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Abstract

Aims Identifying early right ventricular (RV) dysfunction and impaired vasodilator reserve is challenging in heart failure with
preserved ejection fraction (HFpEF). We hypothesized that cardiac magnetic resonance (CMR)-based exercise imaging and
serial cyclic guanosine monophosphate (cGMP) measurements can identify dynamic RV-arterial uncoupling and responsive-
ness to pulmonary vasodilators at early stages of the HFpEF syndrome.
Methods and results Patients with HFpEF (n = 16), impaired left ventricular relaxation due to concentric remodelling (LVCR,
n = 7), and healthy controls (n = 8) underwent CMR at rest and during supine bicycle exercise with simultaneous measure-
ments of central haemodynamics and circulating cGMP levels, before and after oral administration of 50 mg sildenafil. At rest,
mean pulmonary artery pressures (mPAP) were higher in HFpEF, compared with LVCR and controls (27 ± 2, 18 ± 1, and 11 ± 1,
respectively; P = 0.01), whereas biventricular volumes, heart rate, and stroke volume were similar. During exercise, LVCR and
HFpEF had a greater increase in the ratio of mPAP over cardiac output than controls (5.50 ± 0.77 and 6.34 ± 0.86 vs. 2.24 ± 0.55
in controls, P = 0.005). The ratio of peak exercise to rest RV end-systolic pressure-volume, a surrogate of RV contractility, was
significantly reduced in LVCR and HFpEF (2.32 ± 0.17 and 1.56 ± 0.08 vs. 3.49 ± 0.35 in controls, P < 0.001) and correlated with
peak exercise VO2 (R

2 = 0.648, P < 0.001). cGMP levels increased with exercise across the HFpEF spectrum (P < 0.05 vs. base-
line), except when postcapillary pulmonary hypertension was present at rest (P = 0.73 vs. baseline). A single sildenafil
administration failed to increase circulating cGMP levels and did not improve RV performance.
Conclusion Exercise CMR identifies impaired RV-arterial coupling at an early stage of HFpEF. Circulating cGMP levels
phenocopy the haemodynamic spectrum in HFpEF but fail to increase after phosphodiesterase type 5 inhibition, endorsing
the need for alternative interventions to increase cGMP signalling in HFpEF.
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Introduction

Right ventricular dysfunction (RVD) and pulmonary hyperten-
sion (PH) are common in heart failure with preserved ejection
fraction (HFpEF). Depending on the imaging modality,
parameters and cut-off values to report RVD, its prevalence

in HFpEF ranges from 18% to 50%.1 In addition, commonly
used echocardiographic criteria for RVD including tricuspid
annular plane systolic excursion (TAPSE), fractional area
change, right ventricular (RV) strain, and TAPSE over pulmo-
nary artery systolic pressure ratio (TAPSE:PASP ratio), were
shown to predict all-cause mortality and heart failure
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hospitalizations.1–5 The mechanisms contributing to RVD are
multiple and include unfavourable left to RV interdepen-
dence, increased RV afterload with ventricular-arterial
uncoupling and reduced pulmonary vasodilator function.6–8

Two major obstacles limit the development of effective
strategies that can improve clinical outcome in HFpEF patients
with RVD and PH. First, early diagnosis of RVD and PH is diffi-
cult because measurements of RV function and pulmonary
haemodynamics aremostly made at rest, while HFpEF patients
typically develop symptoms upon physical exercise. Echocar-
diographic evaluation of RV function is challenging during ex-
ercise, given the complex geometry of the RV, limited
acoustic windows and high prevalence of COPD and obesity
in HFpEF.9 In contrast, real-time cardiac magnetic resonance
(CMR) imaging can circumvent these limitations and accu-
rately evaluate biventricular volumes during strenuous exer-
cise and free breathing.10,11 Second, depressed vasodilator
reserve is a key pathogenic mechanism of PH in heart failure,7

caused in part by endothelial dysfunction and impaired cyclic
guanosine monophosphate (cGMP) signalling.12 Despite a
strong preclinical rationale, therapeutic interventions with
phosphodiesterase type 5 (PDE5) inhibition did not provide
clinical benefit in the general HFpEF population.13–16 The latter
may be related to the large heterogeneity of the HFpEF spec-
trum, and the failure to identify the subset of patients who
may benefit. A common limitation in most of these studies is
the notorious absence of cGMP measurements as surrogate
marker of pulmonary vasodilator reserve during exercise
and/or responsiveness to vasodilator challenge.

We hypothesized that exercise RV performance can better
identify dysfunction at earlier stages of the disease and that
cGMP measurements can signal pulmonary vasodilator re-
sponsiveness in HFpEF. Therefore, the first aim of this study
was to evaluate RV performance at rest and during exercise
using CMR in carefully selected symptomatic HFpEF patients
with and without PH (i.e. Stage C heart failure) and in asymp-
tomatic patients with subclinical left ventricular (LV) diastolic
dysfunction (i.e. Stage B heart failure).17 The second aim was
to simultaneously evaluate invasive haemodynamics during
exercise CMR and measure circulating cGMP levels before
and after loading dose of sildenafil, a type 5 phosphodiester-
ase inhibitor, and to test its potential to improve RVD.

Methods

Subjects

Heart failure with preserved ejection fraction patients were
screened at the ambulatory heart failure clinic at our institu-
tion and 16 patients agreed to participate. HFpEF was defined
by clinical symptoms of chronic heart failure (dyspnoea and
fatigue), normal LV ejection fraction (LVEF ≥ 50%), and

elevated left heart filling pressures [estimated by pulmonary
artery occlusion pressure (PAOP)] at rest (>15 mmHg) and/
or with exercise (≥25 mmHg).18,19 No signs of congestion
were present at clinical examination. Seven subjects with im-
paired LV relaxation pattern (E/A < 1) and at least moderate
LV concentric remodelling due to long lasting primary arterial
hypertension (further denoted as LVCR) were included at our
ambulatory hypertension clinic. Patients with significant
valvular heart disease (> mild stenosis, > moderate
regurgitation), unstable coronary artery disease or history of
myocardial infarction, hypertrophic or infiltrative cardiomy-
opathy, primary renal or hepatic disease, and significant
ventilatory disease (FEV1 < 50%, TLC or VC < 70%) were ex-
cluded. Eight healthy control subjects voluntarily consented
to participate in the study. All had a normal electrocardio-
gram, transthoracic echocardiogram, spirometry and
normal rest and exercise haemodynamics on right heart
catheterization.20 All participants had to be able to perform
at least 50 W on an upright bicycle stress test. The study pro-
tocol conformed to the Declaration of Helsinki and was
approved by the local Ethics Committee. All participants
provided written informed consent prior to inclusion.

Study protocol

All subjects were studied without interruption of their chronic
medications. First, cardiopulmonary exercise testing with con-
tinuous monitoring of expiratory gases was performed on an
upright cycle ergometer (ER900 and Oxycon Alpha, Jaeger,
Germany), using a continuous ramp protocol until exhaustion.
Outcome measures included peak oxygen consumption (VO2

peak), maximal power output (Pmax), peak heart rate and
ventilatory efficiency, defined as the relationship between
minute ventilation and carbon dioxide production (VE/VCO2

slope). Within 24 h, all subjects underwent exercise cardiac
magnetic resonance (exCMR) imaging with simultaneous inva-
sive pressure measurements. Immediately prior to exCMR, all
subjects underwent a right heart catheterization. A 7-Fr MRI-
compatible pulmonary artery catheter (Edwards Lifesciences,
CA, USA) was inserted through the right internal jugular vein
and guided to the proximal right main pulmonary artery under
fluoroscopy, while a 20-gauge arterial catheter was placed in
the radial artery of the non-dominant hand. In the exCMR
suite, these catheters were attached to MRI-compatible trans-
ducers that were connected to a Powerlab recording system
(AD Instruments, Oxford, UK). Right atrial pressure and pul-
monary and systemic artery pressures were continuously
monitored during the protocol and analysed offline using
LabChart V7.3.7 (AD Instruments). As per discussions with
the Ethics Committee, PAOP was not measured at rest, nor
during exercise in controls. All pressure measurements were
obtained during unrestricted respiration and measured at
end-expiration (mean of three consecutive cardiac cycles), in
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accordance with previous invasive exercise haemodynamic
studies.21,22 Right atrial pressure and PAOP were measured
at mid a wave.23 Exercise workloads for the exCMR protocol
were determined as 25%, 50%, and 66% of peak power (Pmax)
achieved during previous cardiopulmonary exercise testing.
Given the fact that supine exercise at 66% of peak power
closely corresponds to maximal sustainable exercise intensity
in an upright position, this workload will hereinafter be re-
ferred to as peak intensity.11 Subjects were then given a single
oral dose of 50 mg sildenafil and 30–60 min later CMR mea-
surements were repeated at rest and at peak-intensity exer-
cise using the same wattage as during baseline evaluation.

Cardiac magnetic resonance equipment, image
acquisition, and analysis

Biventricular volumes were measured using a free-breathing
real-time CMR method that we previously validated against
invasive standards.11 In brief, subjects performed supine bicy-
cle exercise within the CMR bore using a cycle ergometer
with adjustable electronic resistance (Lode, Groningen, The
Netherlands). Images were acquired on a Philips Achieva
1.5 T MRI system with a five-element phased-array coil
(Philips Medical Systems, Best, The Netherlands). Using in-
house-developed software (RightVol, Leuven, Belgium), LV
and RV contours were manually traced on short-axis images
with compensation for respiratory phase and with
simultaneous reference on horizontal long-axis slices,
enabling a clear identification of the atrioventricular plane.
End-diastolic and end-systolic ventricular volumes were
calculated through a summation of disk method and
indexed for body surface area. From these measurements,
stroke volume index (SVi), cardiax index (CI), and ejection
fraction (EF) were inferred. In accordance with previous
studies, SVi was determined from LV rather than RV
volumes because patients with PH frequently develop
tricuspid regurgitation, particularly during exercise. Because
control subjects did not have PAOP measurements, total
pulmonary vascular resistance (TPR) was defined as the
ratio of mean pulmonary artery pressure (mPAP) to cardiac
output (CO) to allow comparison with control group.
Similarly, total systemic vascular resistance was calculated
as the ratio of mean systemic artery pressure to CO.
When comparing patient groups with available PAOP
measurements, pulmonary vascular resistance (PVR) was
calculated as (mPAP-PAOP)/CO. Exercise reserve was
defined as the difference between rest and peak exercise
volume or haemodynamic measures.24 Pulmonary vascular
load was evaluated through the relationship between mean
pulmonary artery pressure and cardiac output (mPAP/CO
slope). Abnormal pulmonary vascular load during exercise
was defined as a mPAP/CO slope > 3 mmHg/L/min.25

Pulmonary artery pulse pressure was calculated as the

difference between systolic and diastolic pulmonary artery
pressure and pulmonary arterial compliance (CPA) as the
ratio of RV stroke volume to pulmonary artery pulse
pressure. The RV end-systolic pressure–volume relationship
(RVESPVR), a surrogate of RV contractility, was calculated as
mPAP divided by RVESV.26 Abnormal RV contractile reserve
was defined as the ratio of peak exercise to resting
RVESPVR (subsequently referred to as ‘RVESPVR ratio’) of
<2.27 Finally, we calculated the RV stroke volume to RV
end-systolic volume ratio (RV SV/ESV) as a simplified
quantification of RV-arterial coupling.28,29

Blood samples

N-terminal pro-brain natriuretic peptide was analysed from
standard blood samples. cGMP was determined pre-sildenafil
and post-sildenafil, both at rest and at peak exercise, on
blood samples collected from the radial artery catheter
during the exCMR protocol. Measurements were carried
out using a commercially available cGMP immunoassay
(Cyclic GMP Elisa kit, Sanbio, Uden, The Netherlands).

Statistics

Data were analysed using SPSS Statistics version 26 (IBM Cor-
poration, Amonk, NY, USA). Normality was ensured using the
Shapiro–Wilk test, and variables are presented as means
(±standard deviation) or as medians (with 25% and 75% inter-
quartile range) accordingly. Baseline characteristics of the dif-
ferent groups were compared using a χ2 test for categorical
data and either a Kruskal–Wallis H test or a one-way analysis
of variance (ANOVA) with the Bonferroni post-hoc correction
for continuous variables. A mixed linear model with com-
pound symmetric covariance matrix and the Bonferroni
post-hoc test for multiple comparisons were performed to
evaluate the cardiac volume response to exercise within
and between groups. For the comparison between
pre-sildenafil and post-sildenafil measurements, we used a
repeated measures ANOVA with exercise intensity as
within-subject effect and subject group (controls vs. LVCR
vs. HFpEF) as between-subject effect. Individual pressure-
flow relationships (mPAP/CO and PAOP/CO slopes) were cal-
culated through linear regression of the serial measurements
of mPAP (or PAOP) and CO. Differences in pressure-flow
slope coefficients between groups were compared using
one-way ANOVA. A P value of <0.05 was considered statisti-
cally significant. Pearson correlation coefficients were used to
assess the univariate relationships between RVESPVR ratio,
RV SV/ESV and VO2 peak during exercise. A two-sided P value
below 0.05 was considered as statistically significant.
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Results

Clinical characteristics

Seven patients with LVCR and 16 patients with HFpEF were
enrolled in the study. Both groups were older than the eight
control subjects who consented with participation (Table 1).
Except for arterial hypertension, comorbidities were most
frequent in the HFpEF group (Table 1). In particular, a history
of atrial fibrillation was highly frequent in HFpEF patients.
Fourteen out of 16 HFpEF patients and five out of seven LVCR
were on beta blocking agents, which were not discontinued
before the examinations. HFpEF patients had a markedly
higher NT-proBNP level than LVCR and controls (both
P < 0.001). As expected, exercise capacity (measured as
VO2 peak) was markedly reduced in HFpEF and in LVCR (both
P < 0.001) compared with controls. However, when
expressed as percentage of expected peak VO2, the exercise
capacity was only mildly reduced.

Echocardiography and baseline cardiac magnetic
resonance data

At baseline, LV and RV dimensions and ejection fraction were
comparable in the three groups (Table 2). HFpEF and LVCR
patients showed significant LV concentric remodelling
(relative wall thickening > 0.42). Left atrial volume and
tricuspid regurgitation peak velocity were highest in the
HFpEF group, whereas E/E’ did not differ between the three
groups. The high prevalence of atrial fibrillation in HFpEF
complicated the comparison of the E/A ratio between groups.

Biventricular function at rest and during exercise
measured using cardiac magnetic resonance

Left ventricular end-diastolic volume index and RV
end-diastolic volume index did not change from rest to
peak-intensity exercise in control subjects, while LV

Table 1 Clinical and biochemical characteristics and medication use

Characteristic Controls (n = 8) LVCR (n = 7) HFpEF (n = 16) P value

Age (years) 56 ± 3 66 ± 3 72 ± 2 <0.001
Male sex, n (%) 5 (63) 5 (71) 7 (44) 0.424
BMI (kg/m2) 27.0 ± 1.8 29.6 ± 0.9 31.0 ± 1.3 0.194
AHT, n (%) 2 (25) 7 (100) 15 (96) <0.001
AF, n (%) 0 (0) 0 (0) 13 (81)† <0.001
Type 2 DM, n (%) 0 (0) 2 (29) 8 (50)† 0.035
CAD, n (%) 0 (0) 1 (14) 2 (13) 0.556
OSAS, n (%) 0 (0) 2 (29) 6 (38) 0.139
NYHA I N/A 7 1 —

II N/A 0 9
III N/A 0 6
IV N/A 0 0

Medications
ACE or ARB, n (%) 2 (25) 5 (71) 10 (63) 0.133
β-blocker, n (%) 1 (13) 5 (71) 14 (88) 0.001
Loop diuretic, n (%) 0 (0) 1 (14) 13 (81) <0.001
Thiazide, n (%) 2 (25) 4 (57) 4 (25) 0.278
Spironolactone, n (%) 0 (0) 0 (0) 6 (38) 0.031
CCB, n (%) 0 (0) 5 (71) 7 (44) 0.015

Laboratory results
Haemoglobin (g/dL) 13.1 ± 0.3 13.4 ± 0.6 12.6 ± 0.3 0.379
Creatinine (mg/dL) 0.82 (0.70–0.87) 1.04 (0.80–1.18) 1.04 (0.88–1.55)* 0.025
eGFR (mL/min/1.73m2) 98 (91–105) 78 (63–91)* 66 (35–78)* 0.001
NT-proBNP (pg/mL) 44 (38–64) 199 (100–241)* 803 (344–1236) *† <0.001

CPET parameters
Peak power (W) 181 ± 30 130 ± 11 87 ± 8* 0.001
Peak HR (bpm) 162 ± 8 128 ± 7 115 ± 8* 0.003
VO2 peak (mL/kg/min) 28.2 ± 3.7 18.2 ± 1.9* 14.7 ± 1.1* <0.001
VO2 peak (% predicted) 103 ± 7 85 ± 8 84 ± 5 0.103
VE/VCO2 (ratio) 26.6 (25.4–28.8) 32.2 (27.8–38.3)* 35.6 (32.2–39.5)* 0.015

Data presented as mean± SE or median (25% and 75% percentile); P values for between-group difference (one-way ANOVA test,
Kruskall–Wallis test or Pearson χ2 test where appropriate).
*P < 0.05 Bonferroni post-hoc compared with controls.
†P < 0.05 Bonferroni post-hoc compared with LVCR.
AF, atrial fibrillation; AHT, arterial hypertension; BMI, body mass index; CCB, calcium channel blocker; DM, diabetes mellitus; eGFR,
estimated glomerular filtration rate (calculated with CKD-EPI formula); FEV1, forced expiratory volume in 1 s; HFpEF, heart failure with pre-
served ejection fraction; HR, heart rate; LVCR, left ventricular relaxation due to concentric remodelling; NT-proBNP, N-terminal pro-brain
natriuretic peptide; NYHA, New York Heart Association; OSAS, obstructive sleep apnoea syndrome; VE/VCO2, ratio of minute ventilation/
carbon dioxide production;VO2 peak, peak oxygen uptake.

4664 T. Petit et al.

ESC Heart Failure 2021; 8: 4661–4673
DOI: 10.1002/ehf2.13514



end-systolic volume index and RV end-systolic volume index
decreased (P = 0.045 and P = 0.036, respectively, Supporting
Information, Figure S1), which resulted in an increase of LVEF
and RV ejection fraction (RVEF) (P < 0.01 for both, Figure 1).

In patients with HFpEF, LVEF increased with incremental ex-
ercise intensity (+4.2%, P = 0.008), while RV end-diastolic vol-
ume index and RV end-systolic volume index both increased
(P = 0.01 and P < 0.01, respectively), resulting in a small

Table 2 Baseline echocardiographic and CMR parameters

Parameter Controls (n = 8) LVCR (n = 7) HFpEF (n = 16) P value

Echocardiographic parameters of diastolic function
LAVI (mL/m2) 35 ± 3 45 ± 3 * 58 ± 4 *† 0.043
E/A (ratio) 1.12 ± 0.11 0.74 ± 0.07 1.50 ± 0.37 0.078
E/E (ratio) 8.01 ± 0.94 8.04 ± 0.56 9.76 ± 0.91 0.316
TR peak velocity (m/s) N/A 2.29 (2.09–2.61) 2.71 (2.51–3.10)† 0.042
Estimated sPAP (mmHg) N/A 25.98 (22.49–31.08) 38.10 (32.15–46.21) † 0.002

CMR parameters of left and right ventricular structure and function
LVEDD (mm) 48 ± 2 43 ± 4 47 ± 6 0.192
LVEDVI, (mL/m2) 75 ± 8 69 ± 6 66 ± 3 0.448
LVMI (gm/m2) 71 ± 11 86 ± 14 82 ± 18 0.146
RWT (ratio) 0.36 ± 0.05 0.56 ± 0.07 * 0.48 ± 0.09 * <0.001
LVEF (%) 63.1 ± 2.4 61.4 ± 1.9 61.7 ± 1.7 0.852
RVEDVI (mL/m2) 74 ± 9 65 ± 3 69 ± 4 0.564
RVEF (%) 61 ± 2 59 ± 1 56 ± 2 0.455

Data presented as mean ± SE or median (25% and 75% percentile); P values for between-group difference (one-way ANOVA test,
Kruskall–Wallis test or Pearson χ2 test where appropriate).
*P < 0.05 Bonferroni post-hoc compared with controls.
†P < 0.05 Bonferroni post-hoc compared with LVCR.
CMR, cardiac magnetic resonance; E/A, ratio of early (E) to late (A) mitral valve flow velocity; E/E, ratio of E over averaged medial and lat-
eral tissue Doppler lengthening velocity; HFpEF, heart failure with preserved ejection fraction; HR, heart rate; LAVI, left atrial volume index;
LVEDD, left ventricular end-diastolic diameter; LVEDVI, LV end-diastolic volume index; LVEF, left ventricular ejection fraction; LVCR, left
ventricular relaxation due to concentric remodelling; LVMI, left ventricular mass index; RVEF, right ventricular ejection fraction; RWT, rel-
ative wall thickening; sPAP, systolic pulmonary artery pressure; TR, tricuspid regurgitation.

Figure 1 Comparison of change in LV and RV ejection fraction (LVEF and RVEF, respectively), heart rate and cardiac index (CI) during incremental ex-
ercise in patients with HFpEF, patients with impaired relaxation (LVCR) and healthy controls. Workloads are presented as a percentage of maximum
power output (Pmax) determined during previous exercise testing. P values are shown for the interaction between group and exercise intensity using
linear mixed models. Data are presented as means and SEM at each time point.
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decline of RVEF (�3.3%, P = 0.012). Patients with impaired LV
relaxation (LVCR) showed an intermediate response to exer-
cise, with no change in LVEF or RVEF.

Compared with healthy controls, heart rate reserve was
significantly reduced in HFpEF and LVCR (76 ± 5, 34 ± 4, and
45 ± 3 bpm, respectively, P < 0.01 for interaction
exercise*group), in part attributable to the intake of beta
blocking agents. Consequently, the increase in CI is smaller
in the latter two groups (P < 0.01 for interaction
exercise*group).

Pulmonary vascular function and right ventricular
functional/contractile reserve

Resting pulmonary artery pressures and TPR were higher in
HFpEF patients than in healthy controls and LVCR
(P< 0.001 for both, Table S1 and Figure 2A), and these differ-
ences persisted after adjusting for age (P < 0.01 for both).
While TPR did not change in control subjects with exercise,
it increased significantly in LVCR and HFpEF (P = 0.04 and
P = 0.02, respectively). PVR did not change significantly with
exercise in either HFpEF or LVCR (P = 0.396 and P = 0.526,

respectively, Table S1) due to the concomitant rise in PAOP,
which was similar in those groups (Figure 3). However, the ra-
tio of peak PAOP to peak workload normalized to body
weight was higher in HFpEF (53 ± 6 mmHg/W/kg vs.
31 ± 3 mmHg/W/kg, respectively, P = 0.03). The mPAP/CO
slopes in HFpEF and LVCR were significantly higher than in
controls (both P < 0.01, Figure 2B). In contrast, systemic vas-
cular resistance decreased in all three groups during exercise
(P = 0.01, Table S1), albeit to a greater extent in controls.
Resting CPA was higher in controls and LVCR than in HFpEF
(P < 0.01, adjusted for age, Table S1). Because of the high
basal CPA values, the absolute exercise-induced reduction in
CPA is also greatest in controls, but peak exercise CPA still
remains significantly higher in controls than in HFpEF or LVCR
(Figure 2C).

When subdividing our HFpEF cohort into patients with or
without PH at rest (mPAP > 25 mmHg, n = 8 for both), it ap-
peared that the observed changes in RV afterload were
mainly driven by the presence of PH at rest (Supporting Infor-
mation, Figure S2A, B, & C). Importantly, as none of the pa-
tients showed an elevated resting PVR > 3 and/or a resting
diastolic pressure gradient ≥ 7, all eight patients with
elevated mPAP at rest were diagnosed with isolated

Figure 2 Right ventricular afterload and contractile reserve in healthy controls, patients with impaired relaxation (LVCR) and patients with heart fail-
ure and preserved ejection fraction (HFpEF). (A) Evolution of TPR (total pulmonary vascular resistance) from rest to peak-intensity exercise. Workloads
are presented as a percentage of maximum power output (Pmax) determined at previous cardiopulmonary exercise testing. P value indicates interac-
tion between group and exercise intensity using linear mixed models. (B) Linear mean pulmonary artery pressure (mPAP)-cardiac output (CO) relation-
ships based on averages of serial measurements of mPAP and CO during exercise. P values are given for between-group differences in mPAP/CO slope
using one-way ANOVA. The dashed line indicates the upper limit of normal (slope = 3). (C) Evolution of pulmonary artery compliance (CPA) with increas-
ing cardiac output at four-stage exercise test. (D) Individual data points of the ratio of peak exercise RV end-systolic pressure volume ratio (RVESPVR)
to rest RVESPVR. The horizontal dashed line indicates the normal value (=2). P values denote the between-group differences using one-way ANOVA.
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postcapillary pulmonary hypertension (IpcPH).30 The haemo-
dynamic responses of HFpEF patients without IpcPH were
analogous to LVCR.

Consistent with the observed gradients in RV afterload,
HFpEF and LVCR had significantly reduced RV contractile re-
serve, as estimated by the RVESPVR ratio, compared with
healthy controls (P < 0.01, Figure 2D). Consequently,
RV-arterial coupling was less effective in both patient groups,
illustrated by the lack of RV SV/ESV increase during exercise
(P < 0.01 compared with controls, Table S1). Both the dy-
namic change in RV SV/ESV and RV contractile reserve corre-
lated strongly with CI reserve (R2 = 0.471 and 0.666,
respectively; both P < 0.001) and VO2 peak (R2 = 0.316 and

0.648, respectively; both P < 0.001). In contrast, no associa-
tions were found between resting haemodynamic parame-
ters (e.g. RV or LV volumes, LVEF, & RVEF) and VO2 peak.

Response to pulmonary vasodilator challenge
during graded exercise and circulating cyclic
guanosine monophosphate levels

Four HFpEF patients (including two patients with IpcPH at
rest) were not able to perform a second, adequate exercise
test after sildenafil intake because of poor exercise tolerance.
After sildenafil administration, resting systemic blood pres-
sure tended to decrease in all groups (Table S2) with concom-
itantly lower PAOP at rest in LVCR and HFpEF. Sildenafil also
lowered resting mPAP and TPR in all groups, but only signifi-
cantly in controls (P = 0.027 and P = 0.037, respectively). At
peak exercise, mPAP, but not TPR, was still significantly lower
in controls after sildenafil (P = 0.049). In patients with LVCR or
HFpEF, sildenafil failed to significantly reduce PAOP, mPAP, or
PVR at peak exercise. Furthermore, no statistically significant
differences were observed in biventricular volume changes
(data not shown) or CI rise (Figure 4A) during exercise follow-
ing sildenafil administration. The mPAP/CO curves started at
a lower mPAP, but their slopes were equal before and after
sildenafil administration in all three groups (Figure 4B). In a
subgroup analysis of HFpEF patients with IpcPH at rest,
sildenafil seemed to reduce PVR (although not statistically
significantly) but failed to improve ventriculo-vascular cou-
pling, as evidenced by the inadequate increase in RVESPV
and a decline in RVEF and RV SV/ESV (Table S3). Conse-
quently, no increase in SVi or CI at peak exercise was
observed (P = 0.91 and P = 0.31, respectively).

Figure 3 Evolution of PAOP over CO from rest to peak exercise in HFpEF
patients and patients with impaired relaxation (LVCR). Data are pre-
sented as mean ± SEM. No difference is seen between the PAOP/CO
slopes of the two patient groups, using an independent-samples t-test
(P = 0.474).

Figure 4 Cardiac index (CI) and pulmonary vascular reserve in patients with heart failure with preserved ejection fraction (HFpEF), patients with im-
paired relaxation (LVCR) and healthy controls before (solid lines) and after (dashed lines) sildenafil administration. (A) CI response from rest to
peak-intensity exercise. No significant difference is seen between before and after sildenafil administration, using repeated measures ANOVA. (B) Lin-
ear mean pulmonary artery pressure (mPAP)-cardiac output (CO) relationships based on averages of serial measurements of mPAP and CO during ex-
ercise. Again, no significant difference in slopes is seen between before and after sildenafil administration, using repeated measures ANOVA
(RMANOVA).
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To investigate whether the failure of sildenafil to improve
pulmonary vasoreactivity or RV contractile function was
caused by impaired cGMP signal transduction, we serially
measured arterial cGMP plasma levels in a subset of patients
(Figure 5). Baseline arterial cGMP levels at rest did not differ
between the four groups (P = 0.129). However, there is a ten-
dency towards higher levels in the LVCR and HFpEF groups. In
healthy controls, as well as in LVCR and HFpEF without IpcPH,
circulating cGMP levels significantly increased upon exercise
(P < 0.05 for all, Figure 5A). This response was absent in
HFpEF with IpcPH (P = 0.73). After sildenafil, arterial cGMP
levels modestly and selectively increased in HFpEF without
IpcPH (P = 0.019 vs. pre-sildenafil). In none of the four
groups, sildenafil was associated with further increase in
cGMP during exercise (P = 0.09, P = 0.43, P = 0.93, and
P = 0.17 respectively, Figure 5B).

Discussion

Right ventricular dysfunction carries an impaired prognosis in
HFpEF,1,9,31 but is often not recognized during evaluation at
rest. In this study, we used for the first time simultaneous
gold-standard invasive pressure and CMR-derived ventricular
volume measurements during incremental exercise to com-
prehensively study RV performance in patients with a varying
degree of LV diastolic dysfunction. We observed a significant
and progressive reduction of RV contractile reserve (esti-
mated by RVESPVR ratio) across the spectrum from asymp-
tomatic LV diastolic dysfunction to HFpEF. Exercise CMR
evaluation also revealed ineffective RV-arterial coupling in
patients with impaired relaxation, and to a greater extent in
HFpEF, which was associated with a marked failure to in-
crease circulating cGMP levels with exercise in the sickest
patients with PH and which proved refractory to

pharmacological intervention with the PDE5 inhibitor,
sildenafil. Our data highlight the presence of impaired
RV-arterial coupling at an early stage in the HFpEF syndrome
and call for early therapeutic interventions to effectively
unload the right heart and improve its function.

Increased right ventricular afterload in heart
failure with preserved ejection fraction

Elevation in LV filling pressures during exercise despite pre-
served LVEF is pathognomonic for HFpEF.19,32 PH in HFpEF
is primarily attributable to passive backward transmission of
these filling pressures but can be further elevated by
reduced left atrial compliance and exercise-induced mitral
regurgitation.7,33 The subsequent chronic or repetitive
pulmonary venous congestion induces pulmonary vasocon-
striction and vascular remodelling, which further increases
PVR.34,35 In our patient cohort, PVR at rest was significantly
higher in HFpEF patients, compared with patients with
asymptomatic diastolic dysfunction. Importantly, the net vas-
cular load that opposes RV ejection not only incorporates a
resistive, non-pulsatile component, reflected by PVR, but also
a pulsatile component reflected by the pulmonary artery
compliance (CPA).

36 The inverse relationship between PVR
and CPA implies that a small rise in PVR in patients with low
baseline resistance is accompanied by a bigger decrease in
CPA, as observed in early pulmonary vascular disease.37 This
relation is even further accentuated during exercise, since
elevated PAOP shifts the CPA/PVR curve leftwards and down-
wards, indicating that elevation of PAOP further lowers CPA
for any given PVR.38 Given the similar increase in PAOP
during exercise in HFpEF and LVCR patients, the mPAP/CO
slopes and CPA decrease were similar in both patient groups
(Figure 2B and C). The relative reduction of CPA from rest to
peak exercise is much more pronounced, compared with

Figure 5 Effect of exercise and sildenafil intake on circulating cyclic guanosine monophosphate levels. Data are presented as mean with SEM error
bars. * = P < 0.05 for difference between resting and peak-exercise levels, using paired-samples t-tests.
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the relative increase in PVR, indicating that dynamic
RV-arterial uncoupling in HFpEF is mainly driven by an
increase in pulsatile afterload.

Exercise-induced right ventricular-arterial
uncoupling in heart failure with preserved
ejection fraction

Optimal RV-arterial coupling implies that RV contractility
matches RV afterload so that flow output occurs at minimal
energy cost. In our HFpEF cohort, the increase in RV con-
tractility during exercise was insufficient as RV-arterial
coupling, approximated by the RV SV/ESV ratio, deterio-
rated from rest to peak exercise (Table S2). Given the close
relation between RVEF and RV SV/ESV, it is not surprising
that this was accompanied by a dynamic decrease in RVEF
in this patient group (Figure 1). Furthermore, the exercise
CMR technique enabled us to clearly demonstrate an im-
paired increase in ventricular contractility during exercise
in patients without any signs or symptoms of heart failure,
but with early diastolic dysfunction (i.e. Stage B heart
failure) (Figure 2). These patients, however, preserve
RV-arterial coupling at peak exercise, as evidenced by an
unchanged RV SV/ESV ratio and represent an intermediate
haemodynamic phenotype between healthy controls and
HFpEF patients.

The reduced RV contractile reserve in both the HFpEF and
LV CR group may suggest intrinsic myocardial disease. How-
ever, the pathophysiology of RV dysfunction in HFpEF is still
largely unclear, and possible mechanisms include microvascu-
lar dysfunction, atrial fibrillation, and impaired RV contractile
response due to beta-adrenergic receptor desensitization.39,40

In addition, the marked rise in RA pressure during exercise in
both the LVCR and HFpEF group imply the presence of RV dia-
stolic dysfunction, which is likely to be caused by the same
pathophysiological process affecting the LV. Indeed, in a study
by Borlaug et al., both the diastolic and systolic reserve of the
LV and RV were intimately related and contributed to in-
creased RA pressure and PAOP, impaired CO reserve, and lim-
itation in exercise capacity.21 Interestingly, CMR and RV biopsy
studies demonstrated diffuse RV myocardial fibrosis in HFpEF
patients, similar to the earlier described LV fibrosis in these
patients.41,42

Overall, both RV contractile reserve and the dynamic
change in RV SV/ESV correlated strongly with CI reserve and
peak VO2. In contrast, no associations were found between
resting haemodynamic parameters (e.g. RV or LV volumes,
LVEF, & RVEF) and VO2 peak, emphasizing even more the im-
portance of exercise testing in unmasking ventriculo-vascular
alterations in HFpEF. These data also highlight the impor-
tance of the right heart as an important determinant of func-
tional capacity among HFpEF patients.

Cyclic guanosine monophosphate signalling and
response to phosphodiesterase type 5 inhibition
in heart failure with preserved ejection fraction
spectrum

Multiple lines of evidence identified impaired NO-cGMP sig-
nalling as a central player in the pathophysiology of both LV di-
astolic dysfunction and pulmonary vascular dysfunction.43,44

While preliminary studies in PH due to left heart disease sug-
gested potential benefit of enhanced NO-cGMP signalling
using PDE5 inhibitors, data from small randomized controlled
trials have yielded conflicting results.13–16 More recently, two
retrospective studies provided some evidence for the use of
PDE5 inhibition in patients with combined precapillary and
postcapillary PH.45,46 In our study, single administration of sil-
denafil did not improve RV or pulmonary vascular function,
neither in patients with more advanced stage of the disease
(i.e. with increased pulmonary artery pressures at rest) nor
in patients with early stage LV diastolic dysfunction (impaired
relaxation). This may not be a surprising finding, as our HFpEF
cohort only included patients with IpcPH. However, we did ob-
serve an abnormal exercise-induced increase in PVR in both
the LVCR and the HFpEF group, which has been previously re-
ported by others.47 In five HFpEF patients with IpcPH, peak ex-
ercise PVR exceeded the value of 2.1 WU, which is considered
the upper limit or normal for patients > 50 years old.48 How-
ever, this exertional increase in PVR is more likely attributable
to hypoxaemia-induced pulmonary vasoconstriction and the
upstream transmission of a high left atrial pressure, rather
than the result of effective pulmonary vascular remodelling.49

The absence of advanced pulmonary vascular disease in our
HFpEF group is further illustrated by the similar rise in TPG in
both the LVCR group and the HFpEF group (Figure S3).

Sildenafil primarily acts on NO-mediated, cGMP-depen-
dent pulmonary vasodilation and has not been proven to
change diastolic properties of the LV or left atrium. Our data
show that RV afterload in early stages of type 2 PH is predom-
inantly determined by pulsatile afterload, rather than the
load imposed by a steady flow, and is therefore unlikely to re-
spond to sildenafil. Another, more biological explanation is
that inadequate production rather than excessive breakdown
causes limited cGMP signalling. This can be related to both in-
creased nitrosative/oxidative stress in cardiomyocytes and
down-regulation of atrial natriuretic peptide receptors in
the pulmonary vascular beds.50,51 Alternatively, insufficient
spill over of the intracellular NO-dependent cGMP signalling
into the blood stream has been suggested.13 Our data are
consistent with these hypotheses, because circulating cGMP
levels were significantly lower in the sickest group of patients
(HFpEF with pulmonary hypertension) and did not respond to
exercise or sildenafil administration. Soluble guanylate
cyclase (sGC) activators were not commercially available at
the time of our initial study design, but the neutral findings
with PDE5 inhibition could favour the use of a sGC activator
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in future studies. On the other hand, recent clinical trials with
direct sGC stimulators in HFpEF have failed.52,53

One major explanation for the negative trial results in
HFpEF is the large heterogeneity in pathophysiology across
the patient cohorts enrolled. To identify those patients with
combined precapillary and postcapillary PH who might
benefit from targeted PH therapy, accurate haemodynamic
assessment is required.45,46 In this context, more detailed
phenotyping by means of exercise imaging might help iden-
tify other patient subgroups (e.g. with a prominent increase
in PVR and/or RV dysfunction during exercise) who could
benefit from therapies targeting RV-arterial coupling, but
this remains to be elucidated.54,55 Second, therapy might
be initiated too late at a stage of the disease where
irreversible microvascular and myocardial remodelling pre-
clude NO-cGMP-based interventions. Studying both func-
tional (LV and RV exercise haemodynamics) and structural
parameters (extracellular volume measurement) using CMR
might identify earlier stages of the disease (i.e. in asymptom-
atic patients),19,56 which are better responsive to targeted in-
terventions. In this respect, endurance training programmes
have already been shown to improve diastolic function and
exercise capacity in asymptomatic patients with diastolic
dysfunction.57

Limitations

First, the small sample size may have increased the probabil-
ity of type II statistical errors. However, the unparalleled accu-
racy of exercise CMR in HFpEF enabled robust and statistically
significant measurements. Second, PAOP measurements
were not obtained in healthy controls for safety reasons.
Third, for the estimation of the contractile function, several
assumptions had to be made. The calculation of the end-sys-
tolic pressure–volume point was simplified by assuming the
volume at zero pressure (V0) to be zero at all times while in
reality it may vary with EDV.58 Furthermore, end-systolic
pressure was approximated as mPAP in all groups, although
in case of pulmonary hypertension, it might be better esti-
mated as systolic pulmonary artery pressure.59 Nevertheless,
because RV contractile reserve was derived as the ratio from
rest to peak exercise and given the constant relationship be-
tween systolic and mPAP during exercise, the effect of this
modification is expected to be minimal. Likewise, by using
the RV SV/ESV ratio to quantify RV-arterial coupling, the ef-
fect of PCWP in pulmonary arterial load calculations is
disregarded. RV SV/ESV is related to outcome in a PH cohort
with different PH aetiology,29 but its prognostic value in an
exclusive type 2 PH population still needs to be explored.
Finally, pulse pressure measurement using a fluid-filled cath-
eter can be challenging due to catheter ringing.60 However,
usage of high-fidelity micromanometer-tipped catheters is
not possible in a CMR environment.

Conclusion

Identifying early RV dysfunction and impaired vasodilator
reserve is challenging in HFpEF, but it is a prerequisite for
better risk stratification and earlier therapeutic intervention.
Exercise CMR identifies RV dysfunction and impaired
RV-arterial coupling at an early stage of HFpEF. Circulating
cGMP levels, a surrogate marker for residual pulmonary vaso-
dilator reserve, phenocopy the haemodynamic spectrum in
HFpEF but fail to increase after PDE5 inhibition, which
endorses the need for alternative interventions to increase
cGMP signalling in HFpEF.
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Figure S2. Right ventricular afterload and contractile reserve
in healthy controls, patients with impaired relaxation (LVCR)
and patients with heart failure and preserved ejection frac-
tion with (HPpEF+IpcPH) or without isolated postcapillary pul-
monary hypertension (HFpEF).
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