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BACKGROUND: Heart failure with preserved ejection fraction (HFpEF) is a heterogeneous disease characterized by exercise
intolerance. Defining pathophysiologically distinct subgroups allows more personalized therapy, but efforts mainly relied on
resting examinations. This study aimed to define HFpEF phenotypes based on exercise limitations using combined cardiopul-
monary exercise testing with stress echocardiography.

METHODS: A total of 913 patients with HFpEF were recruited from 4 third-line centers and divided into derivation (n=623) and
validation cohorts (n=290). Unsupervised graph-based clustering of 61 cardiopulmonary exercise testing with stress echocar-
diography variables was used to identify HFpEF exercise phenotypes. Pathophysiological characteristics, exercise capacity,
and clinical outcomes were compared between phenotypes.

RESULTS: In the derivation cohort, cluster analysis identified 5 distinct HFpEF exercise phenotypes characterized by spe-
cific exercise responses: mild diastolic dysfunction (phenotype 1), impaired peripheral oxygen extraction (phenotype 2), right
ventricular-pulmonary artery uncoupling (phenotype 3), reduced left ventricular systolic reserve (phenotype 4), and chrono-
tropic incompetence (phenotype 5). The composite outcome of all-cause death and unplanned cardiovascular hospitalization
differed significantly across phenotypes, with phenotypes 2 (hazard ratio [HR], 1.76 [95% CI, 1.07-2.91]), 4 (HR, 2.15 [95%
Cl, 1.27-3.65]), and 5 (HR, 2.19 [95% ClI, 1.33-3.61]) showing higher rates of the primary combined outcome compared with
phenotype 1. All phenotypes were replicated in the validation cohort.

CONCLUSIONS: Deep phenotyping of the exercise response in patients with HFpEF revealed 5 distinct phenogroups with
marked differences in pathophysiology, exercise performance, and clinical outcomes. This subclassification may support
more personalized therapeutic strategies and improve risk stratification in HFpEF.
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(HFpEF) is the most prevalent type of HF, and
its prevalence is expected to further increase
due to population aging.! Compared with HF with re-
duced EF, the prognosis of HFpEF is equally poor
and current pharmacological options for improving

Heart failure (HF) with preserved ejection fraction

HFpEF prognosis remain limited.? Established thera-
pies include sodium-glucose cotransporter 2 inhibitors
(SGLT2i), mineralocorticoid antagonists, and rigorous
management of comorbidities.® However, the burden
of hospitalizations and mortality remains significant.*
A potential explanation is the heterogeneity of HFpEF.
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CLINICAL PERSPECTIVE
What Is New?

Exercise-based clustering of combined cardiopul-
monary exercise testing with stress echocardiog-
raphy data identified 5 heart failure with preserved
ejection fraction phenotypes with different exer-
cise responses including mild diastolic dysfunc-
tion, impaired peripheral oxygen extraction, right
ventricular-puimonary artery uncoupling, reduced
left ventricular systolic reserve, and chronotropic
incompetence.

e The heart failure with preserved ejection fraction
exercise phenotypes showed marked differences
in exercise capacity and clinical outcomes.

What Are the Clinical Implications?

e This subclassification is a step towards person-
alized, targeted treatment strategies and may
improve risk stratification in heart failure with pre-
served ejection fraction.

Nonstandard Abbreviations and Acronyms

CPET cardiopulmonary exercise testing

CPETecho combined cardiopulmonary
exercise testing and stress
echocardiography

HFA-PEFF Heart Failure Association Pretest
probability, Echocardiography and
natriuretic peptide score,
Functional testing, and Final
aetiology algorithm

H,FPEF Heavy, Hypertensive, Atrial
Fibrillation, Pulmonary
Hypertension, Elder, Filling
Pressure Score

HFpEF heart failure with preserved
ejection fraction

PAP pulmonary artery pressure

PC principal component

SGLT2i Sodium-glucose cotransporter 2
inhibitors

Vo, oxygen consumption

Several clinical trials that failed to improve the primary
outcome later identified subgroups of patients with
HFpEF who responded favorably to the tested treat-
ment.% Identifying these subgroups has sparked the
hypothesis that patients with HFpEF can be classified
according to mutually exclusive “phenotypes,” which
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share clinical and pathophysiological characteristics.
Identifying these HFpEF phenotypes may identify spe-
cific subgroups with HFpEF more amenable to therapy,
supporting more personalized and effective treatment.
Several research groups have classified patients into
phenotypes based on clinical characteristics, biomark-
ers, and imaging profiles.®7'° As exercise intolerance is
the hallmark symptom of HFpEF, we hypothesize that
a subclassification based on the response to exercise
may be specifically relevant for therapeutic decisions
and clinical outcomes.

Combined cardiopulmonary exercise testing and
stress echocardiography (CPETecho) is a relatively new
modality which can characterize the entire pathway of
O, transport and utilization noninvasively, fully charac-
terizing limits to exercise capacity."'> CPETecho is used
in specialized centers to identify patients with HFpEF
at an early stage, as resting hemodynamics and echo-
cardiography are normal in up to one third of patients
with HFpEF"8 Exercise may provoke increased left
ventricular (LV) filling pressures in up to 64% of patients
with unexplained dyspnea and normal resting examina-
tions.>™ In this study, we aimed to better characterize
the heterogeneity of exercise physiology in patients with
HFpEF by classifying those with confirmed HFpEF into
different phenotypes based on their exercise limitations
using CPETecho.

METHODS

The data underlying this article will be shared at a rea-
sonable request by the corresponding author. The
study complied with the Declaration of Helsinki and
was approved by the medical ethics committees of all
participating centers (Ethisch Comité UZA/UAntwerpen:
002732, Medisch-Ethische  Toetsingscommissie
UMCG: 202100279, Ethisch Comité Jessa Ziekenhuis:
2020/014,  University  Hospital Pisa  Bioethical
Committee: 19204). Participants provided written in-
formed consent.

Study Population

We retrospectively analyzed patients with HFpEF who
underwent CPETecho between August 2016 and
September 2023 in 4 third-line hospitals: Antwerp
University Hospital (Edegem, Belgium), Jessa Hospital
Hasselt (Hasselt, Belgium), University Medical Centre
Groningen (Groningen, the Netherlands), and University
Hospital Pisa (Pisa, [taly). All patients who underwent
CPETecho were initially screened. Exclusion criteria
were a left ventricular ejection fraction <560%, other
structural heart disease (restrictive or hypertrophic
cardiomyopathy, congenital heart disease), >moderate
valvular stenosis or regurgitation, suspected coronary
ischemia or age under 18years. Among these, patients
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meeting diagnostic criteria for HFpEF according to the
2021 European Society of Cardiology guidelines were
selected: (1) symptoms and signs of HFpEF, (2) left ven-
tricular ejection fraction >50%, and (3) objective evi-
dence of cardiac structural or functional abnormalities
consistent with the presence of LV diastolic dysfunc-
tion or raised LV filing pressures.'® Patients recruited
in Antwerp, Hasselt, and Groningen were designated
as the derivation cohort, and patients recruited in
Pisa served as the validation cohort. This division was
based on geographic differences to enhance the gen-
eralizability of the findings.

CPETecho Procedure

CPETecho was performed as described previously,
by experienced cardiologists (A.B.G., JV., LM.G.M,,
and N.R.P).""1216 AJ| centers followed the same stand-
ardized protocol. Table S1 provides an overview of
the equipment used per center. Patients performed
a symptom-limited maximal exercise bout on a semi-
supine bicycle ergometer with a gradual workload
increase (5—20 Watts/min), tailored to each patient’s
age, sex, weight, and functional status. An exercise
duration of 8 to 12 minutes was targeted to reach peak
oxygen consumption (VO,). The protocol included 2
minutes of unloaded pedaling before exercise, and 3
minutes of recovery after peak effort. At rest, submax-
imal exercise, and peak exercise, echocardiography
was performed. The submaximal stage corresponded
to a heart rate of ~100 beats per minute, allowing
Doppler measurements before E- and A-wave fusion
occurs.” For peak imaging, acquisition was initiated
once the respiratory exchange ratio exceeded 1.00 al-
lowing sufficient time to complete the full imaging se-
quence, or at the point of symptom-limited exhaustion.
If needed, a brief constant-load phase was added to
allow completion of imaging, ensuring that key hemo-
dynamic measurements could be obtained at respira-
tory exchange ratio >1.05. At each stage, the following
parameters were sequentially collected: LV volumes
(end-diastolic and end-systolic), left ventricular ejec-
tion fraction, E-wave, and A-wave velocities, €’ at the
septal and lateral mitral annulus, s’ at the septal mitral
annulus, s’ at the lateral tricuspid annulus, tricuspid
annular plane systolic excursion, stroke volume, and
tricuspid regurgitation velocity to estimate pulmonary
artery pressure (PAP). To improve PAP measurement
accuracy, 1 to 3 mL of agitated colloid was routinely
injected intravenously at each stage. The presence
of B-lines was assessed by scanning 4 chest zones
(third and fourth intercostal spaces at the mid and
anterior axillary line on each side) at rest and imme-
diately after maximal exercise.”® Combining exercise
echocardiography with CPET adds measurement of
breath-by-breath minute ventilation, carbon dioxide
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production, and VO,, enabling calculation of periph-
eral oxygen extraction. Respiratory gases, heart rate,
12-lead ECG, and noninvasive arterial saturation
were recorded continuously. Additionally, spirometry
was performed at rest to calculate breathing reserve
(40xforced expiratory volume in 1 second), and labo-
ratory tests including NT-proBNP (N-terminal pro B-
type natriuretic peptide) measurement (Roche) were
measured locally before the exercise test. VO,peak
was defined as the highest 30-second average VO,
within the last minute of exercise. Predicted VO, peak
was calculated according to the Wasserman—-Hansen
equation for all participating centers.'® CPETecho thus
provided a comprehensive, noninvasive assessment
of cardiac function, hemodynamics, and respiratory-
metabolic parameters.

Clustering Analysis

Statistical analysis was performed using R version
4.41 (R Foundation for Statistical Computing, Vienna,
Austria). Table S2 outlines the continuous variables ob-
tained from CPETecho used as phenotypic features,
encompassing echocardiographic, CPET, and spirom-
etry data, along with heart rate, blood pressure, and
arterial saturation measured both at rest and during
exercise. Variables with <40% missing data were im-
puted using the Midastouch method, a predictive mean
matching—based approach that preserves the observed
data distribution and is robust to nonnormality. Those
with >40% missing data were excluded from the analy-
sis. To assess the impact of imputation, we performed
Kolmogorov—Smirmov testing to compare pre- and
postimputation distributions (Table S2; Data S1); for vari-
ables with significant differences, an additional tipping
point analysis was conducted by perturbing imputed
values (+1 SD) and evaluating cluster stability using the
Adjusted Rand Index (Figure S1; Data S1). Before analy-
sis, CPETecho variables were normalized using log
transformation and scaled by Z-score standardization.
Sixty-one continuous variables were input for graph-
based clustering using the Shared Nearest Neighbor
technigue with the Louvain algorithm (Seurat package
version 5.1.0), selected for its effectiveness in detecting
meaningful clusters in complex, high-dimensional data
by focusing on shared local relationships. Before clus-
tering, dimensionality reduction was performed through
principal component analysis, while uniform manifold
approximation and projection was also used for visu-
alization to simplify high-dimensional data into 2 or 3
dimensions. The clustering resolution (an essential pa-
rameter directly related to the number of clusters) was
determined using a majority vote principle across three
complementary, a priori defined methods: clustering
trees, gap statistic and NbClust (Figure S2, Data $1).2%-
22 The optimal resolution maximizes both within-cluster
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similarity and between-cluster differences. As sensitiv-
ity analyses, clustering was repeated using the Leiden
algorithm as an alternative commmunity detection method,
and the analysis was restricted to patients with an Heavy,
Hypertensive, Atrial Fibrillation, Pulmonary Hypertension,
Elder, Filing Pressure Score (H,FPEF) score>6, testing
the robustness of the clustering across different HFpEF
definitions. For validation of the transferability of these
phenotypes to an external population, mutual nearest
neighbors were identified between the derivation and
validation cohort, as described by Stuart et al., enabling
comparison of phenotypes across different cohorts.?
Additionally, we quantified the consistency in variable
expression between phenotypes across derivation and
validation cohorts using intraclass correlation coef-
ficients and Bland-Altman analysis to detect potential
systematic shifts.

Outcome Assessment

All study participants were followed for at least 6 months
after CPETecho. The primary outcome was the time to
the first occurrence of a composite end point, defined
as all-cause death or unplanned cardiovascular hos-
pitalization. This outcome was determined through a
retrospective chart review, additionally querying a na-
tionwide database for Belgian centers and telephone
contact with patients for Pisa and Groningen.

Statistical Analysis

Continuous variables were presented as mean+SD
and compared using ANOVA, after confirming normal-
ity of residuals and homogeneity of variance using the
Brown-Forsythe test. When variances were unequal
but data were normally distributed, Welch’s ANOVA
was applied. If nonnormally distributed, variables
were presented as median (25th percentile—75th per-
centile) and compared using the Kruskal-Wallis test.
Categorical variables were presented as n (%) and
compared between groups using chi-square test.
When overall group differences were significant, post
hoc pairwise comparisons were performed. For the
outcomes analysis, we employed both unadjusted
and multivariable-adjusted Cox proportional haz-
ards models to assess the independent association
between phenotype groups and clinical outcomes
(Survival package version 3.8.3). Covariates included
in the adjusted models were selected a priori based
on established prognostic relevance in HFpEF, and in-
cluded age, sex, body mass index, estimated glomeru-
lar filtration rate, hemoglobin, NT-proBNP, and HFpEF
risk scores. Proportional hazards assumption was
assessed using Schoenfeld residuals. Kaplan—-Meier
curves stratified by phenotype were generated, with
differences between groups tested using the log-rank
test. P value <0.05 was considered significant.
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RESULTS

Population Characteristics

Of 2306 patients screened, a total of 913 patients with
HFpEF were included: 623 in the derivation cohort and
290 in the validation cohort (Figure 1). Baseline charac-
teristics of the study population are displayed in Table 1.
Overall, patients were predominantly female (56%), with
a mean age of 74+8years. The most prevalent comor-
bidities included hypertension (73%), atrial fibrillation
(41%), diabetes (20%), and coronary artery disease (19%).
Patients with HFpEF in the validation cohort were slightly
older, more often men, and had similar prevalences of
comorbidities, higher NT-proBNP, and more severe dias-
tolic dysfunction and cardiac remodeling (Table 1).

Clustering Optimization

We used multiple approaches to define the optimal
resolution for clustering, that is, the number of sub-
groups (Figure S2). Both clustering trees and NbClust
identified 5 clusters as optimal, whereas the gap sta-
tistic suggested 4 clusters. As 2 of the 3 methods
supported a 5-subgroup model, we proceeded with 5
clusters in further analyses.

After dimensionality reduction, we identified 9 prin-
cipal components (PCs), capturing key differences be-
tween clusters. The main results were as follows: PC1
was primarily driven by cardiac index (factor loading [FL]
0.30), with the mean PAP/cardiac output slope contrib-
uting negatively (FL —0.24). PC2 was mainly influenced
by variables related to peripheral oxygen extraction
(FL 0.29) and negatively by indexed stroke volume (FL
—0.26). Heart rate response was the dominant fac-
tor in both PC3 (FL 0.26) and PC5 (FL 0.27), whereas
PC4 was positively associated with aerobic capacity
(FL 0.32) and negatively with ventilatory efficiency (FL
—0.27). Additional details on PCs and their contribut-
ing variables are provided in Figure S3. Differences
between clusters are visualized in 2-dimensional and
3-dimensional plots of uniform manifold approxima-
tion and projection embeddings (Figure 2, Video $1).
To assess the impact of imputation, we performed
Kolmogorov—Smirnov tests and a tipping point analy-
sis. Only 8 of 61 variables had a significantly different
distribution after imputation; perturbing these variables
+1SD revealed stable clustering (Adjusted Rand Index
>0.62) (Table S2, Figure S1).

Description of CPETecho-Based Clusters

Each of the 5 clusters exhibited marked differences in
exercise pathophysiology (Table 2; Figure 3). Phenotype
1 (n=93, 15% of the derivation cohort) exhibited only
mild diastolic dysfunction with preserved biventricu-
lar systolic reserve. Patients with phenotype 2 (n=131,
21%) had lower peripheral oxygen extraction difference
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Consecutive patients undergoing CPETecho
between August 2016 and September 2023
(n=2306)

e LVEF <50% (n =133)

¢ Other structural heart disease: restrictive or hypertrophic
cardiomyopathy, congenital heart disease (n = 17)

e Severe valvular stenosis or regurgitation (n = 103)

e Suspected coronary ischemia (n = 25)

* Age<18years(n=3)

Exclusion criteria

Suspected HFpEF (n = 2025)

HFpEF diagnosis according to the 2021 European Society of
Cardiology guidelines

Inclusion criteria

vV

Diagnosed HFpEF (n = 913)

v v

Derivation cohort (n = 623)
Antwerp (n =32)
Groningen (n = 22)
Hasselt (n = 569)

Validation cohort (n = 290)
Pisa (n =290)

Figure 1. Patient selection flow chart.

Of all 2306 patients referred for CPETecho, 913 met eligibility criteria. CPETecho indicates combined cardiopulmonary exercise
testing and exercise echocardiography; HFpEF, heart failure with preserved ejection fraction; and LVEF, left ventricular ejection

fraction.

and highest cardiac output/VO, slope. Phenotype
3 (n=158, 25%) was characterized by reduced right
ventricular (RV) reserve and lowest peak tricuspid an-
nular plane systolic excursion/systolic PAP. Patients
with phenotype 4 (n=107, 17%) exhibited impaired LV
stroke volume reserve during exercise, paralleled by
the highest body mass index. In contrast, phenotype
5 (n=134, 22%) showed the poorest exercise capac-
ity, moderately reduced LV and RV systolic function,
the lowest cardiac power output, most severe left atrial
remodeling, and pronounced chronotropic incompe-
tence with many on negative chronotropic medication.
Moreover, these patients had the lowest estimated glo-
merular filtration rate, highest NT-proBNP levels, and
were more likely to have a history of coronary artery
disease, as well as to be treated with loop diuretics
and mineralocorticoid receptor antagonists. As a sen-
sitivity analysis, we included a pairwise comparison of
the clusters (Table S3), and repeated clustering using
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the Leiden algorithm, which yielded very similar results
to the initial analysis (Table S4, Figures S4 and S5).
Additionally, we performed a sensitivity analysis includ-
ing only patients with an H,FPEF score >6. This yielded
a much smaller population (n=197 patients in the deri-
vation cohort, n=120 in the validation cohort) in which
the exercise phenotypes 1 to 5 could not clearly be
distinguished (Figure S6).

External Validation

The validation cohort successfully replicated all 5 clus-
ters (Figure 4A) with a similar distribution of patients
across phenotypes. Patient characteristics according
to HFpEF exercise phenotypes in the validation cohort
are presented in Table S5 and Figure S7. All CPETecho
variables were consistently elevated or reduced across
clusters in both derivation and validation cohorts
(Figure 4B). The overall intraclass correlation coefficient
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Table 1. Baseline Characteristics of the Total Study Population: Derivation Versus Validation Cohorts

Derivation (n=623) Validation (n=290) P value
Demographic data
Age, y 74 (69-79) 76 (71-82) <0.001
Female sex, n (%) 378 (61) 137 (47) <0.001
Height, cm 167 (169-172) 168 (159-174) 0.273
Weight, kg 75 (65-87) 75 (65-85) 0.653
Body mass index, kg.m=? 27.3 (24.0-31.0) 26.7 (23.9-30.3) 0.346
Systolic blood pressure, mmHg 145+23 135+20 <0.001
Diastolic blood pressure, mmHg 78 (71-87) 75 (65-85) 0.001
Heart rate, bpm 68+12 7713 <0.001
Rhythm, n (%)
Sinus 558 (90) 216 (75) <0.001
Atrial fibrillation 60 (10) 51 (18)
Negative chronotropic medication, n (%) 440 (70) 199 (69) 0.687
History, n (%)
Hypertension 435 (70) 234 (81) 0.001
Atrial fibrillation 258 (41) 114 (39) 0.596
Diabetes 116 (19) 70 (24) 0.066
Coronary artery disease 131 (21) 41 (14) 0.017
Cerebrovascular disease 12 (2) 20 (7) <0.001
Peripheral arterial disease 18 (3) 16 (6) 0.078
Laboratory
Hemoglobin, g.dL™" 13.4 (12.4-14.3) 12.7 (11.8-13.9) <0.001
N-terminal prohormone B-type natriuretic peptide, ng.L™ 340 (190-660) 528 (244-1208) <0.001
Creatinine, mg.dL™ 1.01 (0.84-1.26) 0.96 (0.81-1.20) 0.020
Estimated glomerular filtration rate, mL.min-'.1.73m? 61 (48-73) 66 (54-81) <0.001
Heart failure with preserved ejection fraction scores
H,FPEF score (3-6) (3-6) <0.001
HFA-PEFF score rest (3-5) 5 (4-6) <0.001
HFA-PEFF score exercise (5-7) (5-8 <0.001
Echocardiographic parameters at rest
LV ejection fraction (%) 61+8 63+7 0.011
TAPSE, cm 1.7 (1.2-2.2) 2.0 (1.8-2.9) <0.001
E/A 0.9 (0.8-1.2) 1.0 (0.8-1.4) 0.517
E/e’ 14.4+6.2 17.3+8.3 <0.001
Tricuspid regurgitation gradient, mm Hg 25+7 39+13 <0.001
LAVi, mL.m=2 33+14 43+12 <0.001
LV mass index, g.m? 93+27 119+29 <0.001

Mean+SD for continuous variables (compared using independent samples ¢ test after assessment of normality and homogeneity of variance using the Brown—
Forsythe test; when variances were unequal, Welch'’s t test was applied), median (interquartile range) for nonparametric distribution (compared using Mann—
Whitney U test), n (%) for categorical variables (compared using chi-square). P value <0.05 is considered significant. H,FPEF indicates Heavy, Hypertensive, atrial
Fibrillation, Pulmonary hypertension, Elder, Filling pressure score; HFA-PEFF, Heart Failure Association Pretest Probability Echocardiography and natriuretic
peptide score, Functional Testing, and Final aetiology algorithm; E/A, ratio of early (E) to late (A) mitral valve flow velocity; E/e’, ratio of E over early diastolic septal
annular velocity (€'); LAVi, left atrial volume index; LV, left ventricular; and TAPSE, tricuspid annular plane systolic excursion.

of the magnitude of change of CPETecho variables
between derivation and validation cohorts was 0.946
(P<0.001), with individual clusters ranging from 0.759
to 0.974 (all P<0.001, Table S6). Bland—Altman analysis
further supported these findings, showing a mean dif-
ference near zero and 94% of variables falling within
the 95% limits of agreement (Figure S8). Together,
these findings confirm that the patterns discovered in

the derivation cohort are well preserved in the inde-
pendent validation cohort.

Clinical Outcomes According to HFpEF
Phenogroups

During a mean follow-up of 3.0+1.8 years, a total of 160
combined clinical end point events were recorded in

J Am Heart Assoc. 2026;15:e050524. DOI: 10.1161/JAHA.126.050524 6
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Figure 2. Visualization of HFpEF exercise phenotypes after dimensionality reduction in the derivation cohort.

A, Grouping of phenotypes projected onto a 2-dimensional space using UMAP, a technique used to simplify complex data by reducing
it to 2 or 3 dimensions. This 2-dimensional embedding provides an initial visual grouping of the phenotypes, allowing observation of
broad patterns between clusters. B, Grouping of phenotypes based on 3-dimensional UMAP embeddings. The additional dimension
helps to reveal clearer separation and more explicit discrimination between the phenotypes, highlighting finer structural differences
that may be less apparent in the 2-dimensional representation. See Video S1. HFpEF indicates heart failure with preserved ejection

fraction; and UMAP, uniform manifold approximation and projection.

the derivation cohort, comprising 24 deaths and 136
unplanned cardiovascular hospitalizations (including 44
atrial fibrillation hospitalizations, 33 HF hospitalizations,
and 14 acute coronary syndromes). Using phenotype
1 as a reference (12% with a primary outcome event),
phenotype 5 showed significantly higher incidence of
adverse events (37%), followed by 30% in phenotype 2
and 24% in phenotype 4 (Table 3). These associations
remained significant after adjusting for age, sex, body
mass index, hemoglobin, estimated glomerular filtra-
tion rate, NT-proBNP, and HFpEF risk scores (H,FPEF
and Heart Failure Association pretest probability echo-
cardiography [HFA-PEFF] score; Table 3).

In the validation cohort (mean follow-up 2.0+1.3years),
92 combined primary outcome events were recorded,
with phenotype 3 showing a significantly higher inci-
dence in unadjusted analysis. However, this association
was no longer significant after multivariable adjustment
(Table 3).

In the combined cohorts, Kaplan—-Meier curves
demonstrated significant differences in prognosis ac-
cording to exercise phenotypes (log-rank P=0.003;
Figure 5). In adjusted Cox regression analysis, pheno-
types 2 (hazard ratio [HR], 1.76 [95% ClI, 1.07-2.91]), 4
(HR, 2.15[95% ClI, 1.27-3.65]), and 5 (HR, 2.19 [95% ClI,
1.33-3.61]) were each associated with worse outcomes
compared with phenotype 1 (Table 3). The proportional

J Am Heart Assoc. 2026;15:e050524. DOI: 10.1161/JAHA.126.050524

hazards assumption was not violated. Kaplan—-Meier
curves for the derivation and validation cohorts individ-
ually are provided in Figures S9 and S10.

Exercise Phenotype Web Tool

To support clinical application, we developed a pub-
licly accessible web tool (Figure S11) that enables phe-
notype classification in individual patients with HFpEF
using a mutual nearest neighbors algorithm. This can
be accessed at https:/sdeschutter.shinyapps.io/Deter
mining_HFpEF_exercise_phenotypes/.

DISCUSSION

In 913 patients with HFpEF who underwent advanced
exercise testing with CPETecho, we identified 5 distinct
HFpEF exercise phenotypes with significant differences
in pathophysiological features, exercise capacity, and
clinical outcomes. The response to acute exercise was
remarkably heterogeneous, ranging from a phenotype
with solitary lower diastolic reserve to an advanced
phenotype with marked limitations in several cardiac
and noncardiac domains. Several subgroups demon-
strated specific exercise limitations, including impaired
peripheral oxygen extraction, low LV systolic reserve,
and RV-pulmonary artery uncoupling, highlighting the


https://sdeschutter.shinyapps.io/Determining_HFpEF_exercise_phenotypes/
https://sdeschutter.shinyapps.io/Determining_HFpEF_exercise_phenotypes/
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Table 2. Baseline Characteristics of the Derivation Cohort, Stratified According to 5 HFpEF Exercise Phenotypes

Identified in CPETecho-Based Cluster Analysis

Exercise Response Patterns in HFpEF

Characteristics Phenotype 1 Phenotype 2 Phenotype 3 Phenotype 4 Phenotype 5 P value
Total 93 131 158 107 134
Demographic data
Female sex, n (%) 38 (41) 73 (56) 115 (73) 68 (64) 84 (63) <0.001
Age, y 70+8 74+8 74+7 72+7 75+9 <0.001
Body mass index, kg.m2 27.6+4.5 26.7+5.3 27.4+4.8 28.6+5.7 28.2+5.5 0.042
<25, n (%) 27 (29) 55 (42) 56 (35) 36 (34) 39 (29)
25-30, n (%) 36 (39) 42 (32) 58 (37) 29 (27) 53 (40) 0.167
>30, n (%) 30 (32) 34 (26) 44 (28) 42 (39) 42 (31)
Rhythm, n (%) 0.203
Sinus rhythm 85 (91) 124 (95) 139 (90) 93 (87) 117 (87)
Atrial fibrillation 8(9) 6 (5) 16 (10) 13 (12) 17 (13)
History of, n (%)
Hypertension 61 (66) 89 (68) 112 (71) 70 (65) 103 (77) 0.264
Atrial fibrillation 40 (43) 39 (30) 57 (36) 52 (49) 70 (52) 0.001
Diabetes 18 (19) 28 (21) 22 (14) 15 (14) 33 (25) 0.104
Coronary artery disease 14 (15) 27 (21) 34 (22) 16 (15) 40 (30) 0.030
Cerebrovascular disease 2(2) 2(2) 32 3@ 2(2) 0.951
Peripheral arterial disease 1(1) 22 8 (5) 22 54 0.253
Laboratory
Hemoglobin, g.dL™" 13.9 (12.8-15.0) | 13.2(12.3-14.15) | 13.4 (12.4-14.17) | 13.7 (12.8-14.3) | 12.9 (12.3-13.8) | <0.001
N-terminal prohormone B-type natriuretic | 238 (130-372) 300 (170-480) 310 (200-680) 362 (193-650) | 590 (340-980) 0.002
peptide, ng.L™"
Creatinine, mg.dL™ 1.04 (0.88-1.25) |0.97 (0.78-1.19) | 0.98 (0.82-1.20) | 1.08 (0.86-1.26) | 1.14 (0.90-1.37) <0.001
Estimated glomerular filtration rate, 67+20 64+23 63+20 60+15 53+21 <0.001
mL.min-'1.73 m?
Therapy
Negative chronotropic medication, n (%) 52 (57) 90 (69) 108 (70) 71 (68) 110 (83) 0.001
Angiotensin-converting enzyme inhibitor/ | 10 (22) 24 (41) 51 (43) 19 (38) 32 (40) 0.183
angiotensin receptor blocker, n (%)
Mineralocorticoid receptor antagonist, n (%) | 3 (7) 11 (19) 30 (25) 4(8) 25 (31) 0.002
Calcium channel blocker, n (%) 11 (24) 13 (22) 24 (20) 5 (10) 16 (20) 0.417
Statin, n (%) 19 (42) 25 (43) 58 (49) 19 (38) 35 (43) 0.753
Loop diuretics, n (%) 7 (16) 10 (17) 19 (16) 5 (10) 24 (30) 0.042
Thiazide, n (%) 4(9) 119 32 (27) 9(18) 10 (12) 0.036
Oral antidiabetic, n (%) 4(9) 3(5) 13 (11) 12 1 (14) 0.159
Insulin, n (%) 2 (4) 1) 4 () 12 2 (3) 0.914
Sodium-glucose cotransporter 2 inhibitor, | 0 (0) 0(0) 1(1) 0(0) 0(0) 0.741
n (%)
Exercise capacity
Peak respiratory exchange ratio 1.08 (1.05-112) | 1.08 (1.03-1.14) | 1.07 (1.01-1.15) [ 1.08 (1.02-1.12) |1.05(1.00-1.12) | 0.285
Peak workload, watt 98 (78-121) 74 (58-91) 58 (45-77) 75 (57-96) 48.5 (32.0-64.3) | <0.001
Peak VO,, mL.kg™".min 17.1 (14.5-20.8) 14.5(12.5-18.0) | 12.6 (10.2-15.0) | 14.6 (12.0-17.0) | 10.8 (8.7-13.0) <0.001
Peak VO,, %predicted 89 (76-100) 82 (71-95) 76 (60-86) 83 (67-94) 64 (47-78) <0.001
VE/VCO, slope 30+5 33+7 33+9 32+8 36+8 <0.001
Blood pressure response
Systolic blood pressure, rest, mm Hg 148 (139-166) 141 (130-150) 151 (140-171) 137+22 138 (123-149) <0.001
Diastolic blood pressure, rest, mm Hg 84 (77-92) 75 (69-83) 82 (74-91) 78 (71-88) 73 (64-82) <0.001
Systolic blood pressure, peak, mm Hg 17827 176+29 186+28 170+25 161+£28 <0.001
(Continued)
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Table 2. Continued

Exercise Response Patterns in HFpEF

Characteristics Phenotype 1 Phenotype 2 Phenotype 3 Phenotype 4 Phenotype 5 P value
Diastolic blood pressure, peak, mm Hg 88+17 76+14 84+16 82+13 7114 0.001
CPOM, rest, watt/100 g 0.74 (0.56-0.90) |0.66 (0.53-0.87) |0.70 (0.52-0.92) |0.44 (0.35-0.60) | 0.48 (0.38-0.65) | <0.001
CPOM, peak, watt/100 g 1.89 (1.46-2.21) | 1.59 (1.14-2.04) | 1.45(1.20-1.74) |0.99 (0.77-1.31) |0.85 (0.62-1.08) | <0.001
Systolic blood pressure/workload slope 0.51(0.38-0.72) |0.56 (0.35-0.81) | 0.59 (0.32-1.00) | 0.55 (0.36-0.90) | 0.54 (0.31-1.01) 0.648
Arterial elastance, rest, mm Hg.mL™" 1.9 (1.6-2.3) 1.5 (1.3-1.7) 2.1 (1.8-2.5) 2.2 (1.8-2.7) 2.0 (1.6-2.3) <0.001
Arterial elastance, peak, mm Hg.mL"' 2.2+0.5 1.7£0.4 2.2+0.6 2.3+0.5 2.1+£0.6 <0.001
Total arterial compliance, rest, mL.mm Hg™' | 1.2+0.5 1.4+0.5 1.0+0.4 1.2+0.7 11+0.5 <0.001
Total arterial compliance, peak, mL.mm 0.7 (0.6-1.0) 1.0(0.8-1.2) 0.7 (0.6-0.9) 0.8 (0.6-1.0) 0.8 (0.6-1.1) <0.001
Hg™'

Heart rate response
Heart rate, rest, bpm 7112 65+11 71+13 68+13 65+11 <0.001
Heart rate, peak, bpm 129 (114-142) 112 (97-121) 113 (102-126) 113 (99-122) 89 (80-100) <0.001
Heart rate reserve, %predicted 73 (68-91) 56 (41-73) 56 (44-74) 56 (44-64) 31 (22-42) <0.001
VO,/heart rate, rest, mL 3.7 (2.7-4.5) 3.6 (2.7-5.0) 3.1 (2.6-4.1) 3.5(2.8-4.8) 3.8 (2.7-5.1) 0.008
VO,/heart rate, peak, mL 10.5 (8.7-13.0) 10.3 (8.2-12.3) 8.0 (6.3-10.0) 10.1 (8.1-12.5) 8.9 (7.2-10.9) <0.001

LV systolic function
LVEF, rest, % 63+8 62+7 63+9 60+8 60+8 <0.001
LVEF, peak, % 68+12 66+9 68+11 65+10 63+10 0.008
SV, rest, mL 741£17.2 84.9+15.3 66.6+14 57.6+£14.6 64.8+16.2 <0.001
SV, peak, mL 85.1 (75.5-98.4) | 97.1 (86.9-108.4) | 76.5 (68.0-86.6) |67.5(57.5-76.8) | 73.4 (62.3-85.4) | <0.001
SVi, rest, mL.m=2 36.9 (32.56-42.2) |45.3 (41.1-51.0) |36.1 (31.7-41.1) 28.7 (25.2-34.0) | 34.2 (29.0-40.0) | <0.001
SVi, peak, mL.m? 44.7 (40.6-48.4) |53.7 (48.1-58.7) |42.1 (37.4-47.3) |35.0(30.8-40.4) | 39.7 (33.8-46.5) | <0.001
Cl, rest, L. min-2.m? 2.6 (2.3-3.0) 2.9 (2.5-3.4) 2.5(2.2-2.9) 1.9 (1.7-2.3) 21 (1.9-2.5) <0.001
Cl, peak, L.min-2.m? 5.7 (5.0-6.6) 5.7 (5.1-6.5) 4.9 (4.3-5.4) 4.0 (3.4-4.6) 3.7 (3.1-4.1) <0.001
Ventricular-arterial coupling, rest 0.52 (0.37-0.64) |0.43(0.33-0.56) |0.48(0.33-0.63) |0.64 (0.51-0.86) | 0.56 (0.41-0.71) <0.001
Ventricular-arterial coupling, peak 0.34 (0.26-0.46) |0.33(0.26-0.40) |0.34(0.23-0.48) |0.47 (0.34-0.59) | 0.41 (0.29-0.53) | <0.001

LV diastolic function
E, rest, m.s™ 0.57 (0.47-0.64) | 0.75(0.62-0.90) | 0.76 (0.62-0.88) | 0.62 (0.54-0.78) | 0.91 (0.75-1.11) <0.001
A, rest, m.s™' 0.69 (0.60-0.80) |0.81(0.68-0.94) |0.79(0.65-0.98) | 0.66 (0.55-0.76) | 0.67 (0.49-0.92) | <0.001
E, peak, m. s’ 1.10+0.28 1.30+0.30 1.29+0.29 114+0.24 1.29+0.30 <0.001
E/A, rest 0.77 (0.65-0.91) | 0.90 (0.78-1.11) 0.90 (0.71-1.14) | 0.92 (0.78-1.20) | 1.18 (0.91-2.14) <0.001
E/e, rest 10.5 (8.2-12.0) 131 (11.2-15.9) | 14.4 (11.6-17.2) | 11.6(9.1-13.6) | 17.2 (14.3-20.5) | <0.001
E/e’, highest 11.4 (9.1-14.0) 15.6 (13.6-17.3) 16.3 (14.1-18.7) 12.8 (10.5-15.5) | 18.6 (15.7-23.7) <0.001

Left heart morphology
Left atrial volume index, mL.m2 32+13 36+14 29+11 32+15 37+15 <0.001
LV mass index, g.m? 90 (76-103) 92 (77-111) 88 (71-106) 90 (76-112) 90 (75-107) 0.421
Relative wall thickness 43 (36-49) 42 (36-50- 44 (37-51) 40 (33-45) 42 (37-48) 0.055
LVEDV index, rest, mL.m 53.7+16.5 53.2+15.2 47.2+141 50.1+15.0 47.3+141 <0.001
LVEDV index, peak, mL.m? 54.3+16.5 55.0+13.9 46.6+13.4 50.7+14.3 47.6+13.9 <0.001

Right ventricle and pulmonary circulation
TAPSE, rest, cm 2.0 (1.6-2.4) 2.2 (1.8-2.4) 1.2(0.9-1.6) 1.8 (1.4-2.1) 1.6 (1.1-2.0) <0.001
TAPSE, peak, cm 2.5(2.0-2.9) 2.6 (2.3-2.8) 1.7 (1.3-2.0) 2.2 (1.9-2.5) 1.9 (1.4-2.3) <0.001
RV S/, rest, cm. s 10.0 (8.3-11.1) 10.8 (8.9-13.0) 7.0 (6.0-10.0) 8.3 (7.0-10.0) 7.0 (6.5-9.0) <0.001
RV S, peak, cm. s~ 156.6+4.3 14.7+3.1 10.6+£3.0 12.6+3.0 9.7+3.3 <0.001
TAPSE/PAPS, rest, mm.mm Hg™' 0.89 (0.72-1.05) | 0.89 (0.71-1.12) 0.46 (0.37-0.63) | 0.74 (0.61-0.94) | 0.56 (0.40-0.71) | <0.001
TAPSE/PAPSs, peak, mm.mm Hg™' 0.50 (0.39-0.61) |0.53(0.45-0.61) |0.32(0.25-0.41) |0.43(0.39-0.49 |0.37 (0.27-0.46) | <0.001
mPAP/CO slope, mmHg.L~!.min"! 2.8+1.2 3.0+1.5 41+1.8 4.7+2.1 6.4+4.2 <0.001
mPAP, peak, mm Hg 3216 3216 3416 327 34+10 0.017

(Continued)
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Table 2. Continued

Exercise Response Patterns in HFpEF

Characteristics Phenotype 1 Phenotype 2 Phenotype 3 Phenotype 4 Phenotype 5 P value
PAPs, rest, mm Hg 22 (19-26) 23 (21-28) 25 (22-30) 23 (19-26) 26 (23-32) <0.001
PAPs, peak, mm Hg 49+9 49+9 53+10 50+10 53+16 0.019

HFpEF scores
H,FPEF score 4 (2-6) 3 (3-5) 4 (3-6) 5 (3-6) 5 (3-6) <0.001
HFA-PEFF score, rest 5 (4-5) 4 (4-5) 4 (3-5) 5 (3-5) 5 (4-6) 0.227
HFA-PEFF score, exercise 5 (4-6) 6 (5-7) 6 (56-7) 5 (4-6) 7 (5-8) <0.001

Pulmonary function
FEV,, %predicted 88 (74-97) 83 (69-96) 80 (63-91) 82 (72-93) 77 (59-88) <0.001
FEV,/FVC, %predicted 79+11 78+12 7715 80+10 79+13 0.678
Oxygen saturation, rest, % 98+1 98+1 98+1 98+1 98+2 0.808
Oxygen saturation, peak, % 97+2 97+3 97+3 97+3 97+4 0.314
Breathing reserve, % 40 (30-48) 40 (30-52) 40 (28-49) 42 (32-51) 44 (29-54) 0.371

Peripheral
CO/VO, slope 5.3+1.8 6.4+2.5 6.2+£2.1 4.0+1.5 5.0£3.0 <0.001
AVO, difference, peak, mL/dL 12.2 (10.9-14.8) | 10.4 (8.7-12.3) 10.7 (8.7-12.3) 14.9 (13.0-17.3) | 12.4 (9.9-15.2) <0.001
AVO, difference corrected for 0.90 (0.77-1.04) | 0.80 (0.65-0.94) |0.81(0.66-0.96) | 1.12(0.97-1.22) | 0.95 (0.78-1.21) <0.001
hemoglobin, peak, mL/g

Mean+SD for continuous variables (compared using ANOVA after confirmation of normality of residuals and homogeneity of variance using the Brown—
Forsythe test; when variances were unequal Welch’'s ANOVA was applied), median (interquartile range) for nonparametric distribution (compared using
Kruskal-Wallis test), n (%) for categorical variables (compared using chi-square test). P value <0.05 is considered significant. AVO, indicates peripheral oxygen
extraction; Cl, cardiac index; CO, cardiac output; CPETecho, combined cardiopulmonary exercise testing and stress echocardiography; CPOM, cardiac power
output-to-mass; E/A, ratio of early (E) to late (A) mitral valve flow velocity; E/e’, ratio of E over early diastolic septal annular velocity (e'); FEV,, forced expiratory
volume in 1 second; FVC, forced vital capacity; H,FPEF, Heavy, Hypertensive, atrial Fibrillation, Pulmonary hypertension, Elder, Filling pressure score; HFA-
PEFF, Heart Failure Association Pretest Probability, Echocardiography and natriuretic peptide score, Functional Testing, and Final aetiology algorithm; HFpEF,
heart failure with preserved ejection fraction; LV, left ventricular; LVEDV, Left ventricular end-diastolic volume; LVEF, left ventricular ejection fraction; mPAP/CO
slope, mean pulmonary artery pressure over cardiac output slope; PAPSs, systolic pulmonary artery pressure; RV &', peak systolic velocity of the lateral tricuspid
annulus; SV, stroke volume; SVi, indexed stroke volume; TAPSE, tricuspid annular plane systolic excursion; VE/VCO,, ventilation over carbon dioxide production

slope; ventricular-arterial coupling, estimated as end-systolic volume/stroke volume;*® and VO,, oxygen uptake.

diverse mechanisms contributing to exercise intoler-
ance in HFpEF.

Role of Exercise Testing in HFpEF
Phenotyping

Phenotypical heterogeneity is a well-known feature of
HFpEF and has been cited as one of the reasons so
few large-scale clinical trials have met their primary
end point.®'° Previous studies attempting to find sub-
groups in this heterogeneous population have largely
relied on imaging at rest, biomarkers, and comor-
bidities.=81924 This approach may overlook patients
with dynamic abnormalities that become evident only
during physical exertion.®'32526 Exercise intolerance
in HFpEF is known to arise not only from diastolic
dysfunction, but also from several other cardiac and
extracardiac mechanisms.?” Evaluating the cardio-
vascular, respiratory, and peripheral responses to
exercise using CPETecho or invasive exercise test-
ing offers a more comprehensive and physiologically
meaningful characterization. Our analysis is the larg-
est to date of this kind, applying unsupervised ma-
chine learning to a comprehensive set of CPETecho

J Am Heart Assoc. 2026;15:e050524. DOI: 10.1161/JAHA.126.050524

measurements. A previous study demonstrated the
utility of CPETecho in phenotyping HFpEF based on
21 variables in 265 Asian patients, identifying 3 phe-
nogroups.?® Notably, their groups 1 and 2 correspond
to our “phenotype 17 and “phenotype 3” classifica-
tions. A study using invasive hemodynamic testing in
397 patients with HFpEF in the United States found
3 phenogroups, including 2 groups corresponding to
our “phenotype 1”7 and “phenotype 5."¢ Differences
between our findings may reflect variations in HFpEF
characteristics between populations, the broader set
of CPETecho variables used in our analysis, and dif-
ferent methodology.

Pathophysiological Characteristics of
HFpEF Exercise Phenotypes and Their
Clinical Impact

The broader aim of phenotyping in HFpEF is to move
beyond uniform treatment strategies and enable more
personalized therapeutic approaches. We provide a
framework for such personalized treatment based on
our results. However, it remains unclear whether dis-
tinct phenotypes differ in their response to current

10
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Phenotype 1 Phenotype 2 Phenotype 3 Phenotype 4  Phenotype 5
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Figure 3. HFpEF phenotypes based on exercise limitations.

Heatmap of clinical and CPETecho characteristics (rows) according to HFpEF exercise phenotypes (columns). Darker rectangles
indicate higher values of the respective characteristic. AVO, diff indicates peripheral oxygen extraction; BMI, body mass index; CO,
cardiac output; E/A, ratio of early (E) to late (A) mitral valve flow velocity; E/e’, transmitral blood flow (E) over early diastolic septal
mitral annular velocity (e); eGFR, estimated glomerular filtration rate; Hb, hemoglobin; highest, highest value obtained from either
submaximal or maximal exercise stages; LAVI, left atrial volume index; LV, left ventricular; mPAP/CO slope, mean pulmonary artery
pressure over cardiac output slope; NT-proBNP, N-terminal prohormone B-type natriuretic peptide; PAPs, systolic pulmonary artery
pressure; RV S, peak systolic velocity of the lateral tricuspid annulus; SVi, indexed stroke volume; TAPSE, tricuspid annular plane
systolic excursion; and VO,, oxygen uptake.

treatments, highlighting the need for further investi-
gation. Furthermore, assigning a single label to each
phenotype disregards the considerable differences in
exercise response, and multiple labels may apply to a
given phenotype.

J Am Heart Assoc. 2026;15:e050524. DOI: 10.1161/JAHA.126.050524

Phenotype 1: This low-risk phenotype is marked
by mild diastolic dysfunction, minimal myocardial re-
modeling and preserved biventricular cardiac function,
consistent with an “early HFpEF” stage.®?® Patients
are slightly younger and have the lowest NT-proBNP

11
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Figure 4. External validation of exercise phenotypes.

A, Grouping of phenotypes in validation cohort based on 2-dimensional UMAP embeddings. All clusters could be reproduced in the
validation cohort. B, Consistency of variable expression in derivation and validation data sets. Each dot represents a variable that
was identified as significantly associated with 1 of the 5 HFpEF exercise phenotypes used in the clustering analysis. The x axis shows
the log2 fold change of the variable in the derivation cohort, indicating how strongly that variable is elevated or reduced in a specific
phenotype compared with others. The y axis shows the log2 fold change of the same variable in the validation cohort. All variables
demonstrate consistent elevation or reduction in each cluster in both data sets. Specifically, variables in the upper right quadrant are
elevated in a given cluster in both data sets, whereas those in the lower left quadrant are reduced in a given cluster in both data sets.
The absence of dots in the upper left and lower right shaded quadrants indicates that no variable shows opposing patterns between
data sets. HFpEF indicates heart failure with preserved ejection fraction; and UMAP, uniform manifold approximation and projection.

levels, though 1 in 8 patients still experienced a pri-
mary outcome event over a mean follow-up of 3years.
Given the limited cardiac remodeling, this phenotype
may represent a critical window for early intervention,
with the potential to slow or even reverse disease pro-
gression. Early initiation of SGLT2i, combined with
lifestyle changes such as structured physical activity
and dietary interventions may help delay advance-
ment. Subanalyses from the TOPCAT (Treatment of
Preserved Cardiac Function Heart Failure With an
Aldosterone Antagonist) and I-PRESERVE (Irbesartan
in Heart Failure With Preserved Ejection Fraction) tri-
als showed that patients with HFpEF with low H,FPEF
scores (<6) and low NT-proBNP levels (<330 pg/mL)
responded more favorably to spironolactone and irbe-
sartan, respectively.?®3 These findings highlight the
importance of early intervention in HFpEF before irre-
versible pathological changes occur.

Phenotype 2: Impaired peripheral oxygen ex-
traction has been proposed as a key contributor to
exercise intolerance in HFpEF,®" with skeletal muscle
oxygenation being the primary determinant in the
absence of anemia or lung disease.®>23 Our findings

J Am Heart Assoc. 2026;15:e050524. DOI: 10.1161/JAHA.126.050524

identified a unique subgroup where reduced periph-
eral oxygen extraction seems the primary exercise-
limiting factor. Exercise training improves quality of
life and peak VO, in patients with HFpEF,%% pos-
sibly through changes in skeletal muscle including
enhanced mitochondrial efficiency and increased
capillary density.323% However, not all patients with
HFpEF experience significant VO, peak improve-
ments with training. Efforts to identify predictors of
response, such as baseline clinical, resting echo-
cardiography, or isolate exercise echocardiography
parameters, have not yet proven reliable.®® It can be
hypothesized that patients in this phenotype may
show a superior response to exercise therapy, which
could guide better selection for exercise-based pro-
grams in future trials. Moreover, these patients ex-
hibited an increased risk of cardiovascular events
despite relatively preserved LV and RV function, and
lower levels of NT-proBNP. A recent study corrob-
orates that reduced peripheral oxygen extraction
recovery after exercise (<41%) is independently as-
sociated with increased mortality and heart failure
hospitalization in patients with HFpEF or pulmonary

12
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Table 3. Association of HFpEF Exercise Phenotypes With Adverse Outcomes Using Cox Proportional Hazards Analysis

Events Unadjusted hazard Adjusted hazard
Phenotypes (% with primary outcome) ratio (95% CI) P value ratio* (95% Cl) P value
Derivation cohort
Phenotype 1 1 (12) Reference
Phenotype 2 39 (30) 2.45 (1.26-4.79) 0.008 2.28 (1.183-4.57) 0.020
Phenotype 3 35 (22) 1.36 (0.69-2.68) 0.374 1.37 (0.67-2.83) 0.390
Phenotype 4 26 (24) 2.20 (1.08-4.44) 0.029 2.25 (1.10-4.62) 0.027
Phenotype 5 49 (37) 2.82 (1.47-5.43) 0.002 2.52 (1.24-5.14) 0.011
Validation cohort
Phenotype 1 12 (25) Reference
Phenotype 2 16 (29) 1.31(0.62-2.77) 0.478 1.08 (0.50-2.34) 0.840
Phenotype 3 25 (38) 2.64 (1.31-5.29) 0.006 1.91 (0.86-4.20) 0.110
Phenotype 4 14 (33) 2.13 (0.98-4.64) 0.057 2.08 (0.93-4.66) 0.074
Phenotype 5 25 (32) 1.88(0.94-3.79) 0.074 1.29 (0.59-2.81) 0.517
Combined derivation and validation cohort
Phenotype 1 23 (16) Reference
Phenotype 2 55 (29) 1.90 (1.17-3.09) 0.010 1.76 (1.07-2.91) 0.026
Phenotype 3 60 (27) 1.57 (0.97-2.55) 0.064 1.66 (0.99-2.77) 0.051
Phenotype 4 40 (27) 2.05 (1.23-3.43) 0.006 2.15 (1.27-3.65) 0.004
Phenotype 5 74 (35) 2.37 (1.49-3.79) <0.001 2.19 (1.33-3.61) 0.002

*Adjusted for age, sex, body mass index, hemoglobin, estimated glomerular filtration rate, N-terminal prohormone B-type natriuretic peptide, Heavy,
Hypertensive, Atrial Fibrillation, Pulmonary Hypertension, Elder, Filing Pressure (H,FPEF) score and Heart Failure Association Pretest Probability
Echocardiography, Functional Testing, Final Diagnosis (HFA-PEFF) score (rest and exercise). P value <0.05 is considered significant.

hypertension.®” The prognostic significance of pe-
ripheral limitations in HFpEF remains incompletely
understood and warrants further investigation in fu-
ture studies.

Phenotype 3: Marked by the lowest tricuspid annu-
lar plane systolic excursion/systolic PAP ratios during
exercise and impaired RV function, this group indicates
an “HFpEF with RV-pulmonary artery uncoupling”

Log-rank: P =0.003
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HFpEF exercise phenotypes
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Figure 5. Survival free of all-cause death or unplanned cardiovascular hospitalization, stratified by HFpEF exercise

phenotype.

A, Kaplan—-Meier curves showing differences across HFpEF exercise phenotypes for the combined clinical end point of all-cause death
and unplanned cardiovascular hospitalization in the combined derivation and validation cohort of 913 patients with HFpEF. B, Adjusted
Cox survival curves showing differences across HFpEF exercise phenotypes for the combined clinical end point, accounting for age,
sex, body mass index, hemoglobin, estimated glomerular filtration rate, N-terminal prohormone B-type natriuretic peptide, and HFpEF
risk scores. HFpEF indicates heart failure with preserved ejection fraction.
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phenotype. In HFpEF, pulmonary hypertension often
begins as a passive consequence of elevated left atrial
pressures associated with LV diastolic dysfunction and
left atrial myopathy, leading to an increased pulsatile
load on the right ventricle and RV dysfunction. Chronic
pulmonary congestion can further trigger reactive in-
creases in pulmonary arterial tone and pulmonary vas-
cular remodeling, further worsening RV afterload and
impairing LV preload.383° This phenotype highlights the
potential role of early pulmonary vascular changes in
HFpEF pathophysiology. To date, drugs targeting RV
afterload (ie, pulmonary hypertension) have not been
proven beneficial in HFpEF.3%4° However, recent evi-
dence suggests SGLT2i may offer specific benefit in
this context.*’

Phenotype 4: This “HFpEF with low LV systolic re-
serve” group is associated with higher obesity rates.
Visceral adiposity may contribute to HFpEF develop-
ment through chronic inflammation, endothelial dys-
function, ventricular-vascular stiffness, and coronary
microvascular dysfunction.*?43 Epicardial adipose tis-
sue may additionally lead to HF through lipid infiltra-
tion and pericardial constraint.** These mechanisms
likely underlie the impaired stroke volume reserve
observed in this group, also characterized by a high
arterial elastance and reduced ventricular-arterial cou-
pling.*® Treatment with renin—angiotensin—aldosterone
system inhibitors has been associated with improved
stroke volume in HFpEF, though this did not translate
into an increased exercise capacity or improved clinical
outcomes.®! Therapeutic strategies targeting obesity-
driven mechanisms may be especially suited for this
phenotype. Semaglutide improved HF-related symp-
toms, NT-proBNP levels, exercise capacity, and weight
loss in patients with obesity and HFpEF.*® Similarly,
tirzepatide reduced cardiovascular events and im-
proved health status.*” Both traditional weight loss
strategies, SGLT2i, and these novel metabolic agents
effectively reduce epicardial adipose tissue.** Future
studies in this phenotype could benefit from including
myocardial strain metrics such as global longitudinal
strain and LV work index to refine assessment of con-
tractile reserve and uncover patients with HFpEF with
subclinical systolic dysfunction.™

Phenotype 5: This phenotype represented a high-
risk subgroup and can be addressed as “HFpEF with
advanced functional impairment,” characterized by
the poorest exercise capacity, marked chronotropic
incompetence, and signs of both LV and RV systolic
dysfunction. Additionally, they exhibited the worst
kidney function and, importantly, the poorest clinical
outcomes with over one third experiencing a primary
event at mean follow-up of 3years. Chronotropic in-
competence—linked with autonomic dysfunction,
sinus node remodeling and f-receptor desensitiza-
tion—is common in HFpEF and progressively worsens
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across advancing HFpEF stage.*® In this advanced
phenotype, chronotropic incompetence was likely in-
fluenced by widespread use of negative chronotropic
agents (83% of patients). We can speculate that this
subgroup may particularly benefit from p-blocker
withdrawal, which has shown short-term benefits
in patients with HFpEF and chronotropic incompe-
tence; however, long-term impact remains unclear.*
Additionally, cardiac pacing is being investigated as a
treatment option not only for patients with concomi-
tant conduction abnormalities but for all patients with
HFPEF.%° For patients with HFpEF at high risk of HF
hospitalization, advanced therapies such as implant-
able hemodynamic monitors should be considered as
part of long-term management.'®

A phenogroup approach to classifying patients with
HFpEF has several advantages over direct interpretation
of individual physiological variables. Because patients
with HFpEF often exhibit multiple, coexisting exercise
limitations, it is not always straightforward to determine
which impairment is most pathophysiologically relevant
or therapeutically targetable in a given case. Clustering
similar patients may uncover reproducible phenotypic
patterns that reflect dominant physiological themes
within each phenogroup and may become particularly
helpful when clinical limitations overlap. For example, al-
though chronotropic incompetence may occur across
multiple phenotypes, its clinical management would
likely differ if present in phenotype 2 (HFpEF with pe-
ripheral impairment) versus phenotype 5 (HFpEF with
advanced functional impairment), for example, target-
ing peripheral conditioning and reconditioning in gen-
eral versus heart rate modulation.

To support practical application, we developed a
publicly available web tool enabling clinicians to clas-
sify patients with HFpEF into 1 of the 5 phenotypes
using CPETecho data. This tool enhances clinical utility
by allowing rapid and reproducible assignment of pa-
tients to data-driven phenotypes at the point of care,
facilitating individualized diagnosis, prognostication,
and enabling future phenotype-specific management
strategies.

LIMITATIONS

An inherent shortcoming of unsupervised clustering
is the requirement to categorize patients into distinct
groups rather than acknowledging phenotypic over-
lap.®" Moreover, phenotypes may evolve. This under-
scores the need for prospective, longitudinal research
to understand the dynamic evolution. Medication use
varied across phenotypes, and its potential influence
on our findings cannot be ruled out. However, the
clusters showed multiple linked physiologic impair-
ments, reflecting broader pathophysiology rather than
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isolated treatment effects. Notably, the use of SGLT2i
was low in our cohort with HFpEF, as many patients
were enrolled before the therapy was approved for
HFpEF. Although future studies should explore how
SGLT2i affect these distinct HFpEF phenotypes, they
are unlikely to eliminate the underlying pathophysi-
ological heterogeneity. Although phenotypes were
reproducible in an external cohort, baseline charac-
teristic differences suggest potential regional or insti-
tutional influences. Future studies should explore the
applicability of these phenotypes in populations with
varying ethnicities, care settings and comorbidity pro-
files including a broader body mass index spectrum,
such as Asian or American cohorts. Outcomes did
not significantly differ in the validation cohort after
multivariable adjustment, likely due to shorter follow-
up and lower number of events in this cohort. In the
pooled analysis of both cohorts, prognostic differ-
ences across phenotypes remained statistically sig-
nificant in both unadjusted and multivariable-adjusted
Cox models. Further research is needed to determine
whether classification by exercise phenotypes im-
proves outcomes compared with “standard” HFpEF
diagnosis. In a sensitivity analysis limited to patients
with an H,FPEF score >6, the 5 exercise phenotypes
could no longer be clearly distinguished—Ilikely due
to the significantly reduced sample size. We did not
include myocardial strain imaging, which may have
enhanced sensitivity for detecting subtle systolic
impairment.'* Although CPETecho offers a compre-
hensive, noninvasive evaluation of exercise hemo-
dynamics it has limitations: while pulmonary and RV
parameters have demonstrated excellent correlation
with exercise magnetic resonance imaging,®? periph-
eral oxygen extraction difference remains an indirect
estimate and may need confirmation using invasive
catheterization or alternative techniques. Additionally,
direct estimation of pulmonary artery wedge pressure
is not possible, and transmitral blood flow over septal
mitral annular peak velocity has its known limitations.
Finally, supine exercise bicycles have weight limits
(135—150 kg in this study), thus individuals with severe
obesity may be underrepresented.

CONCLUSIONS

This study underscores the heterogeneity of HFpEF
and the value of exercise-based phenotyping. Using
CPETecho and unsupervised machine learning, we
identified 5 distinct HFpEF exercise phenotypes, each
characterized by unique responses to exercise, aero-
bic capacity, and prognosis. This phenotypic clas-
sification offers a foundation for more personalized,
targeted treatment strategies in HFpEF, addressing an
unmet need in this complex syndrome.
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