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Background: Cardiac power-to-left ventricular mass (power/mass) is an index reflecting the muscular hydraulic pump capability of the heart, and the E/e’ ratio is a specific indicator for identifying increased left ventricular filling pressure. Limited data exist regarding the prognostic value of incorporating power/mass and E/e’ ratio in heart failure with preserved ejection fraction (HFpEF).

Materials and methods: In total, 475 patients with HFpEF from the Treatment of Preserved Cardiac Function Heart Failure with an Aldosterone Antagonist (TOPCAT) trial with complete baseline echocardiography data were included in our analysis. Patients were categorized into four groups according to power/mass and E/e’ ratio. The risk of outcomes was examined using Cox proportional hazards models and competing risk models.

Results: Patients with low power/mass and high E/e’ were more likely to be males (60.5%), with higher waist circumference, and had a higher prevalence of diabetes (52.1%), atrial fibrillation (50.4%), and lower estimated glomerular filtration rate (eGFR). Combined resting power/mass and E/e’ have graded correlations with left ventricular (LV) dysfunction and clinical outcomes in patients with HFpEF. After multivariable adjustments, an integrative approach combining power/mass and E/e’ remained to be a powerful prognostic predictor, with the highest HRs of clinical outcomes observed in patients with low power/mass and high E/e’ (all-cause mortality: HR 3.45; 95% CI: 1.69–7.05; P = 0.001; hospitalization for heart failure: HR 3.27; 95% CI: 1.60–6.67; P = 0.001; and primary endpoint: HR 3.07; 95% CI: 1.73–5.42; P < 0.001).

Conclusion: In patients with HFpEF, an echo-derived integrated approach incorporating resting power/mass and E/e’ ratio remained to be a powerful prognosis predictor and may be useful to risk-stratify patients with this heterogeneous syndrome.

Clinical Trial Registration: [https://clinicaltrials.gov], identifier [NCT00094302].
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Introduction

Heart failure with preserved ejection fraction (HFpEF) accounts for approximately half of the patients with heart failure (HF) in the community and leads to substantial morbidity and mortality (1). Although left ventricular ejection fraction (LVEF) is the most frequently used index of cardiac function, it does not accurately reflect myocardial contractility and stratify prognosis well in the HFpEF population, with similar death risk at different values above 50% (2). Cardiac power (CP), which is characterized as a product of cardiac output and mean arterial blood pressure (MBP), reflects the muscular hydraulic pump capability of the heart to maintain circulation. As a comprehensive indicator of cardiac pump function, CP at rest and peak stress has been previously demonstrated to be significantly associated with outcomes in HF (3, 4). In light of more recent conceptual and experimental advances in HF research, a novel concept of CP-to-left ventricular (LV) mass (CP normalized by LV mass), integrating information of ventricular remodeling with cardiac pump function, is instrumental in the stratification of patients with chronic and advanced HF (5–7). Notwithstanding power/mass is an integrated measure reflecting cardiac hydraulic pumping capacity, it did not encompass information about LV diastolic function.

In HFpEF, a normal LVEF may be associated with reduced cardiac output and/or increasing LV filling pressure, which is the intrinsic characteristic of this heterogeneous syndrome. Therefore, a combined assessment of both systolic and diastolic LV functions might be a better approach to decipher pathophysiological mechanisms and determine the prognosis of HFpEF, beyond the simplistic evaluation by LVEF. In recent years, novel hemodynamic classifications taking into account both LV anterograde flow and filling pressure have been proposed in the general HF population and patients with heart failure with reduced EF (HFrEF) (8, 9). However, there are few studies regarding the prognostic impact of incorporating LV pump function and filling pressure in HFpEF. Therefore, our study aimed to assess the joint value of echo-derived resting CP-to-LV mass and E/e’ ratio for risk stratification and prognosis prediction in HF with preserved ejection fraction.



Materials and methods


Study population

We used data from the Treatment of Preserved Cardiac Function Heart Failure with an Aldosterone Antagonist (TOPCAT) trial obtained from the National Heart, Lung, and Blood Institute (NHLBI). The principles and procedures of the TOPCAT trial have previously been described (10). In brief, TOPCAT is a prospective, multicenter, randomized, double-blind, placebo-controlled trial, aiming to explore the efficacy of the aldosterone antagonist spironolactone to reduce cardiovascular outcomes in symptomatic HFpEF. A total of 3,445 patients aged older than 50 years with at least one sign and one symptom of HF and a LVEF ≥ 45% were enrolled. Additional eligibility criteria included either elevated natriuretic peptide level within the previous 60 days or hospitalization for HF within the previous 12 months before randomization. Exclusion criteria are severe systemic illness with a life expectancy of <3 years; severe renal dysfunction; severe chronic pulmonary disease; known infiltrative or hypertrophic obstructive cardiomyopathy; known pericardial constriction; heart transplant; or known chronic hepatic disease.

In this study, we performed a retrospective analysis in the TOPCAT trial and further excluded patients with inadequate information regarding baseline echocardiographic measures including E/e’ ratio (septal) and the variables required for calculating power/mass, as well as potential clinical confounders [including New York Heart Association (NYHA) functional class, medical history, and heart rate]. Finally, a total of 475 patients were included in our analysis. This study was approved by the Medical Ethical Committee of The First Affiliated Hospital, Sun Yat-sen University and conformed with the principles outlined in the Declaration of Helsinki.



Echocardiographic methods

In the TOPCAT trial, standard measurements of the echocardiographic study were performed according to the recommendations of the American Society of Echocardiography and analyzed at a dedicated core laboratory blinded to randomized treatment assignment and clinical information, as previously described (11, 12). The details of the design and baseline findings of the TOPCAT echocardiographic sub-study, including reproducibility indicator for conventional echocardiographic measures, have been previously published (13).

Cardiac power-to-LV mass (in W/100 g) was calculated using the following equation: Power/mass = mean arterial pressure (mmHg) × stroke volume (L) × heart rate (bpm) × K/LV mass, where K = 0.222 (a conversion constant to W/100 g of LV myocardium). Mean arterial pressure (mmHg) was calculated as: Mean BP = [(systolic blood pressure−diastolic blood pressure)/3] + diastolic blood pressure. According to the median of power/mass (0.362 W/100 g) and a septal E/e’ ratio threshold of 15 at baseline, patients were categorized into four groups:

High cardiac power with non-increased filling pressure (HP-NF): power/mass > median (0.362 W/100 g) and E/e’ ratio ≤ 15,

Low cardiac power with non-increased filling pressure (LP-NF): power/mass ≤ 0.362 W/100 g and E/e’ ratio ≤ 15,

High cardiac power with increased filling pressure (HP-HF): power/mass > 0.362 W/100 g and E/e’ ratio > 15,

Low cardiac power with increased filling pressure (LP-HF): power/mass ≤ 0.362 W/100 g and E/e’ ratio > 15.



Outcomes

The primary outcomes of this study were all-cause mortality, hospitalization for HF, and primary endpoints. In the TOPCAT trials, the primary endpoint is a composite of cardiovascular mortality, aborted cardiac arrest, or hospitalization for the management of HF. To analyze death in detail, cardiovascular and non-cardiovascular death were assessed as secondary outcomes in this study. The detailed definitions of these outcomes have been previously described (10). All study outcomes were adjudicated by a clinical endpoint committee according to pre-specified criteria.



Statistical analysis

Continuous variables were expressed either as mean ± SD or as median (interquartile range) according to the distribution. Categorical variables were presented as numbers with proportions (%). Baseline characteristics and echocardiographic parameters among the pre-specified four groups were compared using ANOVA or Kruskal–Wallis test for continuous variables and using chi-square tests or Fisher’s test for categorized variables as appropriate. Kaplan–Meier curves were constructed to assess the unadjusted cumulative incidence estimates of each outcome stratified by median power/mass and an E/e’ threshold of 15 for the cohort and compared using log-rank tests or gray’s test as appropriate. The prognostic relevance of combined power/mass and E/e’ ratio for all-cause mortality, hospitalization for HF, and primary endpoints were assessed using crude and multivariable-adjusted Cox regression models (reference group: high power/mass with low E/e’ ratio). The risk of cardiovascular and non-cardiovascular death associated with each group was assessed using univariable and multivariable competing risk regression models. Model 1 was adjusted for age, sex, race, region of enrollment (Americas vs. Russia/Georgia), and randomization group. Model 2 was additionally adjusted for NYHA functional class, stroke, atrial fibrillation, heart rate, creatinine, and LVEF. The associations of power/mass or E/e’ ratio with outcomes were also analyzed by crude and multivariate regression analysis with adjustment for the same aforementioned covariates. All the statistical analyses were performed using the R statistical software (R version 4.0.3), and statistical significance was defined as a two-tailed P-value of <0.05.




Results

Among the 475 patients with HFpEF (mean age: 70.6 ± 9.6 years; 48.6% men) included in this analysis, the median of power/mass was 0.362 W/100 g, and 48% had a septal E/e’ ratio higher than 15. There were 129 (27.2%) patients with high power/mass with low E/e’, 118 (24.8%) with low power/mass with low E/e’, 109 (22.9%) with high power/mass with high E/e’, and 119 (25.1%) with low power/mass with high E/e’.

The baseline clinical characteristics according to the pre-specified four groups are presented in Table 1. Patients with low power/mass and high E/e’ were more frequently males (60.5%), with larger waist circumference (109.25 ± 17.96 cm), and had a higher prevalence of diabetes (52.1%) and atrial fibrillation (50.4%). There were also noticeable variations in brain natriuretic peptide (BNP) value and estimated glomerular filtration rate (eGFR) among the four groups, with the highest BNP (median: 300.50 pg/ml) and lowest eGFR (median: 57.35 ml/min × 1.73 m2) in patients with low power/mass and high E/e’. As for medication prescription, diuretics were more frequently prescribed (92.4%) in the LP-HF group.


TABLE 1    Baseline characteristics of HFpEF patients by power/mass and E/e’ ratio categories.
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During a median follow-up of 3.0 years, 88 (18.5%) deaths occurred, of which 57 (12.0%) were adjudicated as cardiovascular deaths. In total, 87 (18.3%) experienced HF hospitalizations and 127 (26.7%) primary endpoints.


Echocardiographic measures

The baseline echocardiographic characteristics according to the four groups are shown in Supplementary Table 1. There were considerable variations regarding parameters of LV structure, systolic function, and diastolic function among the four groups [all P < 0.05 except for left ventricular end-systolic volume (LVESV)]. Objective evidence of LV diastolic dysfunction (LVDD) was found in 90.5% of patients with HFpEF in this study, of which significant LVDD (classified as moderate to severe) accounted for more than one-half of the patients. Although LVDD existed both in the overall patients of HP-HF group (high power/mass with high E/e’) and LP-HF group (low power/mass with high E/e’), the distribution of LVDD grade was distinct between the two groups. Moderate LVDD was more frequent (accounting for 61.3%) in the HP-HF group, while moderate and severe LVDD were both more common in the LP-HF group (accounting for 45.3 and 46.5%, respectively), which indicated a trend toward the deterioration of LVDD from HP-HF group to LP-HF group. Besides, the Left atrial volume (LAV) value of patients in the LP-HF group was significantly greater than that of the other three groups (P < 0.001). There were increasing trends of peak E wave velocity to peak A wave velocity (E/A ratio) and peak tricuspid regurgitation velocity from the HP-NF group to the LP-HF group (P < 0.001).



Outcomes

Values of power/mass in patients suffering from adverse outcomes were lower as compared with those free from the outcomes, although the difference between the survivors and non-survivors for cardiovascular death did not reach statistical significance (Supplementary Figure 1). Patients with low power/mass (≤0.362 W/100 g) experienced a higher risk of HF hospitalization (adjusted hazard ratio 1.74, 95% CI: 1.08–2.8, P = 0.023) and primary endpoint (adjusted hazard ratio 1.58, 95% CI: 1.08–2.33, P = 0.020) (Supplementary Table 2), whereas the HRs of low resting power/mass with mortality outcomes did not reach statistical significance. In contrast, values of the E/e’ ratio were significantly higher in patients suffering from adverse outcomes than in those free from the outcomes (Supplementary Figure 2). In multivariate regression analysis, a high E/e’ ratio (>15) was significantly associated with a greater risk of poor outcomes in patients with HFpEF (Supplementary Table 3).

Outcomes differed by power/mass and E/e’ groups, with a trend toward increased risk of poor outcomes from the HP-NF group to the LP-HF group. The cumulative incidences of primary outcomes according to the pre-specified four groups are shown in Table 2 and Figure 1. In comparison with an incidence rate of 2.4 (95% CI: 1.1–4.3) per 100 person-years in patients with high power/mass and low E/e’, the all-cause mortality incidence rate in those with low power/mass and high E/e’ was 10.9 (95% CI: 7.7–15.0) per 100 person-years. In multivariate analysis, after adjusting for demographic and clinical covariates, patients in the LP-HF group (low power/mass with high E/e’) still had the highest risk of all-cause mortality (adjusted hazard ratio 3.45, 95% CI: 1.69–7.05, P = 0.001). Similar association patterns were also observed with HF hospitalization and primary endpoint (Table 2; Figure 1). The incidence rate per 100 person-years of HF hospitalization was highest in the LP-HF group (12.1, 95% CI: 8.4–16.8) and lowest in the HP-NF group (2.7, 95% CI: 1.3–4.8). Patients with low power/mass and high E/e’ experienced more than three times greater risk of HF hospitalization (adjusted hazard ratio 3.27, 95% CI: 1.60–6.67, P = 0.001) than those with high power/mass with low E/e’ (Table 3). With regards to the primary endpoint, the incidence rate per 100 person-years (16.2, 95% CI: 11.9–21.6) in the LP-HF group was more than three times higher than that in the HP-NF group (4.4, 95% CI: 2.6–7.0). Patients in the LP-HF group had three times greater adjusted risk of primary endpoint than did patients in the HP-NF group (adjusted hazard ratio 3.07, 95% CI: 1.73–5.42, P < 0.001) (Table 3).


TABLE 2    Risk of all-cause death, hospitalization for heart failure and primary endpoint in HFpEF patients by power/mass and E/e’ ratio categories.
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FIGURE 1
Kaplan–Meier survival curves for (A) all-cause death, (B) hospitalization for heart failure, and (C) primary endpoint.



TABLE 3    Risk of cardiovascular and non-cardiovascular death in HFpEF patients by power/mass and E/e’ ratio categories.
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For cardiovascular death, the incidence rate in the LP-HF group (6.5; 95% CI: 4.1–9.8) was more than three times higher than that in the HP-NF group (1.9; 95% CI: 0.8–3.7) (Table 3; Figure 2). Likewise, a significantly higher rate of non-cardiovascular death was also observed in the LP-HF group (4.4; 95% CI: 2.5–7.3), in an unadjusted analysis. After controlling for demographic and clinical covariates, patients in the LP-HF group still had the highest risk of non-cardiovascular death (adjusted hazard ratio 6.64, 95% CI: 1.49–29.6, P = 0.013), compared with the HP-NF group (Table 3), whereas HR of cardiovascular death was highest in the HP-HF group (adjusted hazard ratio 2.67, 95% CI: 1.09–6.57, P = 0.032) as compared with the HP-NF group.
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FIGURE 2
Kaplan–Meier survival curves for (A) cardiovascular death and (B) noncardiovascular death.





Discussion

In this study, we proposed an integrated risk-stratification approach incorporating resting CP-to-LV mass and E/e’ ratio, which allowed effective prognostication in HFpEF. In general, we found that patients with low power/mass and high E/e’ had substantially higher crude rates of poor outcomes than patients with high power/mass and low E/e’. After adjustment for clinical covariates, combining power/mass and E/e’ ratio had a graded relationship with LV dysfunction and clinical outcomes in patients with HFpEF. The predictive value of the integrated approach was stronger than that of the individual variables contained in the approach alone.

An appropriate HF categorization not only should be associated with pathophysiological mechanisms but also have a prognostic significance. A recent study demonstrated that HF phenotypes categorized by LVEF (HFrEF and HFpEF) do not match the pathophysiological perspective of HF (14). Although echocardiographic LVEF is a good outcome predictor in patients with systolic dysfunction (15), it is less useful in evaluating hemodynamics of LV contractility and detecting impaired systolic mechanics in patients with HFpEF (16). Prior studies have evidenced that LVEF alone was not predictive of outcomes in HFpEF (17, 18), which was also confirmed by the echocardiographic sub-study of the TOPCAT trial (11). Cardiac power, which incorporates both the antegrade flow and pressure-generating capability of the heart, shed new light on assessing cardiac pumping function and stratifying patients with HF beyond LVEF. Numerous studies have demonstrated CP to be a robust metric in the evaluation of patients with HF. In particular, peak CP measured non-invasively or invasively has been previously shown to exhibit good performance for prognosis prediction and risk stratification in congestive HF with reduced EF (4, 7, 19). A similar prognostic value was also shown in patients with cardiogenic shock (20), critical cardiac illness (21), and ischemic cardiomyopathy (6). Subsequently, in consideration of the prognostic impact of LV remodeling in HF (13), Dini et al. (5) proposed a novel index “power/mass” (CP output to LV mass), incorporating the information of ventricular geometry, and similar to ejection fraction, which is the ratio between stroke volume and LV end-diastolic volume. It was shown that peak power/mass could effectively distinguish and risk-stratify patients with advanced HF (LVEF ≤ 35%) and those with stable coronary artery disease (22). More recently, Anand et al. (23) evidenced that peak CP-to-LV mass (power/mass) during exercise stress echocardiography was a powerful predictor of prognosis in patients with normal EF. Nevertheless, data regarding the prognostic performance of resting power/mass in HF remained controversial (20, 23–25). A previous study conducted by Cotter et al. (26) has demonstrated that CP index at baseline was a strong prognostic predictor in exacerbated systolic congestive heart failure (CHF). Grodin et al. (24) analyzed 495 patients with advanced HF and found that invasive resting CP index had incremental predictive value for prognosis beyond traditional hemodynamic and cardio-renal risk factors. On the contrary, Anand et al. (23) have shown that baseline resting values of CP was not significantly predictive of mortality and new HF diagnosis at follow-up in patients with normal EF. Following this finding, our results demonstrated that baseline resting power/mass, although statistically different between the survivors and non-survivors, was not as good to predict mortality outcomes in patients with HFpEF. Notably, our analysis also found that baseline resting power/mass was independently associated with a higher risk of HF hospitalization and primary outcomes.

Left ventricular diastolic dysfunction is an important pathophysiological mechanism underlying HFpEF (27) but manifests inadequate sensitivity (28) and specificity (29) in diagnostic and prognostic performance. In recent years, several potential pathobiological mechanisms beyond LVDD have been proposed, such as microvascular function, inflammation, subtle systolic impairment, and inadequate response during exertion (12, 30). A study by Coiro et al. (31) reported that the development of pulmonary congestion during exercise was an independent predictor of adverse outcomes in patients with HFpEF, superior to the performance of the E/e’ ratio. A reduced cardiac output and an elevated LV filling pressure are unifying hemodynamic characteristics of HFpEF, but one does not necessarily predict the other. Therefore, an integrated approach incorporating cardiac antegrade flow and LV filling pressure may be imperative to improve the characterization of pathophysiological mechanisms underlying the functional status and confer complementary prognostic information in HFpEF beyond that provided by single index (14). The ratio of early diastolic mitral inflow velocity to early diastolic mitral annulus velocity (E/e’ ratio) derived from echocardiography is a robust diastolic index that reflects left ventricular filling pressure (LVFP) and is associated with outcomes in HF (32). Despite its modest correlations with outcomes in HFpEF (33), E/e’ ratio displays prominent specificity for identifying patients with increased LV filling pressure (34). A recent study conducted by Dini et al. (35), which involved 727 outpatients with HFrEF, demonstrated that a functional hemodynamic stratification approach based on a cardiac index (using 2.0 L/min/m2 as the threshold for low output) and E/e’ ratio (using a value ≥ 15 as a marker of increased LV filling pressure) is useful in predicting survival. A similar pathophysiological stratification approach based on an assessment of cardiac hemodynamics (ventricular forward flow and filling pressure) has also been proposed in patients with cardiogenic shock (36). Our results extend previously published observations and suggest that combining resting CP/mass with E/e’ could effectively predict clinical outcomes in patients with HFpEF. Of note, we observed a continuously increasing trend toward higher event risk across the pre-specified four groups both for all-cause mortality and death from the non-cardiovascular cause, with the highest risk observed in patients with low power/mass and high E/e’, whereas, for cardiovascular death, the highest event risk was found in patients with high power/mass and high E/e’. These findings suggested that the increased risk of total mortality associated with resting power/mass and E/e’ may be mainly interpreted by the non-cardiovascular cause. It is not completely known why the highest event risk for cardiovascular death and non-cardiovascular death occurred in different groups. A possible explanation may be a relatively strengthening HF therapy, with a higher proportion of medication prescriptions found in patients with low power/mass and high E/e’, to some extent modifying the relationship of power/mass and E/e’ with cardiovascular mortality.



Limitations

There were several limitations to our study. First, the results of this study were based on a relatively small sample of patients with HFpEF, and given the hemodynamic heterogeneity of HFpEF, prospective research with a larger HFpEF cohort was warranted to confirm these findings, as well as determine the value for clinical decision-making and treatment guidance. Second, the application of the E/e’ ratio in estimating LVFP was not suitable in subjects with significant mitral annular calcification (MAC) (37). As the prevalence of MAC was not available in the dataset, we could not exclude those patients with significant MAC in our analysis. Third, due to the pre-specified inclusion and exclusion criteria in the TOPCAT trial, we could not exclude the presence of selection bias in this study, which might limit the generalization of these findings in the community-based cohorts. Finally, we used only septal E/e’ in the integrated approach because septal information was available for most patients.



Conclusion

An integrated hemodynamic approach that incorporates resting power/mass and E/e’ has graded correlations with LV dysfunction and clinical outcomes in patients with HFpEF. In particular, the prognosis is worst in the presence of low values of resting power/mass and high values of E/e’ ratio in patients with HFpEF. These findings suggest the potential value of an echo-derived integrated approach for risk stratification and prognosis prediction in patients with HFpEF.
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