence (CI); exercise echocardiography or invasive testing is required to assess 
haemodynamic impairment. CPETecho and iCPET offer integrated, domain-spanning assessment. Submaximal testing may still yield 
diagnostic information via slope-based, effort-independent metrics. Key integrative markers include the PAP/CO slope (reflecting total 
pulmonary resistance, combining left atrial pressure and pulmonary vascular resistance) and the CO/VO2 ratio, a surrogate for peripheral 
oxygen extraction—both derivable from CPETecho or iCPET. #Total blood count, C-reactive protein, iron, ferritin, transferrin saturation, 
HbA1c, serum creatinine, NT-proBNP. Abbreviations: PFT, pulmonary function testing; RHC, right heart catheterization; CPET, cardio
pulmonary exercise testing; ExEcho, exercise echocardiography; CPETecho, combined cardiopulmonary exercise testing and echocar
diography; iCPET, invasive cardiopulmonary exercise testing; PAP, pulmonary artery pressure; CO, cardiac output; VO2, oxygen uptake; 
VE, minute ventilation; VCO2, carbon dioxide output; VT, ventilatory threshold; a–vO2Diff, arteriovenous oxygen content difference; 
SpO2, peripheral oxygen saturation; MVV, maximal voluntary ventilation; FEV1, forced expiratory volume in 1 s; TV/IC, tidal volume 
to inspiratory capacity ratio; RER, respiratory exchange ratio; CI, chronotropic incompetence
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diagnostic uncertainty persists, consideration of invasive exer
cise haemodynamic assessment.78,79 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),80 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.81,82 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.83 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.84 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.83,85,86

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.87 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.80,88

Multicentre data show that single-point non-invasive mPAP/ 
CO ratios obtained during exercise provide prognostic perform
ance comparable to multipoint slope-based approaches.89

Non-invasive mPAP/CO estimation can be used for screening 
and risk stratification, and to prompt confirmatory invasive 
evaluation.81 The mPAP/CO slope was estimated using the 
Chemla relation (mPAP = 0.61 × 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.80,87 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.89

Chemla-derived mPAP has been validated during exercise, 
showing excellent correlation with simultaneous invasive mea
surements.80,91 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.80,88,92 In HFpEF, atrial functional mi
tral regurgitation and atrial fibrillation may steepen the slope by 
altering left-atrial pressure or stroke volume reserve.93,94

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.95

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.88 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 pVO2. Non-invasively, peripheral oxygen extraction (Ca–vO2) 
can be estimated by dividing VO2 from breath-by-breath gas ex
change measurements by CO derived from echocardiography 
(a–vO2Diff = VO2/CO).96 This integrated CPETecho approach 
helps distinguish between central (cardiac output–limited) and 
peripheral (oxygen extraction–limited) contributors to EI, par
ticularly when CO/VO2 is derived, with more shallow slopes im
plicating greater relative cardiac impairment. However, Ca–vO2 
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 
(DmO2).

Invasive haemodynamics
Use of high-fidelity micromanometer catheters with pressure– 
volume loop analysis permits quantification of the time constant 
of left ventricular relaxation (Tau, τ), along with the slope of the 
end-diastolic PV relationship reflecting LV stiffness (b). Criteria 
for HFpEF diagnosis include Tau > 48 ms or b > 0.27.97

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,98
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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 EI in suspected HFpEF, 
such as echocardiographic diastolic pressure volume quotient 
or single beat-derived stiffness parameters, warrant further in
vestigation,99,100 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.101 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.101

However, HF outcomes were not assessed to ascertain prog
nostic implications of reclassification in this study.101

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).36,102 In a large cohort of 
814 patients with dyspnoea on exertion, a prolonged 
VO2T12.5% 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).102 Importantly, VO2T12.5% also independently 
predicted HF hospitalization and mortality.102 These findings 
support VO2T12.5% 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.104

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.10,11,105

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).11,103 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.10 In contrast, fixed 
thresholds—such as a peak PCWP ≥25 mmHg or mPAP 
≥30 mmHg may be exceeded at high workloads in normal indivi
duals or in the setting of large respiratory swings.106,107 Baratto 
et al found that PCWP/CO slope >2 mmHg consistently differen
tiated HFpEF from control subjects across 27 studies,36 and PAP/ 
CO slope >3 mmHg/L/min currently defines abnormal and pre
dicts prognosis in patients with exertional dyspnoea 
(Figure 2C).103,108 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).10,109 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).77 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.77

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 H2FPEF scores,4 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–vO2).6,110 By plotting CO relative to VO2 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 VO2.111 Lower CO slopes indicate disproportionate reli
ance on widening peripheral O2 extraction to augment VO2, 
whereas higher CO values indicate greater impairment in per
ipheral O2 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.111 Further study is needed to determine 
the extent to which greater relative cardiac impairment in 

Heart failure and preserved ejection fraction: pathophysiology, clinical assessment, and management of exercise intolerance                 11



HFpEF leads to higher CV event ranges. One study with direct 
central and peripheral measures of convective delivery and dif
fusive conductance of O2, respectively, in HFpEF and HFrEF 
found greater impairment in diffusive conductance of O2 in 
HFpEF compared with HFrEF and thereby suggested greater 
VO2 improvement with correction of peripheral oxygen utiliza
tion as opposed to central haemodynamics (Figure 4D, black and 
white arrows).58

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 (PaO2) inversely correlate with exercise pulmonary vascular 
resistance (PVR), and therefore desaturation should prompt 
consideration of abnormal pulmonary vascular function in 
HFpEF.112–115 In HFpEF patients undergoing supine exercise, 
Omar et al. found O2 desaturation to be more common with 
both elevated PAP and PCWP.113 Similarly, steep VE/VCO2 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/VCO2 slope reflects ventilatory inefficiency, 
which is mechanistically linked to ventilation–perfusion 

Figure 7 VO2T12.5% vs non-invasive CPET measure in relation to the diagnosis and prognosis of HFpEF. (A) Demographics (age, sex, and 
body mass index) and other non-invasive cardiopulmonary exercise testing measures explained 23% of the variance in PCWP/CO slope. 
Addition of VO2T12.5% improves the haemodynamic models to explain 27% of the total variance. *P < .05 vs both 0 to 15 s and 15 to 25 s, 
†P < .05 vs 25 to 35 s, ‡P < .05 vs 45 to 200 s. (B) Time to recover 12.5% of peak VO2 with a cut point of 35 s identified 230 patients at 
elevated risk of heart failure hospitalization and all-cause death. (C ) Patients with a VO2T12.5% ≥ 35 s had higher PCWP/CO slope than 
VO2T12.5% < 35 s. *P < .05 vs VO2T12.5% in DeLong test. (D) There was no difference in per cent predicted peak peripheral extraction 
(peak peripheral extraction corrected for haemoglobin concentration) between groups. Adapted from Campain et al with permission.102

Abbreviations: Ca-vO2, peripheral oxygen extraction; CO, cardiac output; PCWP, pulmonary capillary wedge pressure; VO2T12.5%, time 
to oxygen uptake by 12.5%; and VO2, oxygen uptake
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mismatch, increased physiologic dead space, and abnormal pul
monary arterial coupling. Multiple studies have demonstrated 
that steeper VE/VCO2 slopes are independently associated 
with adverse outcomes in HFpEF, including incident HF events, 
all-cause mortality, and HF hospitalization.115,116 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/VCO2 slope >36 
has been consistently validated as a threshold for poor progno
sis.117 In HFpEF, lower cutoffs have been described, with Guazzi 
et al. identifying a threshold near 33 that predicted adverse out
comes,118 while other studies reported higher cutoffs.119 Thus, 
although a VE/VCO2 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/VCO2 closely reflected invasive
ly derived haemodynamic measures.115 Higher VE/VCO2, par
ticularly at its nadir, was associated with lower peak CO, a 
steeper PCWP/CO slope, and increased risk of cardiovascular 
hospitalization or death.115 The authors further demonstrated 
that the method used to quantify VE/VCO2 can influence its 
physiologic and prognostic interpretation.1 Across both commu
nity and referral cohorts, VE/VCO2 behaviour varied with exer
cise intensity, with the nadir providing the most robust signal by 
minimizing the confounding effects of early or late 
hyperventilation.115

Understanding relative limitations imposed by pulmonary me
chanics and the cardiovascular system is also of utility in HFpEF 
evaluation. A high ratio between VE and maximal voluntary ven
tilation (MVV), reduced inspiratory capacity, or a post-exercise 
drop in forced expiratory volume in one second (FEV1) may in
dicate pulmonary mechanical restraints on exercise, particularly 
if VE/MVV exceeds 70% prior to reaching the ventilatory anaer
obic threshold.120 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.121

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/VO2 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),21,24,122–163 and the collective results 
offer insights into predominant mechanisms governing EI 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,164 and primarily boosts 
peripheral oxygen extraction by increasing capillary recruit
ment,165 exercise hyperaemia,166 and respiratory efficiency167

while reducing intramuscular adipose tissue.168 Changes in skel
etal muscles in HFpEF are partially distinct from those reported 
with deconditioning.169 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.24

Three meta-analyses have reported consistent pVO2 increases 
of 2.1–2.2 mL/kg/min,164,170 vs sedentary control (all P  
< .001).171 High-intensity or interval training may hasten pVO2 
gains, whereas the addition of resistance training and respira
tory muscle training,172 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/m2), 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,141 but improvements 
were most pronounced in participants with diabetes and BMI 
>34.8 kg/m2.173 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/m2) 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/m2) trials showed an 
overall neutral effect on 6MWD.17,144 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.174 The CAMEO-DAPA (Cardiac and Metabolic Effects 
of Dapaglifozin in HFpEF) trial (n = 38, average BMI 34.7 kg/m2) 
notably demonstrated a reduction in rest and exercise PCWP 
without an associated increment in pVO2, mirroring results with 
cyclic guanosine monophosphate (cGMP) augmentation strat
egies that lower filling pressures but do not augment pVO2.175

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 VO2 did not 

change significantly (adjusted mean difference +0.1 mL/min/ 
kg [95% CI −0.6 to +0.8 mL/kg/min], P = .81), and spironolac
tone reduced 6MWD by 15 m (95% CI −27 to −2 m, P = .03) 
with discordant improvement in E/e’, LV mass, and 
NT-proBNP levels.124 Although spironolactone improved 
pVO2 in one study,176 meta-analysis of three studies with 519 
patients showed no significant differences in walk distance.177

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 EI in 
HFpEF was evaluated in two randomized trials.178 Valsartan had 
no significant effect on gas exchange variables or 6MWD in a 

Figure 8 Therapeutic landscape and pathophysiological targets in HFpEF. (A) Timeline of randomized clinical trials in HFpEF over the 
past 15 years that reported exercise outcomes (peak VO2 or 6-minute walk distance) and had placebo, sham, or crossover-controlled 
designs. Trials positioned above the timeline demonstrated a statistically significant improvement in exercise capacity, whereas those 
below did not. Trials are colour-coded by therapeutic mechanism: cGMP augmentation, mineralocorticoid receptor antagonism 
(MRA) and angiotensin receptor-neprilysin inhibitor (ARNI), device therapy, exercise/diet/iron repletion, heart rate modulation, myocar
dial energetics, and metabolic modulation. (B) Sample size–weighted average percentage change in exercise capacity (peak VO2 or 6- 
minute walk distance) in HFpEF across therapeutic classes, grouped by hypothesized mechanism of benefit. Numbers in parentheses 
indicate the number of trials included for each intervention category. (C ) Sample size–weighted average percentage change in exercise 
capacity (peak VO2) in hypertrophic cardiomyopathy across therapeutic classes, grouped by hypothesized mechanism of benefit. 
Numbers in parentheses indicate the number of trials included for each intervention category. (D ) Conceptual model linking key patho
physiologic domains in HFpEF—pulmonary, haemodynamic, and peripheral—with therapeutic targets. Subphenotyping based on these 
domains may guide treatment, from broadly applicable therapies (e.g. SGLT2 inhibitors, exercise training) to more selective or investi
gational interventions (e.g. splanchnic denervation, myostatin inhibition). Abbreviations: ARNi, angiotensin receptor-neprilysin inhibitor; 
BMI, body mass index; CardioMEMS, wireless pulmonary artery pressure monitoring system; BB, beta-blocker; cGMP, cyclic guanosine 
monophosphate; CTEPH, chronic thromboembolic pulmonary hypertension; Dx/Rx, diagnosis/treatment; EF, ejection fraction; GIP, 
glucose-dependent insulinotropic polypeptide; GLP1, glucagon-like peptide-1 receptor agonist; HR, heart rate; Ivabr; ivabradine; IV, 
intravenous; LV, left ventricle; IAS, interatrial shunt; MRA, mineralocorticoid receptor antagonist; PDE5i, phosphodiesterase type 5 in
hibitor; PVD, pulmonary vascular disease; SGLT2i, sodium-glucose cotransporter-2 inhibitor; Spl Denerv, splanchnic denervation; 
withdr, ivabradine withdrawal
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randomized trial of 152 hypertensive patients with 
HFpEF.179,180 More recently, 2572 patients with LVEF ≥40% 
were assigned to sacubitril/valsartan or standard treatment 
(predefined as enalapril, valsartan, or placebo stratum).126

Sacubitril/valsartan didn’t improve 6MWD at 24 weeks.126

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

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.181 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.145,181 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 

Figure 8 Continued
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mean BMI of 38.2 kg/m2. Patients treated with weekly tirzepa
tide were able to walk 18 m more on 6MWT after 1 year.182

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.145,182

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.154 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/m2), bariatric surgery was associated with a 23.4% im
provement in 6MWD alongside 21.4% weight loss in three 
months after gastric bypass surgery.183 Notably, in 
STEP-HFpEF, improvements in 6MWD plateaued by ∼20 weeks 
despite continued weight loss, suggesting that early functional 
gains are not solely attributable to mechanical unloading.145

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.6

Dietary interventions
Dietary interventions may mitigate EI, particularly in obese, mal
nourished, sarcopenic, or hypertensive individuals. In a rando
mized factorial trial,154 100 HFpEF patients (age 67 years, BMI 

39.3 kg/m2) 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, pVO2 increased by 1.2 mL/kg/min with exercise and 
1.3 mL/kg/min with diet alone. The highest improvement in 
pVO2 of 2.5 mL/kg/min was accomplished when diet and exer
cise were combined (Figure 8).154

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/ 
m2) received a DASH diet (1150 mg Na/2100 kcal) for 21 
days.184 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.62 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.148

Vitamin supplementation
Water-soluble vitamin deficiencies (i.e. thiamine, vitamin C, and 
B12) tend to be exacerbated by loop diuretics185 and may 

D

Figure 8 Continued
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contribute to fatigue and EI. 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.186

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 EI sim
ply limit ‘chronotropic access’. Depending on the definition 
used, chronotropic incompetence is present in 42% to 80% of 
patients with HFpEF.34,187,188 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.140 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, pVO2 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).140 In HFrEF, similarly neutral re
sults189–191 or modest benefits have been observed.192

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.193,194

The use of beta-blockers, ivabradine, and potentially other 
medications with strong negative chronotropic effects could 
worsen EI 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/m2, 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.139 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 pVO2, 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/m2.195

The observation that administration of Ivadrabine, an If block
er that selectively lowers heart rate at rest and during exercise, 
diminishes pVO2 in HFpEF confirms the importance of equilib
rium between HR and other haemodynamic and oxygen ex
change parameters,137 though a second larger trial with 
ivabradine was neutral for 6MWT.138

Interventions for the atrial 
hypertension and stressed blood 
volume HFpEF
Splanchnic denervation and vasodilators
HFpEF is characterized by increased stressed blood volume.196

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.123 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 EI and PH-HFpEF with Levosimendan, a cal
cium sensitizer and K+-ATP channel activator,160 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 EI 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 EI 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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wall stress have modest effects on exercise capacity, analogous 
to findings in HFrEF.197 These findings highlight the need for 
clinicians to incorporate but also look beyond these therapies, 
when seeking to improve EI in HFpEF (Figure 8D).197

The modest effects of HFpEF interventions directed at central 
haemodynamic abnormalities stand in stark contrast to cardio- 
centric interventions for obstructive hypertrophic cardiomyop
athy (oHCM) (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-VO2 slope, reflecting predominant limitations to 

VO2 augmentation imposed by reduced CO,198 in contrast to 
HFpEF, which encompasses a heterogeneous spectrum of exer
cise limitation mechanisms, in which peripheral limitations are 
commonly observed with elevated CO-VO2 slopes.199

Notably, in a recent study of cardiac myosin inhibitor treat
ment of oHCM, improvements in pVO2 were proportionate to 
reductions in NTproBNP and left ventricular outflow tract gradi
ents, further highlighting improvements in EI achievable with 
cardiospecific interventions in oHCM.200 By contrast, in 
HFpEF, O2 pathway modulation modelling studies have indi
cated only partial improvement in pVO2 for a given improve
ment in component variables of the O2 pathway.6 These 
findings should not diminish efforts to correct EI 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 
pVO2,195 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 O2 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-vO2.

Conclusion and future directions
EI 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 
EI. 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 EI in 
the last 5 years. Interventions to address EI 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.
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Recommendations for further diagnostic examinations
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O2 pulse plateau

Cardiac magnetic 
resonance

• Suspected infiltrative 
cardiomyopathy, inflammatory 
cardiomyopathy, iron overload 
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