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Abstract

Obesity is a major risk factor for heart failure with preserved ejection fraction (HFpEF), but its impact on limitations in peak oxygen
uptake (V_ O2peak) and its Fick determinants remains unclear. We assessed these factors in patients with obesity and patients without
obesity with HFpEF, and non-HFpEF controls. Patients with HFpEF were subgrouped by body mass index [body mass index (BMI) �
30 or < 30 kg/m2] into HFpEF with (HFpEFObese, n ¼ 139) or without obesity (HFpEFNonobese, n ¼ 317), and non-HFpEF controls (CON,
n ¼ 270). Cardiopulmonary exercise testing with simultaneous echocardiography assessed V_ O2peak, cardiac output (CO), stroke vol-
ume (SV), heart rate (HR), mean pulmonary artery pressure (mPAP) dynamics, and arterio-venous oxygen difference (a-vO2diff).
HFpEFObese tended to have higher absolute V_ O2peak (þ 7%, P ¼ 0.069), and significantly higher peak exercise CO and SV, with no
differences in HR or a-vO2diff. Resting and exercise mPAP and mPAP/CO slopes did not differ between HFpEF obesity phenotypes.
In contrast, bodyweight-indexed V_ O2peak was markedly lower in HFpEFObese (�23%) despite comparable indexed peak CO and SV.
Regardless of HFpEF subgroup, V_ O2peak, central (CO, HR, mPAP) and peripheral factors (a-vO2diff) were markedly impaired in HFpEF
versus CON (P < 0.05 for all). Therefore, although patients with HFpEFObese have preserved absolute V_ O2peak and cardiac reserve,
bodyweight-indexing reveals that these adaptations are insufficient for the heightened metabolic and functional demands induced by
obesity. Alternatively, several physiological HFpEF features are not exacerbated by obesity. This highlights the importance of incorpo-
rating weight loss alongside multicomponent therapeutic strategies to address exercise intolerance in HFpEF.

NEW & NOTEWORTHY Patients with obesity with heart failure with preserved ejection fraction (HFpEF) have larger hearts and
preserved cardiac reserve, but this was insufficient to maintain bodyweight-indexed V_ o2peak at comparable levels to patients
without obesity. Obesity did not exacerbate other HFpEF impairments, such as decreased oxygen extraction or elevated pulmo-
nary pressures. This suggests weight loss may help to improve exercise intolerance in obese patients with HFpEF, but should
be combined with other treatments to target all of the features that contribute to exercise intolerance in HFpEF.

cardiac reserve; exercise echocardiography; HFpEF; obesity; oxygen uptake

INTRODUCTION

Heart failure with preserved ejection fraction (HFpEF) is a
multifaceted syndrome characterized by a complex interplay
of cardiac and noncardiac impairments, reduced exercise

tolerance, and increased risk of cardiovascular and all-cause
mortality (1, 2). The burden of comorbidities in HFpEF
directly contributes to and worsens the inherent exercise
limitations experienced by these individuals (1–3). The high
prevalence of obesity among individuals with HFpEF (�50%
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with class I obesity or higher) underscores its significance as
both a major risk factor and a common comorbidity (3, 4),
associated with decreased quality of life, decreased func-
tional performance, and increased disability (4–7). However,
studies investigating the impact of obesity on exercise toler-
ance (as objectively measured by peak oxygen uptake,
V_ O2peak) and the underlying HFpEF pathophysiology report
conflicting results (7–10), likely due to the relatively small
sample sizes in studies performed to date, varied use of weight
(un)adjusted values, and body position during exercise assess-
ments (i.e., upright vs. supine). Understanding the impact of
obesity on V_ O2peak and the oxygen cascade in HFpEF will be
critical for individualized treatment of obese individuals with
HFpEF. This is particularly relevant with the emerging evi-
dence from (non)pharmacologic weight-loss targeted therapies
in obese patients with HFpEF such as caloric restriction (11),
bariatric surgery, glucagon-like peptide-1 (GLP-1) (12) agonists,
and dual GLP-1 and glucose-dependent insulinotropic poly-
peptide (GIP) receptor agonists (13, 14) that show promising
effects on clinical outcomes such as mortality and physical
function. Yet their impact on impairments in V_ O2peak and its
determinants [a major driver of symptom burden in HFpEF
(6)] remains unclear.

The aim of this study was to determine the impact of obe-
sity [defined as body mass index (BMI) �30 kg/m2] on
V_ O2peak and its Fick determinants [i.e., cardiac output, CO,
and arteriovenous oxygen content difference (a-vO2diff)] in
adults with HFpEF using comprehensive oxygen cascade
analysis derived from combined cardiopulmonary exercise
testing and echocardiography (CPETecho) assessment. We
hypothesized that HFpEF plus obesity (HFpEFObese) would
be associated with superior absolute V_ O2peak and hemody-
namic values but these same measures would be signifi-
cantly lower than in nonobese individuals with HFpEF
(HFpEFNonobese) when indexed to body mass or body surface
area (BSA). We also hypothesize that regardless of obesity
status, patients with HFpEF will have significant deficits in
V_ O2peak and its Fick determinants relative to non-HFpEF
controls (CON).

METHODS

Study Design and Population

This is a secondary analysis from an ongoing patient cohort
study investigating the physiologic and clinical determinants
and outcomes of patients referred to amultidisciplinary dysp-
nea clinic from October 2015 to April 2023 (Jessa Hospital,
Hasselt, Belgium) (15). The detailed dyspnea clinic diagnostic
evaluation protocol has been described previously (15, 16).
In brief, patients underwent clinical evaluation, chart
review, spirometry, blood-based laboratory testing, resting
transthoracic echocardiography, 12-lead electrocardio-
gram, and CPETecho assessments.

A diagnosis of HFpEF was made if patients had a resting
left-ventricular ejection fraction >50%, and met predefined
cutoff scores suggestive of HFpEF using either the Heart
Failure Association Pretest probability, Echocardiography,
Functional testing, and Final diagnosis (HFA-PEFF) score
(17) or the H2FPEF score (18) (Heavy; Hypertensive; Atrial
Fibrillation; Pulmonary hypertension; Elder; Filling pressure).

A score of �5 on the HFA-PEFF scale or �6 on the H2FPEF
scale indicated a diagnosis of HFpEF, in the absence of
HFpEF mimickers such as pericardial disease, congenital
heart disease, high-output heart failure or idiopathic, restric-
tive or hypertrophic cardiomyopathy. Patients with more
than mild primary valve disease and more than mild pulmo-
nary disease were also excluded. Patients were then sub-
grouped according to BMI into obese HFpEF (HFpEFObese;
HFpEF þ BMI � 30 kg/m2) or nonobese (HFpEFNonobese;
HFpEF þ BMI < 30 kg/m2). We also included an additional
comparator group of control participants from the clinic data-
base without HFpEF (CON). Inclusion criteria for CONwere 1)
aged>50 yr (theminimum age of the HFpEF cohort), 2) HFA-
PEFF score �1 and/or H2FPEF score �3, and 3) no history of
atrial fibrillation, or significant cardiac, valvular or pulmo-
nary disease.

Clinical Assessment

A detailed clinical examination and chart review was per-
formed by a certified cardiologist and pulmonologist to
derive participant demographic information and document
medical history, comorbidities, and medications. A periph-
eral venous blood sample was drawn for the assessment of
N-terminal of pro-hormone B-type natriuretic peptide (NT-
proBNP), total blood counts (including hemoglobin concen-
tration), iron, transferrin saturation, ferritin, serum creati-
nine, and glycated hemoglobin (HbA1c).

Spirometry Assessment

A seated spirometry assessment was completed to mea-
sure forced vital capacity, forced expiratory volume in one
second, and their ratio and to rule out participants with overt
pulmonary disease as a source of their unexplained dyspnea.
Maximal voluntary ventilation was calculated as the forced
expiratory volume in one second� 40.

Resting Transthoracic Echocardiography and 12-Lead
ECG

A comprehensive resting echocardiographic assess-
ment was performed in a semirecumbent position (on the
semirecumbent cycle prior to the CPETecho) by experi-
enced sonographers using a Vivid E9 or E95 ultrasound
machine (General Electric Healthcare, Chicago, IL). All anal-
yses were performed offline on EchoPAC (v.203, General
Electric Healthcare, Chicago, IL) using two-dimensional (2-
D), Doppler, and tissue Doppler datasets in accordance with
current guidelines (19, 20).

Combined Cardiopulmonary Exercise Testing and
Exercise Echocardiography

Participants underwent a maximal cardiopulmonary exer-
cise test to volitional fatigue on an electromagnetically
braked semisupine cycle ergometer at a 45� tilt with concur-
rent metabolic gas analysis and transthoracic echocardiogra-
phy. Breath-by-breath values for oxygen uptake, carbon
dioxide, minute ventilation, tidal volume, and respiratory
frequency were recorded throughout the test, with continu-
ous monitoring of heart rate (HR) and rhythm from 12-lead
electrocardiography and arterial oxygen saturation from
pulse oximetry. Echocardiographic datasets were obtained
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at rest (outlined earlier), intermediate exercise, defined by
first ventilatory threshold, and peak exercise.

Following acquisition of the full resting dataset, partici-
pants cycled continuously (>60 revolutions per minute)
against increasing resistance using an incremental ramp
protocol (5–20 W/min) individualized to their clinical and
demographic characteristics with the aim of reaching peak
effort within 8–15 min. Once participants reached their first
ventilatory threshold (or a heart rate of �90–100 beats/min)
the resistance was kept constant for �2–3 min to acquire the
intermediate exercise echocardiographic data set. The ramp
protocol was then continued until participants were near
exhaustion (peak respiratory exchange ratio of �1.10 and/or
onset of severe symptoms) where the load was again held
constant for a short time (�1 min) to obtain the peak exercise
echocardiographic dataset. Participants then continued
cycling (if possible) to volitional fatigue.

The Fick determinants of V_ O2peak included cardiac output
(CO) and the arteriovenous oxygen content difference
(a-vO2diff). Cardiac output was also compartmentalized into its
components [i.e., stroke volume (SV) and HR]. Stroke volume
was quantified using Doppler echocardiography from the
time velocity integral from flowmeasurement at the left ven-
tricular outflow tract, multiplied by 0.785 � aortic diameter2.
The a-vO2diff was then calculated in accordance with the Fick
equation as V_ O2peak 
 CO, and is reported unadjusted, and
adjusted for hemoglobin concentration. Oxygen delivery was
calculated as peak CO multiplied by arterial oxygen content
(1.34 � hemoglobin concentration � arterial oxygen satura-
tion). Mean pulmonary arterial pressure (mPAP) was derived
from the maximal pressure gradient of the tricuspid regurgi-
tant velocity (or the right ventricular-to-right atrial gradient)
using the Chemla formula (0.61 � tricuspid regurgitant gra-
dient þ 2) without incorporating a right atrial pressure esti-
mate (21). Agitated colloid (1–3 mL) was administered
intravenously at rest, intermediate, and peak exercise
stages to enhance the accuracy and feasibility of exercise
tricuspid regurgitant gradient (22, 23). The exercise gradient
envelope with the clearest and most defined profile was
selected for analysis. In addition, gradient profiles were
carefully reviewed for artifacts, such as linear noise signals
caused by transit-time effects, which were excluded from
analysis. We have previously validated the accuracy of this
contrast-enhanced approach against CO and mPAP derived
from invasive hemodynamics and real-time magnetic reso-
nance imaging (22). We have also documented excellent
inter- and intrarater agreement for deriving peak exercise
CO (intraclass correlation coefficient, ICC: 0.917 and 0.937)
andmPAP (ICC: 0.878 and 0.948) using this approach (24).

Individual linear regression using the resting, intermedi-
ate, and peak exercise mPAP and CO datapoints was used to
derive the mPAP/CO slope. Cardiac volumes and V_ O2peak

were reported unadjusted and adjusted for BSA or body-
weight, respectively.

Statistical Analysis

Statistics were performed using Jamovi v2.4.1.1—an R-
based platform retrieved from https://www.jamovi.org.
Normally distributed variables are reported as means ± SD
or mean [95% confidence interval (95% CI)], with nonnor-
mally distributed variables reported as median (25th and 75th

percentile), and categorical variables reported as frequencies
(%). Group characteristics were compared using one-way
ANOVA with Tukey’s post hoc correction (normally distrib-
uted continuous variables), Kruskal–Wallis test (nonnormally
distributed continuous or ordinal variables) or v2 test (categori-
cal variables). Subsequent analyses of V_ O2peak and its determi-
nants, as well as other phenotypic HFpEF variables, were
performed using analysis of covariance (ANCOVA)with adjust-
ment for age, sex, hypertension, and diabetes, and additional
post hoc analyses were performedwith Tukey correction. Two-
tailed P< 0.05 was considered statistically significant.

RESULTS

Overall, 456 consecutive patients with HFpEF and 270
CON who underwent CPETecho assessment were included
in this analysis. A comprehensive summary of these demo-
graphic and clinical characteristics is provided in Table 1.
Within the HFpEF group, 317 (70%) patients with normal or
overweight BMI were classified as nonobese (HFpEFNonobese,
BMI: 25.0 ± 2.9 kg/m2) and 139 (30%) as obese (HFpEFObese,
BMI: 34.1 ± 3.5 kg/m2). There was a similar proportion of
females in HFpEFObese and HFpEFNonobese groups. The
HFpEFObese group was slightly younger, had lower NT-pro-
BNP, and marginally lower resting left-ventricular ejection
fraction (60±8% vs. 63 ±9%, P ¼ 0.012), with higher rates of
hypertension and diabetes. Both groups had comparable
rates of iron deficiency, transferrin saturation, and preva-
lence of atrial fibrillation. In contrast, compared with both
HFpEF groups, the CON group (n ¼ 270) was younger and
had fewer females, lower rates of hypertension and iron defi-
ciency, better kidney and lung function, and lower NT-pro-
BNP. BMI, HbA1c, and prevalence of diabetes were similar in
CON andHFpEFNonobese groups.

V_ O2peak and Its Fick Determinants in HFpEF according
to Obesity Status

Peak exercise responses and Fick determinants are
reported in Table 2 and Fig. 1, A–H, respectively. All
groups showed comparable peak exercise effort during
CPETecho (peak respiratory exchange ratio; HFpEFNonobese:
1.09 ±0.12 vs. HFpEFObese: 1.09 ±0.10, CON: 1.10 ±0.09, P ¼
0.70). HFpEFObese had a trend to higher absolute V_ O2peak val-
ues than HFpEFNonobese (þ 7%, P ¼ 0.069; Fig. 1A) secondary
to higher peak CO (þ 7%, P ¼ 0.013; Fig. 1B), SV (þ8%, P <
0.001; Fig. 1C), and, subsequently, oxygen delivery (þ9%,
P ¼ 0.009; Table 2), as values for peak exercise HR (Fig. 1D,
P ¼ 0.45) and a-vO2diff (Fig. 1E, P ¼ 0.74) were comparable
between the two groups. In contrast, indexing values to body
mass or BSA either reversed or negated the absolute dif-
ferences between obese and nonobese HFpEF groups.
Specifically, V_ O2peak indexed to bodyweight was signifi-
cantly lower in HFpEFObese than HFpEFNonobese (�23%,
P < 0.001; Fig. 1F), with a trend for lower cardiac index
(CI; �6%, P ¼ 0.057; Fig. 1G) and SV index (SVi; �6%, P ¼
0.084; Fig. 1H). Despite their tendency for higher absolute
V_ O2peak, HFpEFObese had comparable peak power output
to HFpEFNonobese (70 ± 32 W vs. 68 ± 31 W, P ¼ 0.46).

Overall, compared with CON, patients with HFpEF had
markedly reduced V_ O2peak (absolute and indexed; 24%–38%
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lower, P < 0.001 for all), CO (19%–25% lower, P < 0.001 for
all), CI (21%–25% lower, P< 0.001 for all), SVi (3%–8% lower,
P < 0.05 for all), HR (18%–19% lower, P < 0.001 for all), and
a-vO2diff (13%–14% lower, P< 0.001 for all), regardless of obe-
sity status (i.e., HFpEFObese or HFpEFNonobese). Although SV
was similar in HFpEFObese compared with controls (2%
lower, P ¼ 0.95). Excluding participants taking beta-blocker
medication resulted in a modest attenuation of differences
between CON and both HFpEF groups for V_ O2peak (absolute
and indexed; 19%–33% lower, P < 0.001 for all), CO (13%–

20% lower, P < 0.001 for all), CI (17%–21% lower, P < 0.001
for all), and HR (14%–15% lower, P < 0.001). There were also
no statistically significant age-by-obesity or sex-by-obesity
interactions. Additional adjustment for a history of coronary
artery disease, or excluding theminority of participants with
inducible ischemia (n ¼ 14), did not significantly impact any
of the primary and secondary analyses.

Obesity and Additional Components of HFpEF
Physiology

The HFpEFObese group showed significantly higher val-
ues for left-ventricular end-diastolic volume and right

ventricular end-diastolic area, with similar left-atrial vol-
ume to HFpEFNonobese (Table 3). However, when indexed
to BSA, left-ventricular end-diastolic volume index and
left-atrial volume index were lower in HFpEFObese, and
left-ventricular mass index was not significantly different.
Although resting left-ventricular ejection fraction was
slightly lower in HFpEFObese versus HFpEFNonobese, peak
exercise left-ventricular ejection fraction was similar
between HFpEF groups. In contrast, E/e 0 was significantly
lower at rest and during intermediate exercise in
HFpEFObese versus HFpEFNonobese. Compared with CON,
both HFpEF groups showed a number of differences typi-
cal for HFpEF (regardless of obesity status) including sig-
nificantly higher left-atrial volumes, and left-ventricular
mass, higher E/e 0, increased left-ventricular stiffness, and
lower peak exercise left-ventricular ejection fraction
(Table 3).

Resting and exercise mPAP values and the corresponding
mPAP/CO slopes for both HFpEF groups and controls are
shown in Fig. 2,A and B. BothHFpEF groups showed compa-
rable mPAP at rest (HFpEFObese 17.4 ±4.2 mmHg vs.
HFpEFNonobese 17.6 ± 3.6 mmHg, P ¼ 0.84) and peak exercise

Table 1. Demographic and clinical characteristics of included participants

Characteristic Controls HFpEFNonobese HFpEFObese P Value

Number of patients 270 317 139
Female, n (%) 136 (51%) 193 (61%)† 90 (65%)† 0.006
Age, yr 65 ± 7 74 ± 8† 72 ±9†� <0.001
Height, cm 170 ± 10 166 ±9† 164 ± 9† <0.001
Weight, kg 77.9 ± 14.8 69.3 ± 10.8† 92.0 ± 12.2†� <0.001
Body surface area, m2 1.90 ±0.21 1.78 ± 0.18† 2.04 ±0.18†� <0.001
Body mass index, kg/m2 26.9 ± 4.4 25.0 ± 2.9† 34.1 ± 3.5†� <0.001
Coronary artery disease, n (%) 21 (8%) 65 (21%)† 29 (21%)† <0.001
Atrial fibrillation, n (%) 0 (0%) 145 (46%)† 77 (55%)† <0.001
Diabetes mellitus, n (%) 38 (14%) 36 (11%) 34 (25%)†� <0.001
Hypertension, n (%) 105 (39%) 215 (68%)† 111 (80%)†� <0.001
Systolic blood pressure, mmHg 140 ± 19 145 ± 22† 146 ± 24† 0.015
Diastolic blood pressure, mmHg 82± 11 78 ± 14† 80 ± 16 0.002

Medications
Beta-blocker, n (%) 63 (23%) 164 (52%)† 83 (60%)† <0.001
ACE-I or ARB, n (%) 85 (31%) 126 (40%)† 70 (50%)†� <0.001
MRA, n (%) 16 (6%) 86 (27%)† 36 (26%)† <0.001
Calcium channel blocker, n (%) 38 (14%) 56 (19%) 27 (19%) 0.32
Loop diuretic, n (%) 16 (6%) 65 (21%)† 35 (25%)† <0.001
Thiazide diuretic, n (%) 28 (10%) 48 (15%) 36 (26%)†� <0.001
Statin, n (%) 110 (41%) 161 (51%)† 77 (55%)† 0.008
Ezetimibe, n (%) 19 (7%) 10 (3%)† 15 (11%)� 0.005
GLP1-RA, n (%) 0 (0%) 0 (0%) 2 (1%) 0.09
SGLT-2i 6 (2%) 2 (1%) 6 (4%)� 0.024
Metformin, n (%) 20 (7%) 16 (5%) 25 (18%)†� <0.001
FEV1/FVC 0.84 ±0.06 0.79 ±0.12† 0.82 ±0.14 <0.001
FEV1, % predicted 95 ± 14 81 ± 22† 80 ± 19† <0.001
H2FPEF score 2 [1, 3] 4 [3, 6]† 7 [5, 8]†� <0.001
Logistic H2FPEF score, % 30 [21, 43] 78 [56, 89]† 92 [81, 95]†� <0.001

HFA-PEFF score 1 [0, 1] 5 [5, 7]† 5 [3, 6]† <0.001
NT-proBNP, ng/L 64 [43, 97] 370 [233, 782]† 290 [139, 470]†� <0.001
GFR CKD-EPI, mL/min/1.73 m2 84.6 ± 15.5 64.8 ± 22.1† 63.4 ± 21.2† <0.001
Hemoglobin, g/dL 14.2 ± 1.3 13.2 ± 1.6† 13.4 ± 1.6† <0.001
Transferrin saturation, % 29.0 ± 11.0 25.9 ± 11.1† 23.9 ± 8.0† <0.001
Ferritin, ng/mL 170 [92, 230] 120 [68, 226] 150 [68, 266] 0.051
Iron deficiency, n (%) 74 (37%) 131 (52%)† 53 (50%)† 0.005
HbA1c, % 5.7 ± 0.5 5.8 ± 0.6 6.1 ± 0.8†� 0.001

Date are means ± SD, median (25th and 75th percentile) or n (%). ACE-I, angiotensin converting enzyme inhibitor; ARB, angiotensin
receptor blocker; FEV1, forced expiratory volume in 1 s; FVC, forced vital capacity; GFR CKD-EPI, glomerular filtration rate assessed by
Chronic Kidney Disease Epidemiology Collaboration equation; GLP1-RA, glucagon-like peptide peptide-1 receptor agonist; HbA1c, glycated
hemoglobin; HFpEF, heart failure with preserved ejection fraction; MRA, mineralocorticoid receptor antagonist; NT-proBNP, N-terminal
pro-B-type natriuretic peptide; SGLT-2i, sodium glucose cotransporter-2 inhibitor. †P < 0.05 vs. CON; �P < 0.05 vs. HFpEFNonobese.
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(33.5 ± 6.1 mmHg vs. 32.7 ± 6.1 mmHg, P ¼ 0.39), with no
difference in mPAP/CO slope (4.2 ± 2.1 mmHg/L/min vs.
4.3 ± 2.5 mmHg/L/min, P ¼ 0.91). In contrast, CON had sig-
nificantly lower (P < 0.001 for both HFpEF groups and all
outcomes) resting (13.7 ± 3.4 mmHg) and peak exercise
mPAP (27.9±7.3mmHg) andmPAP/CO slope (2.5± 1.1 mmHg/
L/min).

DISCUSSION

The major new findings of our study evaluating the Fick
components in patients with HFpEFwith and without obesity
are as follows: 1) obese patients with HFpEF demonstrated a
tendency for higher absolute values for V_ O2peak and increased
peak CO, through a higher SV compared with nonobese
patients with HFpEF—inferring increased aerobic power and
cardiac reserve; 2) when adjusted for body mass, however,
individuals with HFpEFObese had lower V_ O2peak despite similar
if not lower hemodynamic output, suggesting that the cardiac
adaptations associated with obesity are insufficient to fully
compensate for the mechanical inefficiency imposed by
excess weight; and 3) obesity was not associated with an
accentuation of other key features of HFpEF during the semi-
supine CPETecho evaluation, such as exaggerated increases
in pulmonary pressures or impaired oxygen extraction. Taken
together, in HFpEFObese, excess weight may contribute to
functional limitations, similar to an oversized chassis strain-
ing an underpowered engine. Therefore, weight loss strategies
can be particularly beneficial for offloading the overburdened
engine and improving functional performance in these
patients. However, HFpEF imposes additional limitations
beyond obesity, such as increased pulmonary pressures and
reduced a-vO2diff, that results in a lower V_ O2peak compared
with CON. These factors also contribute to exercise intoler-
ance, impaired physical function and diminished quality of
life, and adverse cardiovascular health outcomes (25, 26).
Consequently, comprehensivemanagement of HFpEF should
include (non)pharmacologic weight loss strategies combined
with therapies (such as exercise) targeting these contributing

factors (i.e., loss of muscle, vascular dysfunction, and myo-
steatosis) to optimize patient outcomes.

There is significant debate regarding the impact of obesity
on V_ O2peak in patients with HFpEF, with some studies con-
cluding that V_ O2peak is higher (8) and others concluding that it
is lower (9, 10, 18). Our findings clarify both viewpoints, as we
found that absolute (L/min) V_ O2peak tended to be higher in
HFpEFObese versus HFpEFNonobese, but the reverse was seen
when V_ O2peak was indexed to body mass. In fact, this is con-
sistent with the values reported by themajority of these previ-
ous studies—where absolute V_ O2peak was 17%–32% higher in
HFpEFObese (7, 8, 10), whereas bodyweight indexed V_ O2peak

was 12%–15% lower (7, 9, 10). The most profound differences
are seen at the extreme end of obesity, with Sarma et al. (8)
demonstrating higher absolute and comparable bodyweight-
indexed V_ O2peak inmorbidly obese (BMI 39.3±2.4 kg/m2) ver-
sus overweight-obese (BMI: 30.8± 3.3 kg/m2) patients with
HFpEF. Our findings highlight the importance of reporting
both absolute and indexed values for V_ O2peak, as they may
provide complimentary information yet differing conclusions
depending on which approach is used to evaluate the impact
of obesity on the exercise physiology of HFpEF. Absolute
V_ O2peak represents a direct representation of a patient’s physi-
ologic reserve capacity (dictated by the absolute capacity and
function of the pulmonary, cardiovascular, and skeletal mus-
cle systems). The implications of the higher absolute V_ O2peak

in HFpEFObese have not been definitively established, but
may provide an explanation—at least in part—for the obesity
paradox in heart failure (27). Bodyweight-indexed V_ O2 pro-
vides a more wholistic representation of how sufficient a
patient’s physiologic reserve capacity is relative to their body
size—which is particularly important for physical tasks that
have a substantial requirement to overcome gravity (e.g.,
climbing stairs, walking uphill), and can be impacted by extra
body tissue (such as adipose tissue) that does not contribute
to locomotion. Indeed, Shah et al. (28) showed that among
predominantly obese patients with HFpEF, there is a substan-
tial metabolic cost associated with limb movement during
unloaded cycling (�27% of V_ O2peak) that is partly explained by

Table 2. Cardiopulmonary exercise test variables in controls and patients with HFpEF with or without obesity

Characteristic Control HFpEFNonobese HFpEFObese P Value

P Value

Adjusted

Number 270 317 139
V_ O2peak, % predicted 79 ±21 68 ± 21† 61 ± 16†� <0.001 <0.001
Peak PO, W 112 ± 45 68 ± 31† 70 ±32† <0.001 <0.001
Peak PO, W/kg 1.45 ±0.55 0.98 ±0.42† 0.77 ±0.33†� <0.001 <0.001
RER 1.10 ± 0.09 1.09 ±0.12 1.09 ±0.10 0.13 0.70
O2 pulse, mL/beat 8.9 ± 4.6 6.5 ± 3.9† 8.1 ± 3.7� <0.001 <0.001
Oxygen delivery, L/min 2.12 ± 0.60 1.47 ± 0.50† 1.60 ±0.53†� <0.001 <0.001
Cardiac output/V_ O2 slope 5.3 ± 1.7 5.6 ± 2.5 5.3 ±2.1 0.35 0.33
a-vO2diff/Hb 0.93 ±0.25 0.93 ±0.28 0.92 ±0.26 0.97 0.14
Mixed venous O2 saturation, % 31 [22, 43] 33 [22, 44] 32 [21, 44] 0.61 0.48
V_ E/V_ CO2 slope 29.9 ± 5.5 32.8 ± 7.2 31.7 ± 5.7 <0.001 0.056
V_ Epeak, L/min 59.6 ± 18.7 42.2 ± 13.8† 43.3 ± 14.2† <0.001 <0.001
V_ Epeak/MVV, % 58 ± 13 57 ± 19 61 ± 17†� 0.011 0.009
SpO2

at peak, % 98 [97, 99] 97 [96, 99]† 97 [95, 99]† <0.001 <0.001

Data are means ± SD or median (25th, 75th percentile). Groups compared by ANOVA (unadjusted) and ANCOVA (adjusted) with adjust-
ment for age, sex, hypertension, and diabetes and Tukey-corrected post hoc assessment. ANCOVA, analysis of covariance; a-vO2diff/Hb,
arterio-venous oxygen content difference corrected for hemoglobin concentration; HFpEF, heart failure with preserved ejection fraction;
PO, power output; V_ Epeak, peak minute ventilation; V_ Epeak/MVV, ratio of peak minute ventilation to estimated maximal voluntary venti-
lation; V_ E/V_ CO2 slope, minute ventilation to volume of carbon dioxide slope; V_ O2peak, peak oxygen uptake; SpO2

, peripheral capillary oxy-
gen saturation. Post hoc: †P < 0.05 vs. CON; �P < 0.05 vs. HFpEFNonobese.
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the increased cost of moving the leg against gravity. Our find-
ing that absolute V_ O2peak was higher despite similar peak CO
and peak power output also supports the notion of added
mechanical inefficiency associated with HFpEFObese. Taken
together, this highlights that HFpEFObese have increased phys-
iologic capacity of their aerobic system, but this capacity is
insufficient for the added demands of movement with their
increased body size. Put simply, the HFpEFObese engine is big-
ger, but is mismatched to the size of its chassis.

To our knowledge, our study provides one of the largest
characterizations of the determinants of V_ O2peak in patients
with HFpEF with or without obesity. We found that
HFpEFObese had significantly increased peak exercise CO and
SV relative to HFpEFNonobese, with a comparable a-vO2diff.
This is consistent with studies assessing peak exercise hemo-
dynamics (nonindexed) in individuals with HFpEF during
upright CPETwith acetylene rebreathing (8), and supine exer-
cise during invasive CPET (5). The increased CO and SV in
HFpEFObese may be the consequence of increased cardiac
remodeling seen with obesity (9, 29). Indeed, we saw
HFpEFObese had significantly higher resting right-ventricular
area and a tendency for higher left-ventricular end-diastolic

volumes. The more modest cardiac remodeling seen in our
study compared with others may reflect the lesser difference
in BMI between our HFpEFObese and HFpEFNonobese com-
pared with previous studies (7, 10). The increased cardiac
volumes seen with obesity (including HFpEFObesity) are
attributed to increases in total blood volume (13, 25),
which may facilitate increased ventricular filling at rest
and during exercise, but may also stimulate chronic car-
diac remodeling. However, there may also be a role for the
increased lean body mass and added hemodynamic and
metabolic demands associated with performing physical
daily activities among individuals with obesity (25).
Notably, indexing CO and SV to BSA equalized peak exercise
CI and SVi betweenHFpEFObese and HFpEFNonobese, which is
in agreement with invasive CPET studies (9, 10). Combining
this with the fact that a-vO2diff was no different between obe-
sity groups highlights that the predominant reason body-
weight-indexed V_ O2peak is lower in HFpEFObese is excess
adiposity (rather than an insufficient CO or a-vO2diff).
Ultimately, this suggests that the “engine-chassis mismatch”
in HFpEFObese is primarily driven by an excessively large
chassis, whereas the under-powered or poorly-functioning

Figure 1. Impact of heart failure with preserved ejection fraction (HFpEF) with or without obesity on peak oxygen uptake (V_ O2peak) and its Fick determi-
nants. Mean [95% confidence interval (CI)] values for absolute V_ O2peak (L/min) (A), and its determinants including peak exercise cardiac output (CO,
L/min) (B), stroke volume (SV, mL) (C), heart rate (HR, beats/min) (D), and arteriovenous oxygen content difference (a-vO2diff, mL/dL) (E), as well as body
weight-indexed V_ O2peak (mL/kg/min) (F), cardiac index (CI, L/min/m2) (G), and stroke volume index (SVi, mL/m2) (H) in nonobese and obese patients with
heart failure with preserved ejection fraction (HFpEFNonobese, N ¼ 317; HFpEFObese, N ¼ 139, respectively) and non-HFpEF controls (CON, N ¼ 270).
Compared with HFpEFNonobese, HFpEFObese show a tendency for increased absolute V_ O2peak due to increased CO and SV, yet this is insufficient for
their increased body mass, highlighted by lower indexed V_ O2peak, CI, and SVi. Importantly, the impact of HFpEF (i.e., HFpEF vs. CON) is much larger than
the impact of obesity for V_ O2peak and its Fick determinants—CO and a-vO2diff. Groups compared using analysis of covariance (ANCOVA) adjusted for
age, sex, hypertension, and diabetes with Tukey-correction for multiple comparisons.
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engine is a feature of HFpEF irrespective of obesity. What
should also be highlighted is that other factors—such as
chronotropic incompetence and altered peripheral oxygen
extraction and/or utilization—are also important compo-
nents of exercise intolerance in HFpEF regardless of obesity.
The lower peak HR was partly due to increased use of beta-
blocker medication. However, peak exercise V_ O2, CO, and
HR remained markedly lower after excluding participants
taking beta-blocker medications, consistent with previous
observations that chronotropic incompetence/reluctance
(30) and/or premature exercise termination due peripheral
muscle or pulmonary constraints (30–32) may also contrib-
ute to decreased V_ O2peak in HFpEF. In addition, the lower a-
vO2diff is consistent with clinical studies (33–35) and preclini-
cal models of HFpEF (36, 37) showing decreased skeletal
muscle capillarity, oxidative capacity, and mitochondrial

content. Ultimately, this reiterates the complex nature of
HFpEF pathophysiology extends well beyond obesity.

A noteworthy finding from our study was the lack of dif-
ference in estimated pulmonary pressures at rest and during
exercise in HFpEFObese versus HFpEFNonobese. Previous stud-
ies performing invasive CPET and/or right-heart catheteriza-
tion have shown HFpEFObese individuals have exaggerated
pulmonary capillary wedge pressures at rest and during
exercise compared with HFpEFNonobese (5, 9, 10). This has led
to the viewpoint that obesity worsens LV stiffness (a major
feature of HFpEF), and has been proposed as a major cause
of functional limitations in the obese HFpEF phenotype (13).
We failed to confirm this with our study, where we saw simi-
lar resting and peak exercise mPAP values and mPAP/CO
slopes between HFpEF obesity groups (which in both cases
were significantly higher than CON). Although this could

Table 3. Cardiac morphology and function assessed from resting and exercise echocardiography in controls and
patients with HFpEF with or without obesity

Characteristic Control HFpEFNonobese HFpEFObese P Value

P Value

Adjusted

Number, % 270 317 139
Cardiac morphology
LA volume, mL 39 ± 13 60 ±26† 59 ±25† <0.001 <0.001
LA Volume index, mL/m2 21.7 ± 7.5 34.3 ± 13.7† 30.5 ± 13.2†� <0.001 <0.001
LV end-diastolic volume, mL 97 ± 29 88 ±29† 93 ± 31� 0.001 0.03
LV end-diastolic volume index, mL/m2 50.0 ± 12.3 49.8 ± 15.8 45.0 ± 15.3†� 0.013 0.008
LV mass index, g/m2 72.6 ± 17.1 91.8 ± 28.7† 89.2 ± 26.1† <0.001 <0.001
Relative wall thickness 0.40 ±0.08 0.47 ± 0.17† 0.48 ±0.12† <0.001 0.028
RV end-diastolic area, cm2 17.9 ± 5.2 16.9 ± 5.0 18.3 ± 6.0� 0.033 0.02
RV end-diastolic area index, cm2/m2 9.5 ± 2.4 8.9 ± 2.6 9.4 ± 2.5 0.12 0.17

Rest and exercise cardiac function
Ea rest, mmHg/mL 1.89 ±0.49 2.09 ±0.62† 1.96 ±0.54 <0.001 0.013
E/e 0 rest 8.7 ± 2.3 15.8 ± 5.9† 14.6 ± 5.6†� <0.001 <0.001
E/e 0 intermediate exercise 9.1 ± 2.2 16.8 ± 6.6† 15.0 ± 5.7†� <0.001 <0.001
LV stiffness (E/e 0/LVEDV) 0.10 ± 0.04 0.20 ±0.11† 0.18 ± 0.09†� <0.001 <0.001
RVFAC rest, % 48 ± 11 48 ± 10 45 ± 12� 0.056 0.034
RVFAC peak, % 55 ± 11 51 ± 12 50 ± 11† 0.014 0.032
LV ejection fraction rest, % 62±8 63 ±9 60 ±8†� 0.009 0.01
LV ejection fraction peak, % 71 ± 10 67 ± 10† 67 ± 10† 0.013 0.03

Data are means ± SD. Groups compared by ANOVA (unadjusted) and ANCOVA (adjusted) with adjustment for age, sex, hypertension,
and diabetes and Tukey-corrected post hoc assessment. ANCOVA, analysis of covariance; Ea, arterial elastance; E/e 0, ratio of early mitral
inflow to annular tissue velocity; HFpEF, heart failure with preserved ejection fraction; LA, left atrial; LV, left-ventricular; LVEDV, left
ventricular end-diastolic volume; RV, right-ventricular; RVFAC, right-ventricular fractional area change. Post hoc: †P < 0.05 vs. CON;
�P < 0.05 vs. HFpEFNonobese.

Figure 2. Impact of heart failure with preserved ejection
fraction (HFpEF) with or without obesity on mean pulmo-
nary artery pressures indexed to cardiac output at rest
and during exercise. Mean [95% confidence interval (CI)]
values for mean pulmonary artery pressure (mPAP) plot-
ted against cardiac output (CO) at rest, intermediate, and
peak exercise (A); and mPAP/CO slope in nonobese and
obese patients with heart failure with preserved ejection
fraction (HFpEFNonobese, N ¼ 317; HFpEFObese, N ¼ 139,
respectively) and non-HFpEF controls (CON, N ¼ 270) (B).
There were no differences between HFpEFNonobese and
HFpEFObese in mPAP at rest or during exercise, with a sim-
ilar mPAP/CO slope, all of which were substantially higher
than CON. Groups compared using a linear mixed model
adjusted for age, sex, hypertension and diabetes with
Tukey-correction for multiple comparisons. Post hoc: †P <
0.05 for HFpEFNonobese (blue symbols) or HFpEFObese (pink
symbols) vs. CON (orange symbols).
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partly be attributed to the noninvasive estimation of mPAP
using echocardiography, our approach has been previously
validated with excellent agreement to invasive measure-
ments during exercise (22). Postural differences between our
study and previous studies provide amore likely explanation
for these discrepant findings (38). Indeed, all the previous
studies (5, 9, 10) performed invasive exercise testing in the
supine posture, which can be particularly prone to error and
exacerbation of pulmonary pressures and exercise limita-
tions in individuals with obesity (38). Notably, pulmonary
capillary wedge pressure is influenced by both LV stiffness/
relaxation properties, but also intrathoracic pressures as well
as total and stressed blood volume. The compressive forces
from increased thoracic tissue mass in individuals with obe-
sity have been shown to dramatically increase intrathoracic
pressures and subsequently, pulmonary pressures in the
supine versus upright position (39, 40)—which significantly
confounds the interpretation of pulmonary and left-ventric-
ular pressures in individuals with obesity. In contrast, semi-
supine exercise (which was used in our study) has been
shown to more closely approximate the physiology of
upright exercise (41). This highlights the importance of con-
sidering exercising posture in the diagnosis and assessment
of exercise limitations in individuals with overt or suspected
HFpEF, and raises the question of whether exaggerated
increases in pulmonary and left-ventricular pressures are a
cause of exercise limitations in individuals with HFpEF dur-
ing upright exercise. We should note, however, that mPAP
and mPAP/CO slope is a noninvasive echocardiographic
measure that incorporates left-ventricular properties along-
side upstream measures of pulmonary vascular resistance,
so our results do not provide conclusive determination of
the impact of obesity on left-ventricular pressures during
exercise, but the combined effect of both of these compo-
nents. Regardless, comparison of our findings with existing
literature highlights the importance of considering posture
when evaluating hemodynamics in individuals with obesity.
In particular, our conflicting findings emphasize the need
for additional studies to better understand how obesity does
(or does not) modulate intrathoracic, left-ventricular, and
pulmonary pressures in HFpEF during upright exercise—
which better reflects the physiology and demands of many
instrumental activities of daily living.

Overall, the finding that HFpEFObese have decreased
mechanical efficiency but preserved cardiac reserve sug-
gests HFpEFObese could benefit significantly from weight
loss therapies that target this “engine-chassis” mismatch.
This is supported by results from the SECRET1 trial (11) in
which caloric restriction resulted in a 1.3 mL/kg/min (9%)
improvement in bodyweight indexed V_ O2peak (but no sig-
nificant change in absolute V_ O2peak). Moreover, the STEP-
HFpEF (12) and SUMMIT trials (14) showed improvements
in 6-min walk distance (þ 22 m and þ 18 m or þ 7% and
þ6%, respectively) among obese patients with HFpEF tak-
ing Semaglutide (GLP1-RA) or Tirzepatide (combined GIP
and GLP1-RA), respectively. However, the improvements
in exercise performance (either V_ O2peak or walk distance)
with sole weight loss interventions have been relatively
modest, and this may be due to the fact that obesity is only
one factor underlying exercise limitations in HFpEF (1, 2,
25). Indeed, although the mechanical inefficiency from

obesity may exacerbate exercise limitations in HFpEF, we
showed that regardless of obesity status, individuals with
HFpEF (vs. CON) had marked impairment in other physio-
logic features—increased mPAP, mPAP/CO slope, lower CO,
chronotropic incompetence, and decreased a-vO2diff. This is
important, because weight loss therapies (e.g., GIP and
GLP1-RAs) are unlikely to adequately address these addi-
tional HFpEF impairments, thereby emphasizing the need
for a broad, multimodal approach to HFpEF treatment.

In fact, extreme weight loss could worsen some of the
“engine” limitations imposed by HFpEF by decreasing the
output and absolute capacity of several body systems. For
example, ameta-analysis quantifying the effects of diet or sur-
gically induced weight loss in individuals without HFpEF
showed that weight loss comes at the cost of significant reduc-
tions in absolute V_ O2peak (�0.23 L/min), CO (�1.45 L/min),
and a-vO2diff (�0.78mL/dL). This is likely the result of cardiac
and skeletal muscle atrophy secondary to the loss in total
body mass and/or energy deficiency (42, 43). Patients may
not initially notice these effects if the loss in bodymass is suf-
ficient to result in a net improvement in bodyweight indexed
V_ O2peak, but this could become the perfect storm for worsened
exercise tolerance and increased risk of disability in the long-
term among individuals who regain weight—which has been
shown to be predominantly fat mass (44). Therefore, a better
approach is likely to be combining weight loss (to address the
“chassis”) with other therapeutic approaches for the HFpEF-
related “engine” limitations. Exercise training, that incorpo-
rates aerobic exercise—to provide a hemodynamic volume
load to prevent cardiac atrophy—alongside resistance exer-
cise (combined with protein supplementation) to provide a
strength and nutritional stimulus to the musculoskeletal sys-
temwhen bodymass decreases may be particularly useful for
this purpose. This is supported by results from the SECRET1
(11) and SECRET2 (45) trials, in which combined aerobic train-
ing þ caloric restriction (þ 2.5 mL/kg/min or þ 17%), or com-
bined aerobic þ resistance training þ caloric restriction
(þ 2.4 mL/kg/min or þ 16%) resulted in approximately twice
the magnitude of improvements in V_ O2peak than that seen
with caloric restriction alone.

Limitations

A key limitation is the noninvasive hemodynamic evalua-
tion, although this wasmitigated by a larger sample size and
complementary noninvasive assessments, providing valua-
ble insights that invasive methods alone might not capture.
In addition, the oxygen cascade and exercise hemodynamics
were assessed in a semi-supine rather than a fully upright
position. However, this provides a close approximation in
exercise responses to upright exercise (41) while addressing
many of the respiratory and hemodynamic limitations
imposed by fully supine exercise in individuals with obesity
(38). Indeed, the use of semi-supine (instead of supine) exer-
cise assessments in our study has generated novel findings
that challenge the current view of how obesity modulates
left-ventricular and/or pulmonary pressures in HFpEF estab-
lished using supine exercise testing. We also used BMI as the
sole means of characterizing obesity. This is a pragmatic
approach and reflects the criteria used to select patients for
therapy and/or clinical trials. However, there is growing
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awareness that the pathophysiologic impact of obesity in
HFpEF may be more closely linked to specific fat depots
such as visceral, epicardial, and/or inter/intramuscular adi-
pose tissue that we were unable to characterize (9, 46–48).
Furthermore, the lack of lean bodymass assessment limits our
ability to usemore precise indexing, particularly for peripheral
measurements, where leanmassmay provide amore accurate
reflection of metabolic and functional capacity. Indeed, lean
mass abnormalities such as reduced leanmass and number of
oxidative (Type I) fibers, increased muscle fat infiltration
(myosteatosis), decreased capillarity, and mitochondrial dys-
function have all been implicated in reduced V_ O2peak in
patients with HFpEF (26, 48–50). Therefore, the degree to
which obesity impacts on these other mechanistic drivers of
reduced V_ O2peak in HFpEF remains an important direction for
future research. Finally, the observational cross-sectional
design, and the lack of physical activity and body composition
assessments prevent us from determining the factors media-
ting the physiologic differences between HFpEFObese and
HFpEFNonobese. Further longitudinal studies are needed to
understand the clinical implications of our observed engine-
chassis mismatch in HFpEFObese, and how this physiology
adapts to weight loss therapy.

Conclusions

Although obese patients with HFpEF demonstrated pre-
served absolute V_ O2peak and CO responses, these adaptations
were insufficient when indexed to body size, revealing sig-
nificant inefficiencies in oxygen transport and utilization.
The identical power output between patients with obesity
and without obesity, despite greater absolute oxygen con-
sumption in the former, underscores the added metabolic
cost of moving excess body mass. Our findings suggest
weight loss may have utility in addressing engine-chassis
matching and improving mechanical efficiency (i.e., meta-
bolic demands of locomotion) in obese patients with HFpEF.
However, the observation that obesity did not accentuate
many other HFpEF features emphasizes the importance of
complimenting weight loss with other strategies such as
exercise training to address other components of exercise
intolerance in HFpEF not directly related to obesity, some of
which (muscle atrophy, cardiac deconditioning) could be
exacerbated by weight loss.
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