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Abstract
Importance—Studies in experimental and human heart failure suggest that phosphodiesterase
type-5 inhibitors may enhance cardiovascular function, and thus, exercise capacity in heart failure
with preserved ejection fraction.

Objective—To determine the effect of the phosphodiesterase type-5 inhibitor, sildenafil, in
comparison to placebo on exercise capacity and clinical status in heart failure with preserved
ejection fraction.

Design, setting, and patients—Multicenter, double-blind, placebo-controlled, parallel design,
randomized clinical trial of 216 stable outpatients with heart failure, ejection fraction ≥ 50%,
elevated N-terminal pro-brain natriuretic peptide or elevated invasively-measured filling
pressures, and reduced exercise capacity. Participants were randomized from October 2008
through February 2012 at 26 centers in the United States and Canada.

Intervention—Sildenafil (n=113) or placebo (n=103) administered orally at 20 mg three times
daily for 12 weeks followed by 60 mg three times daily for 12 weeks.

Main outcome measures—Primary endpoint was change in peak oxygen consumption after
24 weeks of therapy. Secondary endpoints included change in six-minute walk distance and a
three tier hierarchical composite clinical status score where patients were ranked (range 1-N)
based on time to death, time to cardiovascular or cardiorenal hospitalization and change in quality
of life for participants alive without cardiovascular or cardiorenal hospitalization at 24 weeks.
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Results—Median age was 69 years and 48% of patients were female. At baseline, median peak
oxygen consumption (11.7 ml/kg/min) and six-minute walk distance (308 meters) were reduced
and median E/e′ (16), left atrial volume index (44 ml/m2) and pulmonary artery systolic pressure
(41 mmHg) were consistent with chronically-elevated left ventricular filling pressures. At 24
weeks, median (interquartile range) changes in peak oxygen consumption (ml/kg/min) in patients
who received placebo [−0.20 (−0.70, 1.00)] or sildenafil [−0.20 (−1.20, 1.10); p=0.90] were not
significantly different. The mean clinical status rank score (higher value indicates better status;
expected value with no treatment effect = 95) was not significantly different (p=0.85) at 24 weeks
in patients who received placebo (95.8) or sildenafil (94.2). Changes in six-minute walk distance
(meters) at 24 weeks in patients who received placebo [15.0 (−26.0, 45.0)] or sildenafil [5.0
(−37.0, 55.0); p=0.92] were also not significantly different. Adverse events occurred in 78 (76%)
of patients who received placebo and 90 (80%) of patients who received sildenafil. Serious
adverse events occurred in 16 (16%) of patients who received placebo and 25 (22%) of patients
who received sildenafil.

Conclusion—Chronic phosphodiesterase type-5 inhibitor therapy with sildenafil for 24 weeks
did not alter exercise capacity or clinical status compared to placebo in patients with heart failure
and preserved ejection fraction.

Trial registration—clinicaltrials.gov number, NCT00763867

Heart failure (HF) with preserved ejection fraction (HFpEF) or “diastolic HF” is a common
and highly-morbid condition.1 Clinical trials of renin-angiotensin system (RAS) antagonists
have not demonstrated improvement in outcomes or clinical status in HFpEF, and effective
therapies for HFpEF are needed.2 Phosphodiesterase type-5 (PDE-5) metabolizes the nitric
oxide (NO) and natriuretic peptide (NP) systems’ second messenger cyclic guanosine
monophosphate (cGMP), and thus may limit beneficial NO and NP actions in the heart,
vasculature and kidney. Pre-clinical studies suggest that inhibition of PDE-5 reverses
adverse cardiac structural and functional remodeling and enhances vascular, neuroendocrine
and renal function.3 In clinical studies, PDE-5 inhibitor therapy improved exercise tolerance
and clinical status in patients with idiopathic pulmonary arterial hypertension and in patients
with HF and reduced EF (HFrEF).4–7 A small, single-center study in HFpEF observed
improved hemodynamics, left ventricular (LV) diastolic function, right ventricular (RV)
systolic function, LV hypertrophy (LVH) and lung function with chronic PDE-5 inhibition
as compared to placebo.8 In aggregate, these studies suggest the potential for PDE-5
inhibition to ameliorate several key pathophysiological perturbations in HFpEF, and thus
improve exercise capacity and clinical status. Accordingly, the Phosphodiesterase-5
Inhibition to Improve Clinical Status and Exercise Capacity in Heart Failure with Preserved
Ejection Fraction (RELAX) trial was designed to test the hypothesis that as compared to
placebo, chronic therapy with the PDE-5 inhibitor sildenafil would improve exercise
capacity in HFpEF after 24 weeks of therapy as assessed by the change in peak oxygen
consumption (VO2).

METHODS
Study oversight

The National Heart, Lung, and Blood Institute (NHLBI)–sponsored Heart Failure Clinical
Research Network (HFN) conceived, designed, and conducted the RELAX trial. The trial
protocol was approved by an NHLBI-appointed protocol review committee and a data and
safety monitoring board and by the institutional review board at each participating site. The
Duke Clinical Research Institute served as the data coordinating center.
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Study design
The rationale for and design of the RELAX trial have been previously described.3 Patients
with normal (≥50%) EF and HF with New York Heart Association (NYHA) functional class
II–IV symptoms on stable medical therapy were eligible to participate if they had objective
evidence of HF (previous HF hospitalization, or acute HF therapy with intravenous diuretic,
or chronic loop diuretic therapy for HF with left atrial enlargement, or invasively
documented elevation in LV filling pressures). All study participants provided written
informed consent prior to screening. A peak VO2 ≤ 60% of the age and sex specific normal
value9 with a respiratory exchange ratio (RER) ≥ 1.0 at screening cardiopulmonary exercise
test (CPXT), and either elevated (≥400 pg/ml) N-terminal pro-brain natriuretic peptide (NT-
proBNP) level or elevation in LV filling pressures at the time of an NT-proBNP level < 400
pg/ml were required for study entry. A complete list of the trial inclusion and exclusion
criteria is provided in the online supplement (e-Table 1). As required in federally-funded
trials, a self-identification of investigator-defined race/ethnicity option was recorded.
Participants who met screening criteria underwent baseline studies [history and physical
examination, CPXT, six-minute walk distance (6MWD), Minnesota Living with Heart
Failure Questionnaire (MLHFQ), echocardiography, cardiac magnetic resonance imaging
(CMR, if sinus rhythm) and phlebotomy for biomarkers], and were then randomly assigned,
in a 1:1 ratio, to either sildenafil or placebo with the use of an automated Web-based system.
A permuted-block randomization scheme was used with stratification according to clinical
site and the presence of atrial fibrillation.

Study drug was administered orally at 20 mg three times daily (TID) for 12 weeks after
which history and physical examination, CPXT, 6MWD, MLHFQ, and phlebotomy for
biomarkers and sildenafil levels 2 hours after a scheduled dose of study drug were obtained.
The dose was then increased to 60 mg TID for 12 weeks after which baseline studies were
repeated including phlebotomy for biomarkers and sildenafil levels 2 hours after study drug.
If side effects developed, study staff could recommend discontinuation or return to a lower
or previously-tolerated dose of study drug.

Blinded core laboratories assessed biomarkers (University of Vermont), CPXT
(Massachusetts General Hospital, Harvard University), CMR (Duke University) and
echocardiograms (Mayo Clinic).

Study endpoints
The primary endpoint was the change in peak VO2 after 24 weeks of therapy. A number of
subgroup analyses were pre-specified. Secondary endpoints included a composite
hierarchical-rank clinical score where patients were ranked (range 1-N with data) based on
time-to-death (tier 1), time-to-hospitalization for cardiovascular or cardiorenal causes (tier
2), and change in MLHFQ from baseline (tier 3) for patients alive without cardiovascular or
cardiorenal hospitalization after 24 weeks of therapy.10 As 189 patients had data for this
endpoint, the anchor value (mean value in each group indicating no treatment effect) was 95.
Other secondary endpoints included change in 6MWD at 24 weeks and change in peak VO2
and 6MWD after 12 weeks of therapy. Peak sildenafil levels at 12 and 24 weeks and
coinciding plasma cGMP levels at 24 weeks were assessed. Using other pre-specified
endpoints, we assessed the effect of PDE-5 inhibition on LV structure and vascular function
by CMR, Doppler-estimated diastolic function parameters and pulmonary artery systolic
pressure (PASP), and biomarkers that reflect renal and neuroendocrine function, oxidative
stress and collagen metabolism.

The percent-predicted peak VO2, 6MWD, and the presence of chronotropic incompetence
and LVH were calculated using published criteria (e-Methods).11–14
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Statistical analysis
Power calculations were based on the standard deviation (SD) for change in peak VO2 and
the magnitude of the change in peak VO2 associated with improvements in other markers of
clinical status (NYHA class, 6MWD and quality of life scores) in HF trials.5,14,15 Based on
these studies, a difference between treatment groups of 1.2 ml/kg/min in the change in peak
VO2 was considered clinically significant. We estimated a 20% rate of incomplete primary
endpoint data due to death, withdrawal or incidence of new factors limiting ability to
exercise. Using a two-sample t-test and a two-sided alpha of 0.05, a sample size of 190
patients had 85% power to detect a difference of 1.2 ml/kg/min in change in peak VO2
assuming 20% missing data and a SD of change in peak VO2 of 2.5 ml/kg/min. As an early-
blinded interim analysis of aggregated primary endpoint completeness indicated that the
missingness rate approached 20%, the blinded investigators recommended increasing the
sample size to 215 patients. The primary analyses were two-sided, and patients’ without-
week data were excluded. Sensitivity analysis for the primary end-point was based on the
intention-to-treat principle and utilized multiple imputations with 100 imputed datasets to
account for missing 24-week data. Finally, a pre-specified “last observation carried forward”
sensitivity analysis utilized “carry-forward” of 12-week data if 24-week data were missing.

Data are presented as median (interquartile range, IQR). For the comparison of treatment
groups in the primary analysis, a multivariable linear-regression model was used adjusting
for baseline peak VO2. A similar approach was used for the secondary endpoint of change in
6MWD, adjusting for baseline 6MWD. For the composite hierarchal-rank clinical score,
patients were ranked independent of treatment assignment from 1 (worst outcome—the
earliest death) to N (best outcome—survival with no cardiovascular or cardiorenal
hospitalization, and the most favorable improvement in MLHFQ), and treatments compared
using the Wilcoxon rank-sum test. For primary and secondary endpoints, a p-value less than
0.05 was considered significant. For subgroup analyses, a treatment by subgroup interaction
p-value less than 0.001 was considered significant.

All analyses were conducted with the use of SAS software (version 9.2).

RESULTS
Patient Population

Patients (n=216) were enrolled in the trial between October 13, 2008, and February 21, 2012
at 26 sites in the United States and Canada (Figure 1). The baseline characteristics are
shown in Table 1 and were not significantly different between treatment groups except for a
lower prevalence of hypertension in the sildenafil group. On average, patients in this study
were elderly, 48% female and obese with controlled blood pressure and multiple
comorbidities including hypertension, ischemic heart disease, atrial fibrillation, diabetes,
anemia, and chronic kidney disease. The MLHFQ score was consistent with their NYHA
class II/III status. Evidence of volume overload (elevated jugular venous pressure or edema)
and hospitalization for HF in the previous year were common. The majority of patients were
on diuretics, RAS antagonists, beta blockers and statins. There was evidence of
neuroendocrine activation and altered collagen metabolism as levels of NT-proBNP,
aldosterone, endothelin-1 and NT-procollagen III were above reference ranges (e-Table 2).
Both peak VO2 and 6MWD were reduced and chronotropic incompetence was common.

Baseline echocardiographic and CMR characteristics of the patients were not significantly
different between treatment groups (Table 2). At echocardiography, ejection fraction (EF)
and LV diastolic dimension were within normal limits, while cardiac index was reduced.
Nearly 50% of patients had LVH or evidence of concentric remodeling/hypertrophy (relative
wall thickness ≥ 0.4216). There was Doppler evidence of diastolic dysfunction and elevated
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LV filling pressures with reduced e′ and elevated E/A ratio, E/e′ ratio, left atrial volume and
PASP.

Overall, 132 (61%) patients were eligible for CMR and 117 (89%) of these underwent
CMR. EF and LV end-diastolic volume index were within normal limits while cardiac index
was reduced. In the CMR cohort, 25% of patients had LVH. Aortic distensibility was
reduced as compared to published values in elderly normal subjects.17

Primary endpoint
At 24 weeks, the change in peak VO2 from baseline was not significantly different in
placebo and sildenafil-treated patients (Figure 2). Using multiple imputation to account for
missing 24-week data, the mean difference between sildenafil and placebo is 0.01 ml/min/kg
(favoring sildenafil) with a 95% confidence interval of (−0.60, 0.61) and a p-value of 0.98.
Carrying forward 12-week peak VO2 when 24-week data were missing (n=5 placebo and
n=9 sildenafil), median (IQR) change in peak VO2 (ml/kg/min) from baseline was −0.20
(−0.83, 1.10) in placebo and −0.13 (−1.50, 1.16; p=0.98) in sildenafil-treated patients. In
subgroup analyses (e-Table 3), the change in peak VO2 was not significantly different
between treatment groups when analysis was restricted to those patients still taking study
drug at week 24, in patients with or without LVH by CMR, PASP < or ≥ 40 mmHg, NT-
proBNP < or ≥ 400 pg/ml, with or without atrial fibrillation or treated or not with RAS
antagonists, beta blockers or statins.

Secondary endpoints and safety data
There were no significant differences in the clinical rank score, change in 6MWD at 24
weeks or change in peak VO2 or 6MWD at 12 weeks between treatment groups (Table 3).
There were no significant differences in the components of the clinical rank score at 24
weeks or in the overall incidence of adverse or serious adverse events in the treatment
groups. Adverse events occurring in ≥ 5% of either study group are listed in e-Table 4.
Sildenafil-treated patients had a higher incidence of “vascular” adverse events, which
included (but were not limited to) headache, flushing and hypotension, although the change
in mean arterial pressure from baseline to 24 weeks was not significantly different in
sildenafil-treated [−1(−8, 6)] and placebo [−2(−10, 7)], p = 0.45) patients. All serious
adverse events exclusive of death or cardiovascular or cardiorenal hospitalization (shown in
table 3) are listed in e-Table 5. There were no other notable differences in the incidence of
specific serious adverse events between study groups.

Study drug and cGMP levels
Median (IQR) sildenafil concentrations measured approximately 2 hours after the last dose
at 12 and 24 weeks were 78 (35, 130) and 200 (92, 330) ng/ml, respectively. At week 24,
there was a weak correlation between sildenafil dose and sildenafil level (r=0.29, p=0.008).
In paired analysis, plasma cGMP levels increased significantly from baseline to 24 weeks in
patients randomized to sildenafil [mean increase 8.72 pmol/ml, 95% confidence interval (CI)
(2.56, 14.87; p=0.006)], but not in patients randomized to placebo [mean increase 1.28
pmol/ml (95% CI; −6.27, 8.83) p=0.74]; although, the change in cGMP was not significantly
different between groups (p=0.11).

Additional endpoints
At CMR, there was no difference in change in LV mass or LV end-diastolic volume
between treatment groups (Table 4). There was also no difference in change in Doppler-
assessed LV diastolic function parameters or PASP between treatment groups. By CMR,
arterial elastance decreased more and systemic vascular resistance tended (p=0.09) to
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decrease more in sildenafil-treated patients. However, the change in mean arterial pressure
in the entire study population was not significantly different between groups as noted above.
More patients had missing data for aortic distensibility at 24 weeks than baseline, but there
was no difference in change in distensibility between groups. Sildenafil-treated patients had
a greater increase in creatinine, cystatin C, NT-proBNP, uric acid and endothelin-1 than
placebo-treated patients, while changes in aldosterone and NT-procollagen III were not
significantly different between groups.

DISCUSSION
To our knowledge, RELAX is the first multicenter study to investigate the effect of PDE-5
inhibition in HFpEF. Contrary to our hypothesis, chronic PDE-5 inhibition in HFpEF had no
effect on maximal or submaximal exercise capacity, clinical status, quality of life, LV
remodeling, diastolic function parameters or PASP. Indeed, renal function worsened more
and NT-proBNP, endothelin-1 and uric acid levels increased more in sildenafil-treated
patients. Further, there were numerically more patients in the sildenafil arm who withdrew
consent, died, or were too sick to perform CPXT, and sildenafil-treated patients had a higher
incidence of vascular adverse events. The findings of RELAX do not suggest that chronic
therapy with the PDE-5 inhibitor sildenafil provides clinical benefit in the general HFpEF
population.

Given the strong rationale for testing PDE-5 inhibition in HFpEF,3 and the lack of benefit
observed in RELAX, it is important to consider whether the study population, specifics of
the therapeutic intervention and endpoints were appropriate.

The clinical characteristics of patients enrolled in major ongoing or completed clinical trials
in HFpEF patients have been summarized.18 The RELAX study population was similar to
others in terms of age, sex distribution and body size. Severity of HF (NYHA functional
class, quality of life score, physical findings of volume overload and NT-proBNP levels) in
RELAX was similar to or greater than other HFpEF trials; although, comorbidity burden
(diabetes, atrial fibrillation, kidney disease) may have been greater in the RELAX study
population. Concentric remodeling and hypertrophy were common but not severe, and
Doppler evidence of elevated filling pressures and pulmonary hypertension were present as
was neuroendocrine activation consistent with the HF state. However, the characteristics of
the study population were notably different from the only other study that evaluated the
effect of PDE-5 inhibition in HFpEF. In the study of Guazzi et al., sildenafil had a number
of beneficial effects as outlined above although effect on exercise capacity was not tested.8

Importantly, in the Guazzi study, HFpEF patients had fewer comorbidities and much higher
blood pressure, LV mass, and PASP than in RELAX and catheterization documented
pulmonary arterial hypertension, profound RV systolic dysfunction and RV failure were
present. This profile is somewhat atypical for HFpEF cohorts.19 It may be that the primary
therapeutic effects of PDE-5 inhibitors in HF reside in their ability to dilate the pulmonary
vascular bed, enhance RV contractility, and reduce ventricular interdependence,4,19–22 and
that pulmonary arterial hypertension and RV failure must be significant in order to observe
clinical benefit in HFpEF. The subgroup analysis in RELAX did not show any trends
towards improvement in peak VO2 in patients with higher PASP, but the presence of
pulmonary arterial hypertension or RV dysfunction was not assessed in RELAX.

While LVH was common in RELAX, it was far less severe than noted in the study of
Guazzi et al.8 In murine-pressure overload studies, PDE-5 inhibition did not have anti-
hypertrophic effects in mice with less severe pressure overload and compensated LVH with
relatively preserved EF, whereas dramatic anti-remodeling benefits were observed in mice
with severe pressure overload, eccentric LVH, reduced EF and pulmonary congestion.23,24
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Conceivably, activation of PDE-5 or of cGMP-sensitive downstream pathways in the LV or
other organs may occur only in HF associated with advanced LV remodeling.

In a randomized clinical trial of PDE-5 inhibition in pulmonary arterial hypertension, the
effect of sildenafil on exercise capacity was not dose related as improvement in 6MWD was
seen with 20 mg TID after just four weeks of therapy with no further improvement with
higher doses or longer duration of therapy.4 Sildenafil levels at 12 and 24 weeks were
variable, but on average, similar to random levels observed with similar doses in HFrEF
where improvement in exercise capacity with chronic sildenafil was observed (G. Lewis,
personal communication).5 In HFrEF, the benefit of PDE-5 inhibition on exercise capacity
has been demonstrated acutely after a single 50 mg dose,25,26 and with 75 mg TID (dose up-
titrated over 6 weeks) for 12 weeks.5 While only 73% of patients in the sildenafil group
attending the 24-week visit were taking the per-protocol dose, 92% of patients were on at
least 20 mg TID. While studies in pulmonary arterial hypertension and HFrEF have
observed effects on exercise capacity with similar doses and duration of therapy, we cannot
exclude the possibility that inadequate dose or duration of PDE-5 inhibition contributed to
our findings.

Therapeutic sildenafil levels were associated with minimal increases in plasma cGMP.
HFpEF is characterized by endothelial dysfunction27 and by lower NP levels than observed
in HFrEF,28 which may suggest limited NO and NP activity in HFpEF. Inability to enhance
cGMP with PDE-5 inhibition in HFpEF may have contributed to our findings.

As previously described,3 change in peak VO2 was chosen as the primary endpoint in
RELAX based on previous preclinical and clinical studies, and because non-cardiovascular
comorbidities and motivational factors can influence measures of submaximal exercise
performance in HFpEF. The trial was powered to detect a clinically significant difference in
the change in peak VO2 between groups, and the estimate of variability (standard deviation
of 2.5 ml/kg/min) in change in peak VO2 used in the power calculations was consistent with
the standard deviation of change in peak VO2 observed in the placebo-treated patients in
RELAX (2.0 ml/kg/min). The lack of treatment effect on submaximal exercise, clinical
status and physiologic endpoints supports the validity of the observed lack of treatment
effect on maximal exercise capacity.

The high prevalence of chronotropic incompetence in the study population is noteworthy.
Chronotropic incompetence may contribute to exercise limitation in HFpEF, and may not be
improved by PDE-5 inhibition.

While numerous studies in animal models of renal dysfunction suggest that PDE-5
inhibition ameliorates progression of renal dysfunction of various etiologies,3,29–31 in this
trial, modest but statistically significant worsening of renal function was observed in
sildenafil-treated patients, and was associated with concordant increases in NT-proBNP, uric
acid and endothelin-1 suggesting that the decline in renal function was physiologically
significant. Studies in pulmonary arterial hypertension and erectile dysfunction have not
reported worsening of renal function with PDE-5 inhibitor therapy, but little is known of the
effect of PDE-5 inhibition on renal function in HFpEF.

There were numerically more patients who withdrew consent, died or were too sick to
perform CPXT in the sildenafil treatment group, potentially accentuating the lack of benefit
observed, particularly if those who withdrew did so due to side effects or poor clinical
status.

A modest decrease in arterial elastance was noted in sildenafil-treated patients in the CMR
cohort. This may have been related to an effect of sildenafil on resistance that tended to
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decrease more in sildenafil-treated patients, but in the entire cohort, there were no
differences in change in mean arterial pressure between treatment groups.

The RELAX findings must be interpreted in the context of other potential limitations.
Multicenter trials using peak VO2 as a primary endpoint are challenging, but rigorous
methodologies were used in the design and execution of the CPXT study protocol.3 Patients
were selected who could perform CPXT, and who had significant reduction in peak VO2—
these entry criteria may have selected for a unique HFpEF phenotype. The trial was not
powered to address differences in clinical outcomes.

Conclusion
Chronic therapy with the PDE-5 inhibitor sildenafil was not associated with clinical benefit
in HFpEF. Continued efforts to identify key pathophysiologic perturbations and novel
therapeutic targets in HFpEF are needed.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. CONSORT Diagram
Reasons for study drug discontinuation included withdrawal of consent (placebo n=4,
sildenafil n=5), adverse events (placebo n=1, sildenafil n=9), physician decision (placebo
n=1, sildenafil n=1) and other (placebo n=2, sildenafil n=5). Note that some patients
discontinued study drug for a specific reason but then subsequently withdrew from the
study.
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Figure 2. Change in peak VO2 from baseline to 24 weeks in placebo and sildenafil-treated
patients
Median and interquartile range for the change in peak VO2 from baseline to 24 weeks are
shown.
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