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Abstract

Background—Patients with heart failure with preserved ejection fraction (HFpEF) and chronic 

kidney disease (CKD) represent a high-risk phenotype. The Phosphodiesterase-5 Inhibition to 

Improve Clinical Status and Exercise Capacity in Heart Failure with Preserved Ejection Fraction 

(RELAX) trial enrolled a high proportion of CKD participants, allowing investigation into 

differences in HFpEF by CKD status.

Methods and Results—Among 212 participants, we investigated the associations of CKD with 

biomarkers, cardiac structure, and exercise capacity, and identified predictors of change in 

estimated glomerular filtration rate (eGFR) over trial follow-up. CKD participants (eGFR ≤60 

mL/min/1.73m2) were older, had more comorbidities, and had worse diastolic function. Lower 

eGFR was associated with higher levels of endothelin-1, NT-proBNP, aldosterone, uric acid, and 

biomarkers of fibrosis (P<0.05 for all). While lower eGFR was associated with worse peak VO2 

after adjustment for demographics, clinical comorbidities, exercise modality, ejection fraction, and 

chronotropic index (β coefficient per 1-SD decrease in eGFR: −0.61, 95% CI: −1.01, −0.22, 

P=0.002), this association was attenuated after further adjustment for hemoglobin (β coefficient: 

−0.26, 95% CI: −0.68, 0.16, P=0.22). Hemoglobin mediated 35% of the association between 

eGFR and peak VO2. Sildenafil therapy was independently associated with worsening eGFR over 

the trial (β coefficient: −2.79, 95% CI: −5.34, −0.24, P=0.03).
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Conclusion—Renal dysfunction in HFpEF is characterized by echocardiographic and biomarker 

profiles indicative of more advanced disease, and reduced hemoglobin is a strong mediator of the 

association between renal dysfunction and low exercise capacity. Sildenafil therapy was associated 

with worsening of renal function in RELAX.
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Heart failure with preserved ejection fraction (HFpEF) is a growing cardiovascular epidemic 

highlighted by exercise intolerance and accounts for nearly half of prevalent heart failure 

(HF) worldwide.1 While hospitalized HFpEF patients are burdened by similar long-term 

mortality rates to those with HF and reduced ejection fraction,2 there remain no 

pharmacologic or device therapies to alter the natural course of this disease. The current lack 

of therapeutic options may be in part due to the heterogeneity of the HFpEF syndrome. 

Efforts have thus been made to identify specific phenotypic groups of HFpEF, which may 

behave more uniformly in both disease progression and response to potential therapies.3 

Patients with HFpEF and renal dysfunction comprise one such phenotype with a particularly 

poor prognosis.4

Both HFpEF and renal dysfunction are characterized by increased left ventricular (LV) mass, 

right ventricular dysfunction, and renal venous congestion.5 While the prognosis of patients 

with HFpEF and chronic kidney disease (CKD) is worse than HFpEF alone,4 the 

pathophysiologic mechanisms leading to such outcomes are not well defined and the 

influence of renal dysfunction in HFpEF on exercise capacity is unclear. As such, we aimed 

to (1) identify biomarkers of neurohormonal function, oxidative stress, and collagen 

metabolism that are associated with comorbid HFpEF and CKD, (2) understand the 

association between renal dysfunction and exercise capacity in HFpEF, and (3) identify 

independent predictors of worsening renal function during follow up of the 

Phosphodiesterase-5 Inhibition to Improve Clinical Status and Exercise Capacity in Heart 

Failure with Preserved Ejection Fraction (RELAX) trial.

Material and Methods

Study Population

The RELAX trial was a National Heart, Lung, and Blood Institute (NHLBI)-sponsored, 

double-blind, parallel-group, randomized trial of sildenafil as compared with placebo among 

216 participants with chronic HFpEF.6 Participants included in the trial were adults with LV 

ejection fraction (EF) ≥50%, New York Heart Association (NYHA) class II-IV symptoms 

and one of the following in the past 12 months: hospitalization for HF, intravenous diuretic 

or ultrafiltration, prescription for chronic loop diuretic and diastolic dysfunction on 

echocardiography, or elevated LV filling pressures on catheterization.7 In addition, evidence 

of markedly reduced (≤60% predicted) peak oxygen consumption (VO2) was required prior 

to trial enrollment. N-terminal pro-B-type natriuretic peptide (NT-proBNP) levels >400 

pg/mL were also required except in participants with high LV filling pressures on 
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catheterization. Notably, participants with severe renal dysfunction, defined as estimated 

glomerular filtration rate (eGFR) <20 mL/min/1.73m2 were excluded.7 All participants 

enrolled in the RELAX trial provided written consent, informed consent, and the clinical 

trial protocol was approved by the institutional review board at all participating institutions.

Definition of CKD

We calculated eGFR using the Chronic Kidney Disease Epidemiology Collaboration (CKD-

EPI) equation using core lab serum creatinine and cystatin-C measurements;8 eGFR by 

CKD-EPI was used for all analyses given improved precision and accuracy by this method.8 

CKD was defined as eGFR ≤60 mL/min/1.73m2.

Biomarker Assessment

After enrollment, participants underwent baseline history and physical examinations and 

blood sampling for biomarkers. Biomarker assays were conducted in masse at a core 

laboratory (University of Vermont, Burlington, Vermont) and the following measures were 

obtained at baseline: neurohormonal function (NT-proBNP, aldosterone, and endothelin-1), 

oxidative stress (uric acid), myocardial injury (high-sensitivity troponin I [hs-TnI]), 

inflammation (C-reactive protein [CRP]), collagen metabolism (NT-procollagen III peptide, 

galectin-3, and carboxy-terminal telopeptide of collagen type I [CITP]), and renal function 

(creatinine and cystatin-C). Biomarker assays were also repeated at the final study visit (24 

weeks from baseline) in enrolled participants.

Echocardiography, Cardiac Magnetic Resonance, Cardiopulmonary Exercise Testing, and 
Study Drug Protocols

Enrolled participants underwent six-minute walk distance (6MWD), core lab 

echocardiography (Mayo Clinic, Rochester, MN), core lab cardiac magnetic resonance 

imaging (cMRI; Duke University Medical Center, Durham, NC), electrocardiography, and 

core lab cardiopulmonary exercise testing (CPET; Massachusetts General Hospital, Boston, 

MA) at baseline. The protocols for echocardiography, cMRI, and CPET have been 

previously described.7 All measurements by echocardiography were completed at the core 

lab and were made according to American Society of Echocardiography guidelines.9, 10 

Simpson’s rule was used for calculation of chamber volumes by cMRI. Aortic distensibility 

was calculated through the following equation: (aortic maximal cross-sectional area - aortic 

minimal cross-sectional area)/(aortic minimal cross-sectional area x pulse pressure).11 CPET 

protocol was designed specifically for HFpEF participants and utilized harmonized protocols 

for 2 exercise modalities: treadmill or cycle ergometer. Peak VO2 was determined by the 

highest 30-second median value of breath-by-breath VO2 measurements during the final 

minute of incremental exercise.7 Chronotropic index was defined as: (peak exercise heart 

rate [HR] – resting HR)/(age-predicted maximal HR – resting HR).12, 13 Age-predicted 

maximal HR was derived using the Astrand formula (220 – age).14

The study drug (sildenafil) was administered to a goal dose of 60 mg 3 times daily and 

repeat CPET was performed at both 12 and 24 weeks after therapy. Additionally, repeat 

6MWD was performed at 12 and 24 weeks after therapy.
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Statistical Analysis

Data for analysis were obtained through the NHLBI using the Biologic Specimen and Data 

Repository Information Coordinating Center (BioLINCC). Continuous variables were 

compared using Student’s t test or Wilcoxon rank sum tests (depending on distribution) and 

categorical variables were compared using Pearson χ2 tests by CKD. For biomarker 

analyses, renal dysfunction was assessed by continuous values of eGFR. The relationships 

between all baseline levels of biomarkers and eGFR were tested for linear and/or non-linear 

trends by fitting a restricted cubic spline transformation using 3 knots.15 Depending on the 

overall relationship, linear regression models or general additive models assessed the 

association between levels of eGFR and biomarker levels. Generalized additive models were 

used for display purposes given the presence of non-linear relationships between eGFR and 

several biomarkers.

Multivariable linear regression models were used to evaluate the association between renal 

dysfunction (continuous values of eGFR and cystatin-C) and exercise capacity at baseline 

(peak VO2 and 6MWD). eGFR was also analyzed as a categorical variable (CKD vs. No 

CKD) for this analysis. The relationship between eGFR and peak VO2 was tested for non-

linear trend by fitting a restricted cubic spline transformation using 3 knots. The first model 

adjusted for the following clinical variables based on clinical relevance: age, sex, exercise 

modality, atrial fibrillation, diabetes mellitus, EF, hypertension, loop diuretic use, jugular 

venous pressure, and chronotropic index. The second model further adjusted for hemoglobin 

level. Given the mechanistic relationship between renal dysfunction and anemia,16 we 

performed a formal mediation analysis to estimate the mediation effect of hemoglobin on the 

association between eGFR and peak VO2 using the mediation package in R (R Foundation 

for Statistical Computing). First, univariate regression models were performed to determine 

the independent associations between 1) eGFR (independent variable) and hemoglobin and 

2) hemoglobin (independent variable) and peak VO2. Age- and sex- adjusted direct and 

indirect effects (i.e. mediation effect) were reported. 95% CIs were calculated using 

bootstrapping. Statistically significant mediation was determined if the indirect effect was 

significantly different from zero. We also evaluated for interaction between eGFR and 

hemoglobin level with regard to baseline peak VO2 using a linear regression model with an 

interaction term for hemoglobin.

We calculated the change in eGFR from baseline to the end of the study period (week 24). 

We used linear regression models adjusting for baseline eGFR to identify variables that were 

associated with change in eGFR over the course of the RELAX trial. Variables that were 

tested individually were (1) all biomarkers, (2) treatment arm (sildenafil vs. placebo) and (3) 

prespecified clinical variables: age, sex, diabetes mellitus, atrial fibrillation, EF, and BMI. 

Variables that predicted change in eGFR in these base models were then tested in 

multivariable models adjusting for baseline eGFR, age, sex, diabetes mellitus, atrial 

fibrillation, EF, and BMI. We also assessed for interaction between renal dysfunction and 

treatment group (sildenafil vs. placebo) with regard to change in peak VO2 at 24 weeks 

using linear regression models with interaction terms for metrics of renal dysfunction.
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Statistical analyses were performed using R version 3.5.0 (R Foundation for Statistical 

Computing). This study was approved by the Institutional Review Board of Northwestern 

University.

Results

Study Population Characteristics

Among the RELAX cohort (n=216), there were 4 participants without serum creatinine or 

cystatin-C levels. The remaining 212 participants comprised the final study cohort, of which 

114 participants (54%) had baseline CKD (eGFR ≤60 mL/min/1.73m2) and 27 participants 

(13%) had eGFR <30 mL/min/1.73m2. The baseline characteristics of the study population 

by eGFR category are displayed in Table 1. Relative to participants without CKD at 

baseline, participants with CKD were older, were more likely to have hypertension, diabetes 

mellitus, longer duration of HF, and to take diuretics (P<0.05 for all comparisons). A higher 

proportion of participants with CKD had NYHA functional class III symptoms compared 

with those with eGFR >60 mL/min/1.73m2 (68% vs 37%, P<0.001). CKD participants had 

significantly worse edema, higher jugular venous pressure, and lower diastolic blood 

pressure at baseline (Table 1).

Renal Dysfunction and Cardiac Structure and Function

On echocardiographic analysis, lateral early diastolic (e’) tissue velocities were significantly 

lower among CKD participants and LV filling pressures were significantly higher among 

CKD participants after adjustment for age (Table 2; Figure 1). There was no difference in 

aortic distensibility or thickness by CKD status.

Renal Dysfunction and Biomarkers of Neurohormonal Function, Oxidative Stress, and 
Collagen Metabolism

On raw analysis, history of CKD was significantly associated with higher levels of all 

biomarkers except for CRP (Table 1). The continuous associations between eGFR and 

biomarkers of neurohormonal function, oxidative stress, and collagen metabolism are 

displayed graphically in Figure 2. Lower eGFR was significantly associated with higher 

aldosterone (R2 = 0.02, P= 0.04; Figure 2A), uric acid (R2 = 0.18, P<0.001; Figure 2C), NT-

proBNP (R2 = 0.18, P<0.001; Figure 2D), endothelin-1 (R2 = 0.06, P<0.001; Figure 2E), 

and galectin-3 (R2 = 0.21, P<0.001; Figure 2H) in a linear fashion. Lower eGFR was 

significantly associated with NT-procollagen III peptide levels (R2 = 0.13, P<0.001; Figure 

2F) and CITP (R2 = 0.35, P<0.001; Figure 2G) in a non-linear fashion; the relationship 

between eGFR and NT-procollagen III peptide appeared U-shaped while and the 

relationship between eGFR and CITP appeared stronger at lower levels of eGFR (P for non-

linearity <0.05). There was no significant association between eGFR and CRP or hs-TnI 

(Figure 2). Over the course of the 24-week trial, there were no other significant differences 

in changes in biomarkers between those with and without CKD (Supplemental Table 1).

Renal Dysfunction and Baseline Exercise Capacity

Metrics of physical activity obtained at rest and peak exercise during CPET by CKD status 

are displayed in Table 3. With the exception of average diastolic blood pressure, which was 
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lower among those with CKD compared with those without, resting parameters were similar 

between the two groups. Participants with CKD exercised for shorter duration and achieved 

lower peak HR and blood pressure parameters (P<0.05 for all comparisons; Table 3). CKD 

participants had lower chronotropic indices (0.44±0.28 vs. 0.58±0.28, P<0.001; reflecting 

worse chronotropic competence), achieved lower peak VO2 (11.2 ±2.9 mL/kg/min vs. 

13.5±2.9 mL/kg/min, P<0.001), and had lower 6MWD (276.5±111.9m vs. 327.9 ±105.0m, 

P=0.001) compared with those without CKD. Upon exclusion of participants with 

pacemakers, CPET findings were consistent (Supplemental Table 2).

The associations of indices of renal dysfunction and baseline exercise capacity are shown in 

Table 4. Lower eGFR, higher cystatin-C, and CKD status were independently associated 

with lower baseline peak VO2 levels after adjustment for model 1 covariates. Of note, the 

relationship between eGFR and peak VO2 was linear (P for non-linearity = 0.43). The 

associations between eGFR, cystatin-C, and CKD status were all attenuated after further 

adjustment for hemoglobin level. Results of the mediation analysis are shown in Figure 3. 

Low hemoglobin was a significant mediator, explaining 35% (95% CI: 14%, 70%; P<0.001) 

of the association between reduced eGFR and lower peak VO2 (Figure 3). There was no 

statistically significant interaction between eGFR and hemoglobin level with respect to 

baseline peak VO2 (P-interaction = 0.62). While higher cystatin-C was independently 

associated with reduced 6MWD after adjustment for model 1 covariates, this association was 

attenuated after adjustment for hemoglobin level. There were no significant associations 

between continuous eGFR levels or CKD status and 6MWD after multivariable adjustment.

Predictors of Worsening Renal Function

Overall, there was a modest decrease in eGFR among all RELAX participants over 24 weeks 

(median absolute change: −1.56 mL/min/1.73m2, interquartile range [IQR]: −6.62 – 2.24 

mL/min/1.73m2]; median percentage change: 3%, IQR: −12% - +5%). After multivariable 

adjustment, diabetes mellitus (β coefficient: −3.80, 95% CI: −6.86, −0.74, P=0.02), atrial 

fibrillation (β coefficient: −3.18, 95% CI: −5.80, −0.55, P=0.02), sildenafil therapy (β 
coefficient: −2.79, 95% CI: −5.34, −0.24, P=0.03), and increased NT-proBNP (β coefficient 

per SD-increase: −1.93, 95% CI: −3.38, −0.48, P=0.009) were independently associated with 

worsening eGFR from baseline to 24 weeks. There were no other biomarkers that were 

significantly associated with change in eGFR (Supplemental Table 3).

Longitudinal Outcomes Among Participants With and Without CKD

There was no statistically significant interaction between renal function and sildenafil 

therapy with respect to change in peak VO2 at 24 weeks, which was the primary endpoint of 

the RELAX trial (eGFR P-interaction = 0.21; CKD status P-interaction = 0.12). While 

participants with CKD experienced numerically more deaths and hospitalizations during the 

RELAX trial compared with those without CKD, these differences were not significant 

(Supplemental Table 4). Additionally, the number of participants hospitalized for 

cardiovascular or renal causes in the 12 months preceding the RELAX trial was similar 

between the CKD and no CKD groups (Supplemental Table 4).
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Discussion

In this analysis of renal dysfunction among participants with HFpEF, randomized to 

sildenafil vs. placebo in the RELAX trial, we found that compared to participants without 

CKD, those with CKD display more advanced cardiac functional derangements, higher 

levels of biomarkers reflecting neurohormonal activation, collagen metabolism/fibrosis, and 

oxidative stress compared to those without CKD. The association between worse eGFR and 

lower exercise capacity as measured by peak VO2 was strongly mediated by lower 

hemoglobin levels. Diabetes mellitus, atrial fibrillation, sildenafil therapy, and NT-proBNP 

were each independently associated with worsening renal function over the course of 24-

week follow-up.

The RELAX trial enrolled a high proportion of CKD participants across a wide eGFR 

spectrum (≥20 mL/min/1.73 m2), allowing unique investigation into differences in HFpEF 

by CKD status. HFpEF with comorbid renal dysfunction represents a vulnerable cohort, 

driven by a bidirectional pathophysiology that ultimately portends worse clinical outcomes.3 

HFpEF may instigate renal dysfunction via impaired renal arterial blood flow through 3 

major mechanisms: RV dysfunction and subsequent renal venous congestion, an inability to 

augment cardiac output after systemic vasodilation due to chronotropic incompetence,12 and 

endothelial dysfunction.17 Chronotropic incompetence is especially common among patients 

with HFpEF-CKD. Indeed, in the RELAX cohort, we found that rates of pacemakers were 

higher and chronotropic indices were significantly worse among those with CKD. The lack 

of HR augmentation in the setting of systemic vasodilation (by pharmacotherapy or physical 

activity) reduces renal blood flow and promotes CKD.18 Conversely, CKD may promote 

HFpEF through systemic inflammation,19 deranged mineral metabolism including increased 

fibroblast growth factor 23 and imbalances in the calcium-phosphorous-parathyroid 

hormone axis,20 sympathetic overactivity/volume overload,21 and endothelial dysfunction.22 

Such mechanisms may explain worse diastolic function by echocardiography and worse 

congestion metrics (i.e., edema and jugular venous pressure) among the CKD cohort in our 

study.

Our study findings provide insight into mechanisms that drive renal dysfunction and HFpEF 

to coexist. In RELAX, renal dysfunction was associated with higher levels of endothelin-1, a 

potent vasoconstrictor that is typically down-regulated by nitric oxide.23 Blockade of 

endothelin-1 is associated with reduction in LV mass in murine models of HFpEF via a 

mechanism independent of blood pressure reduction alone.24 Of note, circulating levels of 

low molecular weight (<30 kDa) biomarkers are determined largely by renal clearance. For 

such biomarkers, it is difficult to discern whether an elevation is biologically linked to 

cardiac pathophysiology or if an association with cardiovascular disease is confounded by 

CKD. Both the pulmonary and renal vascular beds produce and clear endothelin-1 in 

humans.25, 26 Whether the association between endothelin-1 levels and renal dysfunction 

noted here is influenced by reduced renal or pulmonary clearance or by increased renal 

production of endothelin-1 in kidney disease is unclear.

Of all the biomarkers, we noted the strongest relationships were noted between indices of 

renal dysfunction and certain markers of fibrosis (i.e. CITP, galectin-3). Our findings 
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confirm the strong relationship between renal dysfunction and biomarkers of fibrosis in 

HFpEF.27 While antifibrotic therapies in HFpEF are currently limited, mineralocorticoid 

receptor antagonists have shown promise. However, risk of hyperkalemia may dissuade 

providers from utilizing mineralocorticoid receptor antagonists among those with renal 

dysfunction and HFpEF, a group which may most benefit from this therapy.28

While the impact of renal dysfunction in HFpEF on long-term clinical outcomes is well-

established,4, 29, 30 the association between CKD and exercise capacity and mechanisms 

driving reduced exercise capacity in this cohort are less clear. Although the association 

between renal dysfunction and reduced peak VO2 was significant after controlling for 

several demographic and clinical variables in our analysis, this association was attenuated 

after further adjustment for hemoglobin level. Low hemoglobin has demonstrated a strong 

association with reduced exercise capacity in HFpEF,31 and our findings highlight that in the 

CKD population, the impact of low hemoglobin is particularly important. Indeed, we 

identified lower hemoglobin as a strong mediator, explaining 35% of the association 

between renal dysfunction and reduced exercise capacity. In HF, low hemoglobin levels may 

reflect true anemia or hemodilution in the setting of volume overload. As such, our findings 

provide evidence for anemia or increased plasma volume as mechanisms for reduced 

exercise capacity in the CKD-HFpEF cohort. Anemia in CKD is multifactorial, driven by 

deficiency in erythropoietin, shortened red blood cell survival, and nutritional deficiency (i.e. 

folate and vitamin B12).16 Impaired iron homeostasis, due to either true or functional iron 

deficiency is an increasingly recognized contributor to anemia in CKD.16 Although 

hemoglobin was not profoundly low in CKD participants in RELAX, hemoglobin levels 

may only be mildly reduced in the setting of substantial iron deficiency. Given hemoglobin 

is an important mediator of reduced exercise capacity in CKD, patients with comorbid 

HFpEF and CKD may particularly benefit from correction of anemia via intravenous iron 

therapy if truly iron deficient. Indeed, the FAIR-HFpEF (NCT03074591) trial is currently 

underway, evaluating the effect of intravenous iron on exercise capacity in HFpEF. 

Conversely, hemoglobin is also marker of hemodilution and total body volume, and thus it is 

possible that lower exercise capacity in the CKD cohort is due to more profound volume 

overload. In our study, participants with CKD had higher rates of edema, elevated jugular 

venous pressure, diuretic use, and NYHA class III symptoms, suggesting increased volume 

overload in this subgroup. While decongestion in comorbid CKD-HFpEF is challenging due 

to diuretic resistance, our findings suggest concerted efforts to ameliorate volume overload 

may be of importance in this subgroup.

We noted overall modest decrease in kidney function over the course of 24-week follow-up 

in RELAX. Sildenafil therapy was independently associated with worsening eGFR over 

follow-up. Our findings verify the concern that systemic vasodilation (via 

phosphodiesterase-5 inhibition) may be poorly tolerated in HFpEF patients as initially 

reported in the primary results of the RELAX trial.6 In a small HFpEF cohort with 

documented pulmonary hypertension, sildenafil was not associated with renal dysfunction, 

which may be explained by the drug’s pulmonary vasodilatory properties and lower rates of 

baseline CKD in this cohort.32 Sildenafil decreases contractility33 and increases 

mitochondrial and endoplasmic reticulum stress,34 which may explain its association with 

worsening renal function. Additionally, participants with comorbid atrial fibrillation and 

Patel et al. Page 8

J Card Fail. Author manuscript; available in PMC 2021 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



diabetes were noted to have worsening renal function over the course of the RELAX trial, 

indicating that HFpEF patients with these comorbidities may require close monitoring of 

kidney function.

Our study has limitations. As previously described, it is possible that some biomarkers 

obtained in the RELAX trial are cleared by the kidneys and are thus reflective of renal 

dysfunction as opposed to HFpEF itself. Certain biomarkers have been associated with CKD 

alone in the absence of HFpEF.35 However, certain biomarkers in our analysis, including 

endothelin-1, are cleared in part by mechanisms independent of the renal system. While the 

RELAX study sample size was relatively small, it represents a well-characterized cohort 

with comprehensive biomarker profiling, echocardiographic data, and CPET analysis. Given 

the clinical profile of participants within RELAX was unique due to the comprehensive 

diagnostic testing required prior to trial enrollment, our findings may not be applicable to 

other populations of HFpEF. Given multiple hypotheses tested in this analysis and relatively 

small effect sizes between eGFR and some biomarkers, our findings are subject to type I 

error. As CKD was associated with increased comorbidity burden, CKD-HFpEF may 

represent a more advanced disease state rather than a unique phenotype. However, given the 

relative underrepresentation of CKD patients in HFpEF trials and the poor outcomes 

associated with comorbid CKD-HFpEF, further characterization of this cohort is warranted. 

Indices of right ventricular size and function on echocardiogram and CO2 production on 

CPET were not available in the current dataset. Indices of proteinuria, which are associated 

with HF risk, were not measured. Data regarding changes in hemoglobin during follow-up 

and iron studies were not available to further understand the relationship between reduced 

eGFR, low hemoglobin and reduced peak VO2.

In this analysis of the RELAX trial, comorbid renal dysfunction was frequently noted in 

HFpEF participants, and represented a vulnerable, elderly cohort with high comorbidity 

burden and an echocardiographic profile of worse diastolic function. Renal dysfunction was 

significantly associated with biomarkers representative of neurohormonal dysfunction, 

oxidative stress, and fibrosis/collagen metabolism. Sildenafil therapy was independently 

predictive of worsening renal function during follow-up. Reduced hemoglobin is a strong 

mediator of the association between renal dysfunction and impaired exercise capacity. 

Further investigations to evaluate the mechanisms driving the association between reduced 

eGFR and low exercise capacity are required and could have relevance to therapeutic 

advances in the HFpEF-CKD cohort.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Box and whisker plots of various echocardiographic indices of diastolic function by 
chronic kidney disease status.
The thick black line represents the median value. The lower and upper limit of the boxes 

represent values of the 25th and 75th percentiles, respectively. The whiskers extend to 1.5 

times the interquartile range. Shown are age-adjusted P-values. CKD = chronic kidney 

disease.
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Figure 2. Relationships between GFR and biomarkers of neurohormonal function, oxidative 
stress, and collagen metabolism.
Generalized additive models were used to display relationships between GFR and 

biomarkers. Shaded areas represent 95% CI. CITP = carboxy-terminal telopeptide of 

collagen type I; CRP = C-reactive protein; GFR = estimated glomerular filtration rate; 

hs=high sensitivity; NT-proBNP = N-terminal pro-B-type natriuretic peptide.
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Figure 3. Mediation analysis of the association between eGFR, hemoglobin, and peak VO2.
The path model and mediation analysis describing mediation of the relationship between 

eGFR and peak VO2 by hemoglobin are displayed. Path effects are reported as the change in 

peak VO2 per 1-SD decrease in eGFR (95% CI). The total effect of the association between 

eGFR and peak VO2 was −0.98 (95% CI: −1.41,−0.57). eGFR = estimated glomerular 

filtration rate; peak VO2 = peak oxygen consumption.
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Table 1.

Baseline Characteristics of RELAX Participants by Chronic Kidney Disease Status.

Chronic Kidney Disease

Characteristic No (n=98) Yes (n= 114) p-value

Age (years), mean (SD) 65.2 (10.3) 71.4 (9.4) <0.001

Female, n (%) 45 (46) 57 (50) 0.65

Race, n (%) 0.83

 White 89 (91) 106 (93)

 Black 6 (6) 5 (4)

 Other 3 (3) 3 (3)

Diabetes mellitus, n (%) 34 (35) 56 (49) 0.03

Hypertension, n (%) 76 (78) 103 (90) 0.02

Ischemic heart disease, n (%) 37 (38) 44 (39) 0.99

Duration of heart failure (years), mean (SD) 2.1 (3.2) 3.6 (4.7) 0.01

New York Heart Association Class, n (%) <0.001

 II 62 (63) 37 (32)

 III 36 (37) 77 (68)

Pacemaker, n (%) 9 (9) 25 (22) 0.02

Peripheral vascular disease, n (%) 9 (9) 21 (18) 0.08

Atrial fibrillation, n (%) 48 (49) 60 (53) 0.70

Hyperlipidemia, n (%) 69 (70) 87 (76) 0.41

Current smokers, n (%) 14 (14) 17 (15) 0.94

Chronic obstructive pulmonary disease, n (%) 18 (18) 24 (21) 0.75

Depression, n (%) 36 (37) 30 (26) 0.14

Medications

Beta blocker, n (%) 70 (71) 90 (79) 0.27

Angiotensin converting enzyme inhibitor, n (%) 40 (41) 57 (50) 0.23

Angiotensin receptor blocker, n (%) 32 (33) 25 (22) 0.11

Mineralocorticoid receptor antagonist, n (%) 8 (8) 13 (11) 0.58

Loop diuretic, n (%) 65 (66) 97 (85) 0.002

Thiazide diuretic, n (%) 16 (16) 23 (20) 0.59

Statin, n (%) 61 (62) 73 (64) 0.79

Physical Exam

Heart rate (bpm), mean (SD) 71 (12) 69 (11) 0.16

Systolic blood pressure (mmHg), mean (SD) 129 (17) 127 (18) 0.51

Diastolic blood pressure (mmHg), mean (SD) 73 (10) 68 (10) 0.002

Body mass index (kg/m2), mean (SD) 34.1 (6.3) 34.2 (7.6) 0.87

Jugular venous pressure, n (%) 0.004

 <8 cm 65 (68) 47 (43)

 >8 cm 31 (32) 62 (57)

Edema, n (%) 0.02

 None 49 (50) 41 (36)
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Chronic Kidney Disease

Characteristic No (n=98) Yes (n= 114) p-value

 Trace 37 (38) 42 (37)

 Moderate 12 (12) 21 (27)

Laboratory

Hemoglobin (g/dL), mean (SD) 13.5 (1.4) 12.4 (1.4) <0.001

Sodium (mmol/L), mean (SD) 139.3 (3.1) 140.0 (3.3) 0.12

Potassium (mmol/L), mean (SD) 4.3 (0.6) 4.3 (0.5) 0.55

Blood urea nitrogen (mg/dL), median (IQR) 17.5 (14.0 – 23.0) 31.0 (24.0 – 40.0) <0.001

Creatinine (g/dL), median (IQR) 0.84 (0.73 – 1.02) 1.34 (1.13 – 1.70) <0.001

Cystatin-C (mg/L), median (IQR) 1.04 (0.9 – 1.15) 1.69 (1.47 −1.99) <0.001

Estimated glomerular filtration rate (mL/min/1.73m2), mean (SD) 76.9 (13.3) 39.8 (11.2) <0.001

NT-proBNP (pg/mL), median (IQR) 465.7 (92.0 – 876.2) 1248.5 (482.4 – 2107.0) <0.001

Aldosterone (pg/mL), median (IQR) 167.9 (114.3–255.5) 207.0 (123.3–317.5) 0.03

Endothelin-1 (pg/mL), median (IQR) 2.16 (1.82–2.78) 2.50 (2.12–3.36) 0.001

Troponin I (pg/mL), median (IQR) 6.43 (3.64–14.09) 11.45 (7.32–24.90) <0.001

CITP (ug/L), median (IQR) 5.01 (4.02–6.13) 8.05 (5.97–13.26) <0.001

Galectin-3 (ng/mL), median (IQR) 12.2 (9.9–14.8) 15.5 (12.8–20.9) <0.001

NT-procollagen III peptide (ug/L), median (IQR) 7.06 (5.49–8.41) 8.49 (6.42–11.03) 0.001

hs-CRP (mg/L), median (IQR) 3.95 (1.65–8.27) 3.58 (1.85–7.73) 0.95

Uric acid (mg/dL), median (IQR) 6.3 (5.2–7.9) 8.0 (6.7–9.5) <0.001

CITP = carboxy-terminal telopeptide of collagen type I; hs-CRP = high sensitivity C-reactive protein; NT-proBNP = N-terminal pro-B-type 
natriuretic peptide.

CKD was defined as eGFR ≤60 mL/min/1.73m2.
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Table 2.

Baseline Cardiac Structure and Function in RELAX Participants by Chronic Kidney Disease Status.

Chronic Kidney Disease

Variable No (n=98) Yes (n= 114) p-value*

Left ventricular end diastolic volume index by cMRI (mL/m2), median (IQR) 53.3 (45.8 – 63.5) 60.6 (51.0 – 68.5) 0.07

Left ventricular end systolic volume index by cMRI (mL/m2), median (IQR) 18.0 (14.1 – 25.3) 19.5 (15.4 26.0) 0.26

Stroke volume index (mL/m2), median (IQR) 36.7 (30.1 – 42.2) 38.6 (30.2 – 44.3) 0.49

Ejection Fraction (%), mean (SD) 60.8 (6.1) 61.7 (7.3) 0.22

Left atrial volume index (mL/m2), median (IQR) 40.7 (31.7 – 54.2) 48.8 (39.3 – 59.6) 0.63

Medial e' (m/s), mean (SD) 0.07 (0.02) 0.06 (0.02) 0.07

Lateral e' (m/s), mean (SD) 0.09 (0.03) 0.08 (0.03) 0.04

E/e’ average, median (IQR) 10.8 (9.4 – 15.4) 16.3 (11.4 – 22.0) <0.001

Pulmonary artery systolic pressure (mmHg), mean (SD) 50.5 (16.1) 53.7 (15.5) 0.20

Aortic distensibility by cMRI (10−3 mmHg), median (IQR) 1.15 (0.67 – 1.79) 1.19 (0.69 – 1.74) 0.14

Aortic thickness by cMRI (mm), median (IQR) 1.3 (1.1 – 1.4) 1.3 (1.1 – 1.5) 0.54

All indices of cardiac structure and function are derived from echocardiograms unless noted above. CKD was defined as eGFR ≤60 mL/min/

1.73m2.

*
Adjusted for age.

cMRI = cardiac magnetic resonance imaging.
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Table 3.

Baseline Cardiopulmonary Exercise Test Parameters in RELAX Participants by Chronic Kidney Disease 

Status.

Chronic Kidney Disease

Variable No (n=98) Yes (n= 114) p-value

Resting Variables

Heart rate (bpm), mean (SD) 72 (13) 68 (13) 0.08

Systolic blood pressure (mmHg), mean (SD) 127.3 (22.5) 125.2 (19.1) 0.47

Diastolic blood pressure (mmHg), mean (SD) 73.6 (11.9) 68.6 (9.7) 0.001

Pulse pressure (mmHg), mean (SD) 53.7 (17.7) 56.6 (17.0) 0.23

Oxygen saturation (%), mean (SD) 97 (3) 97 (3) 0.49

VO2 (mL/kg/min), mean (SD) 3.1 (0.8) 3.0 (0.7) 0.29

Borg score, mean (SD) 0.6 (1.2) 0.4 (1.0) 0.17

Oxygen pulse (mL/beat) 4.4 (1.1) 4.5 (1.2) 0.65

Exercise Variables

Exercise Mode 0.52

 Treadmill, n (%) 34 (35) 46 (40)

 Bicycle, n (%) 64 (65) 68 (60)

Exercise duration (min), mean (SD) 10.8 (3.1) 8.6 (2.8) <0.001

Peak heart rate (bpm), mean (SD) 118 (24) 103 (24) <0.001

Peak systolic blood pressure (mmHg), mean (SD) 160.8 (32.6) 146.3 (28.9) 0.001

Peak diastolic blood pressure (mmHg), mean (SD) 76.5 (16.2) 68.9 (12.7) <0.001

Peak oxygen saturation (%), mean (SD) 96 (3) 95 (4) 0.23

Respiratory exchange ratio 1.10 (0.09) 1.10 (0.12) 0.79

Peak VO2 (mL/kg/min), mean (SD) 13.5 (2.9) 11.2 (2.9) <0.001

Peak Borg score, mean (SD) 7.2 (2.3) 6.7 (2.3) 0.16

6-minute walk distance (m), mean (SD) 327.9 (105.0) 276.5 (111.9) 0.001

Chronotropic index 0.58 (0.28) 0.44 (0.28) <0.001

Oxygen pulse (mL/beat), mean (SD) 11.8 (3.1) 11.1 (2.7) 0.11

6MWD = 6-minute walk distance; VO2 = oxygen consumption. CKD was defined as eGFR ≤60 mL/min/1.73m2.
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Table 4.

Association of Indices of Renal Function and Functional Capacity.

eGFR (continuous) Cystatin-C (continuous) Chronic Kidney Disease

Outcome Variable
β coefficient per 1-SD 

decrease (95% CI) p-value β coefficient per 1-SD 
increase (95% CI) p-value β coefficient (95% 

CI) p-value

Peak Oxygen 
Consumption

 Unadjusted −1.22 (−1.61, −0.83) <0.001 −1.02 (−1.42, −0.62) <0.001 −2.28 (−3.08, −1.49) <0.001

 Model 1* −0.61 (−1.01, −0.22) 0.002 −0.68 (−1.06, −0.31) <0.001 −0.88 (−1.63, −0.13) 0.02

 Model 2† −0.26 (−0.68, 0.16) 0.22 −0.30 (−0.71, 0.12) 0.16 −0.38 (−1.12, 0.36) 0.32

6-minute walk distance

 Unadjusted −27.8 (−42.5, −13.1) <0.001 −33.7 (−48.0, −19.4) <0.001 −51.4 (−80.9, −21.9) <0.001

 Model 1* −5.5 (−22.4, 11.5) 0.52 −14.9 (−31.1, 1.3) 0.07 −15.5 (−47.5, 16.5) 0.34

 Model 2† −7.3 (−11.5, 26.1) 0.45 −3.2 (−21.8, 15.4) 0.73 −1.6 (−34.7, 31.6) 0.93

*
Adjusted for age, sex, exercise modality, left ventricular ejection fraction, atrial fibrillation, diabetes, hypertension, loop diuretic use, jugular 

venous pressure, and chronotropic index.

†
Adjusted for Model 1 variables plus hemoglobin.

eGFR = estimated glomerular filtration rate. CKD was defined as eGFR ≤60 mL/min/1.73
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