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Beneficial effects of therapeutic drugs are controversial for heart failure with preserved ejection fraction (HFpEF). This meta-analysis aimed to evaluate and compare the interactive effects of different therapeutic drugs and placebo in patients with HFpEF. A comprehensive search was conducted using PubMed, Google Scholar, and Cochrane Central Register to identify related articles published before March 2021. The primary outcome was all-cause mortality. Secondary outcomes were cardiovascular mortality, heart failure (HF) hospitalization, and worsening HF events. A total of 14 randomized controlled trials, comprising 19,573 patients (intervention group, n = 9,954; control group, n = 9,619) were included in this network meta-analysis. All-cause mortality, cardiovascular mortality, and worsening HF events among therapeutic drugs and placebo with follow-up of 0.5–4 years were not found to be significantly correlated. The angiotensin receptor neprilysin inhibitor (ARNI) and angiotensin-converting enzyme inhibitor (ACEI) significantly reduced the HF hospitalizations compared with placebo (hazard ratio [HR] 0.73, 95% confidence interval [CI] 0.60–0.87 and HR 0.64, 95% CI 0.43–0.96, respectively), without heterogeneity among studies. The ARNI was superior to angiotensin receptor blocker (ARB) in reducing HF hospitalizations (HR 0.80, 95% CI 0.71–0.91), and vericiguat 10 mg ranked worse than beta-blockers for reducing all-cause mortality in patients with HFpEF (HR 3.76, 95% CI 1.06–13.32). No therapeutic drugs can significantly reduce mortality, but the ARNI or ACEI is associated with the low risk of HF hospitalizations for patients with HFpEF.
Systematic Review Registration: https://www.crd.york.ac.uk/prospero/, identifier CRD42021247034
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INTRODUCTION
Heart failure with preserved ejection fraction (HFpEF), also referred to as diastolic heart failure, is a heterogeneous clinical syndrome defined by the presence of signs and symptoms of heart failure (HF) with normal left ventricular ejection fraction (LVEF) (typically considered as ≥50%). The HFpEF constitutes greater than 50% of all HF diagnoses and is associated with considerable morbidity and mortality (Redfield, 2017). The prognosis for patients with HFpEF remains poor, with a 1-year mortality of about 10–30% (Dhingra et al., 2014). While significant advances in reducing HF mortality and improving the cardiac function (Li et al., 2020) have been made in treating heart failure with reduced ejection fraction (HFrEF) (Komajda et al., 2018), pharmacological therapies for HFpEF including angiotensin receptor neprilysin inhibitor (ARNI), angiotensin converting enzyme inhibitors (ACEIs), angiotensin receptor blockers (ARBs), beta-blockers (BBs) and mineralocorticoid receptor antagonists (MRAs), have generally been disappointing, with no convincing evidence of mortality or morbidity reduction. A previous study compared the effects of propranolol against placebo on mortality in elderly patients with HFpEF, and the results showed low mortality, with less nonfatal myocardial infarction and higher LVEF in the propranolol group (Aronow et al., 1997). However, the PARAGON HF trial results showed that the use of ARNI in HFpEF did not result in a significantly lower rate of HF hospitalization and cardiovascular mortality. However, subgroup analyses suggested heterogeneity with possible benefit for women patients and patients with LVEF ranged 45–57% (Solomon et al., 2019). The PEP-CHF trial of perindopril and TOPCAT trial of spironolactone in patients with HFpEF showed a significantly lower rate of HF hospitalization in the perindopril and spironolactone groups (Cleland et al., 2006; Pitt et al., 2014).
Owing to inconsistent or lack of adequate evidence concerning beneficial effects of therapeutic drugs in patients with HFpEF, in this network meta-analysis, we aimed to comprehensively review randomized controlled trials (RCTs) of pharmacological treatment in patients with HFpEF to conduct comparison of all medications against placebo and between pharmacological agents on mortality, HF hospitalization, and worsening HF events despite the paucity of head-to-head comparison of therapies in RCTs.
MATERIALS AND METHODS
This network-meta-analysis is registered in PROSPERO (CRD42021247034).
Search Strategy
A comprehensive search was conducted using PubMed, Google Scholar, and Cochrane Central Register to identify related articles published before March 30, 2021 (Supplementary Tables S1A,B). The keywords included “heart failure with preserved ejection fraction,” “diastolic heart failure,” “angiotensin receptor neprilysin inhibitor or sacubitril–valsarta,” “angiotensin converting enzyme inhibitors,” “angiotensin receptor blockers,” “beta blockers,” “mineralocorticoid receptor antagonists,” “digoxin,” “phosphodiesterase-5 inhibition or sidenafi,” “vericiguat,” “sodium-glucose cotransporter-2,” and “diuretic.” Certain additional related publications, such as review articles and editorials, were also assessed.
Eligibility Criteria
The inclusion criteria were as follows: 1) patients diagnosed with HF; 2) LVEF ≥40%; 3) the treatment and control groups received oral drugs and placebo, respectively, 4) reported outcomes including all-cause mortality, cardiovascular mortality, HF hospitalizations or worsening HF events, 5) RCTs, and 6) articles published in English.
Study Outcomes
The primary outcome was all-cause mortality. Secondary outcomes included cardiovascular mortality, HF hospitalizations, and worsening HF events (defined by either a decrease by ≥ 1 metabolic equivalent (METs) or an increase by one or more class in New York Heart Association (NYHA) functional class between baseline and months).
Data Extraction and Quality Assessment
First, two authors (YL and JY) screened the title and abstract independently to identify relevant papers. Inclusion of a study was decided by consensus between the two investigators. Second, standardized pretest tables (including country, population, sample size, age, NYHA, other baseline characteristics, interventions, endpoints and follow-up data) were used to extract data from included studies on full text. The data extraction was independently assessed in a blinded fashion. Any disagreement between the two authors was resolved by discussion. If there was no consensus, a third author (SHD) was consulted.
The Cochrane Collaboration tool was used to assess the risk of bias and the confidence in network meta-analysis (CINeMA) framework was used to assess the indirectness, imprecision, heterogeneity and incoherence of the included RCTs. Funnel plots were drawn to assess the publication bias.
Statistical Analysis
Statistical analyses were performed using the STATA software, version 14.0 (StataCorp, United States). The combined hazard ratios (HRs) and their corresponding 95% confidence intervals (CIs) were calculated for primary and secondary outcomes. The surface under the cumulative ranking (SUCRA) curve with a rankogram plot was performed to provide a hierarchy of different treatments. Heterogeneity between studies was assessed using the I2 statistic. If substantial heterogeneity was detected (I2 > 50%), subgroup analyses were performed to reduce the heterogeneity. Publication bias was evaluated using Begg’s funnel plots. A p value <0.05 was considered statistically significant.
RESULTS
Characteristics of Included Studies
The literature research identified a total of 782 related articles, of which 103 articles were duplicates, and 657 articles did not fulfill the inclusion criteria and were thus excluded. Further, eight articles were excluded as no relevant endpoint data reported. Eventually, 14 RCTs (Aronow et al., 1997; Yusuf et al., 2003; Zi et al., 2003; Ahmed et al., 2006; Cleland et al., 2006; Massie et al., 2008; Yip et al., 2008; Solomon et al., 2012; Edelmann et al., 2013; Redfield et al., 2013; Yamamoto et al., 2013; Pitt et al., 2014; Solomon et al., 2019; Armstrong et al., 2020) (Figure 1) were included in this meta-analysis. In total, 19,573 patients were randomized to either drug intervention group (n = 9,954) or control group (n = 9,619) with follow-up time duration from 0.5 to 4 years. The mean age in the included studies ranged from 56 to 89. All of the studies were parallel, randomized, and controlled, among which 6 studies were double-blinded, two studies were single-blinded, six studies were open-label studies. Between intervention group and control group, no significant difference was found for the men age and NYHA class III-IV (Table 1). The other baseline characteristics of the included patients were balanced between the two treatment groups with respect to cardiovascular risks, baseline treatments and the baseline echocardiographic measures.
[image: Figure 1]FIGURE 1 | Flow diagram of the study selection process. HF, heart failure; MRA, mineralocorticoid receptor antagonist; SLGT2, sodium-glucose cotransporter-2.
TABLE 1 | Baseline characteristics of included RCTs.
[image: Table 1]Primary and Secondary Endpoint
Thirteen of 14 included RCTs (excluding Yusuf S et al. study) reported all-cause mortality data (primary outcome). Similarly, 13 RCTs (excluding Wilbert S et al. study) reported cardiovascular mortality data (secondary outcome). The drug strategies in the network and all-cause mortality (SUCRA curve with a rankogram plot) are shown in Figure 2 and Supplementary Figure S1), respectively. Network plot of the all-cause mortality among all trials is shown in Supplementary Figure S2. ACEIs (perindopril of PEP-CHF study with LVEF ≥40%, ramipril of HK-PROBE study with LVEF >45%, quinapril of Min Zi study with LVEF ≥40%), ARBs (candesartan of CHARM trial with LVEF ≥40%, irbesartan of I-Preserve study with LVEF >45%, irbesartan of HK-PROBE study with LVEF >45%), ARNI (PARAMOUNT and PARAGON-HF studies with LVEF ≥45%), beta-blockers (carvedilol of J-DHF with LVEF >40%), MRAs (spironolactone of Aldo-DHF with LVEF ≥50% and TOPCAT with LVEF ≥45%), digoxin (digoxin of Ahmed A study with LVEF ≥45%), and sildenafil (sildenafil of Redfield MM study with LVEF ≥50%) were failed to reduce all-cause mortality and cardiovascular mortality among all compared therapeutic drugs and placebo with a follow-up duration of 0.5–4 years [Figure 3 and Supplementary Figure S3]. Propranolol of Wilbert S study with LVEF ≥40% alone showed the positive result of reducing mortality. However, vericiguat 10 mg ranked worse than beta-blocker for reducing all-cause mortality in patients with LVEF ≥45% (HR 3.76, 95% CI 1.06–13.32) (Figure 3).
[image: Figure 2]FIGURE 2 | Drug strategies in the Network. The width of lines between each drug reflects the number of studies available for each comparison. ACEI, angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor blocker; ARNI, angiotensin receptor neprilysin inhibitor; MRA, mineralocorticoid receptor antagonist.
[image: Figure 3]FIGURE 3 | All-cause mortality (primary outcome): Forest plot (estimates as hazard ratio) - All trials.
The HF hospitalization was reported in 11 studies, and worsening HF events were reported in seven studies (secondary outcomes). The ARNI and ACEI were associated with low risk of HF hospitalizations when compared to placebo (HR 0.73, 95% CI 0.60–0.87 and HR 0.64, 95% CI 0.43–0.96, respectively), without heterogeneity among studies (Figure 4). The ARNI was superior to ARBs in reducing HF hospitalizations risk (HR 0.80, 95% CI 0.71–0.91). No therapeutic drugs did significantly reduce the worsening HF events compared with placebo (Supplementary Figure S4).
[image: Figure 4]FIGURE 4 | Heart failure hospitalization (secondary outcome): Forest plot (estimates as hazard ratio) -All trials.
Risk of Bias Assessment and Publication Bias
We used the Cochrane Collaboration tool in Review Manager 5.3 to perform quality assessments. Five of the entries had an overall high risk of attrition bias and selection bias, and one study had a high risk of performance bias and other bias, respectively. The remaining studies had low risk of bias (Figure 5). The funnel plot was symmetrical, indicating no evidence of publication bias (Supplementary Figure S5). From the CINeMA framework, the risk of bias contributions of the included studies was showed as Supplementary Figure S6. The imprecision, heterogeneity and incoherence of the mix evidence of included studies were low, while those of the indirect evidence of the included studies were low to moderate (Supplementary Data Sheet S3–5).
[image: Figure 5]FIGURE 5 | Risk of bias of all trials.
DISCUSSION
In this systematic review and network meta-analysis found that no statistical differences in all-cause and cardiovascular mortality among ACEIs, ARBs, ARNI, MRAs, beta-blockers, vericiguat, digoxin, sildenafil, and placebo, but vericiguat 10 mg ranked worse than beta-blockers for reducing all-cause mortality in patients with HFpEF; 2) The ARNI or ACEI had shown the favorable beneficial effect of significantly reducing HF hospitalization risk when compared to placebo, and ARNI was superior to ARBs in reducing HF hospitalizations.
The pathophysiology of HFpEF is heterogeneous, with multiple individual mechanisms frequently coexisting within the same patient to cause symptomatic HF. The possible pathophysiological mechanisms may include as follow: 1) increased ventricular filling pressure, manifested by thickening of the left ventricular wall and/or left atrial enlargement (Zile et al., 2004; Borlaug and Paulus, 2011), 2) pulmonary vascular disease or dysfunction, and right ventricular failure (Lam et al., 2009), and 3) expansion of plasma volume (Obokata et al., 2017). Although HFpEF is defined as HF patients with LVEF ≥50% (Ponikowski et al., 20162016), LVEF ranged 40–49% was often included in the previous HFpEF RCTs, leading to the methodological limitation of the network meta-analysis.
Identifying effective medical therapies for patients with HFpEF remains a challenge for clinicians. In this network meta-analysis, ACEIs, ARBs, ARNI, MRAs, digoxin, and sildenafil have failed to reduce the risk of mortality in patients with HFpEF or HF with mid-range (borderline) ejection fraction. Only propranolol of Wilbert S study showed a positive result in reducing mortality in patients with LVEF ≥40%. In contrast, vericiguat 10 mg ranked worse than beta-blocker for reducing all-cause mortality in patients with LVEF ≥45%. Nitric oxide is an important regulator of cardiac function, and restoration of nitric oxide-mediated signaling has been proposed as an important treatment target in HF. However, nitric oxide has not been considered the essential factor in the progression of HFpEF compared with HFrEF patients in the VICTORIA trial (Armstrong et al., 2020). Further, renin-angiotensin-aldosterone system (RAAS) inhibitors are commonly foundation of the evidence-based therapies at reducing morbidity and mortality in patients with HFrEF (Komajda et al., 2018). However, there is no tangible evidence for improving the prognosis of HFpEF by RAAS inhibitors (Kuno et al., 2020). From epidemiological studies, older age and higher prevalence of women have been recognized as more frequent in HFpEF compared with HFrEF. Accordingly, the activation of RAAS in HFpEF is lower and therapies based on this mechanism will not reduce the mortality. Instead, tissue congestion caused by high cardiac filling pressures plays a central role in the pathophysiology of HFpEF.
According to the guidelines of the European Society of Cardiology (2016), it is crucial to reduce the readmission burden for patients with HFrEF (Ponikowski et al., 2016). Given that patients with HFpEF tend to be older than their HFrEF counterparts and are limited by disabling symptoms with poor quality of life (Fukuta et al., 2016), rehospitalization burden for HF, being related to a poor quality of life and increased mortality (Gheorghiade et al., 2013), is of great importance between HFrEF and HFpEF. The Medicare represented the 30-day readmission rate for HF was about 23.0% (Mozaffarian et al., 2015). Another study reported that the HF rehospitalization was about 67.4%, of which 35.8% died in-hospital within 1 year (Bueno et al., 2010). In the present network meta-analysis, ARNI or ACEI was found to be significantly decreasing the risk of HF hospitalization compared with placebo. The PEP-CHF study results showed that perindopril significantly reduced the risk of HF rehospitalizations for patients with LVEF ≥40% in the first year, compared with placebo (Cleland et al., 2006). The PARAGON-HF study, comparing ARNI with ARB in patients with LVEF ≥45%, showed no significant reduction of HF hospitalizations (690/2,407 vs. 797/2,389). However, patients taking ARNI was appeared to have an improvement in the NYHA Functional class (HR 1.45, 95% CI 1.13–1.86) (Solomon et al., 2019). The TOPCAT study showed a significant reduction of HF hospitalizations (206/1722 vs. 245/1723) (Dhingra et al., 2014), while the Aldo-DHF study showed no reduction of HF hospitalizations (21/213 vs. 15/209) (Edelmann et al., 2013). The discrepant results could be explained by the different inclusion criteria of study populations with LVEF ≥45% or ≥50%, and different N-terminal prohormone brain natriuretic peptide (NT-proBNP) level at baseline, respectively, in these trials. Frustration over the negative results has led some to suggest that more stringent inclusion criteria, such as high levels NT-proBNP or high NYHA Functional class, are needed for future randomized clinical trials.
The natriuretic peptides (NPs) signaling (down-regulation of NP–cyclic guanosine monophosphate–protein kinase G signaling pathway in the cardiomyocyte) appears to be important in promoting myocardial and vascular stiffness in HFpEF (Greene et al., 2013). Natriuretic peptides also exert anti-hypertrophic and anti-fibrotic effects in the cardiovascular system, and neprilysin inhibition (Sacubitril) in profibrotic signaling has prognostic value in HF (Zile et al., 2019). The ARNIs can significantly reduce NT-proBNP and increase BNP levels. The PARAMOUNT study showed that ARNI reduced NT-proBNP (about 23%) and significantly decreased left atrial volume index after 12 weeks, compared with valsartan. However, no between-group difference was found after 36 weeks in patients with HFpEF (Solomon et al., 2012).
There are several potential limitations in this meta-analysis. First, HFpEF is defined as HF patients with LVEF ≥50%. However, HF patients with LVEF 40–49% (HFmEF) are usually included in the RCTs of HFpEF. It should also be noted that the patients of the included RCTs may not represent the real-life situation by the intrinsic selective bias such as enrolled patients being relatively younger and having fewer comorbidities. The characteristics of design or methodology may also impact or influence the application or interpretation of the results of the study. Second, the studies including MUSCAT-HF (sodium-glucose cotransporter-2), SENIORS (beta-blockers), RAAM-PEF (MRA), and EMPEROR-Preserved (SGLT-2) were not included in this meta-analysis as no relevant endpoint data were reported. Third, the study endpoints such as 6-min walking distance and quality of life measure by the Kansas City Cardiomyopathy Questionnaire were not included in this meta-analysis. Four, lack of application of meta regression and subgroup analyses of heterogeneity disposal in the network meta-analysis. Finally, our meta-analysis does suggest a potential ARNI treatment for reducing HF hospitalization in HFpEF patients. Further randomized trials with stringent inclusion criteria (EF ≥ 50% and high level of BNP) should be conducted to determinate the effects of ARNI on mortality and quality of life in HFpEF. Additionally, more specific types of subpopulations of HFpEF (such as cardiac amyloidosis) and well-established animal models of HFpEF should lead to improvements in outcomes from future trials.
CONCLUSION
No therapeutic drugs can significantly reduce mortality, but the ARNI and ACEI have shown a favorable benefit of significantly reducing HF hospitalization risk in patients with HFpEF.
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