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Resting Cardiac Power Predicts Adverse Outcome in Heart Failure Patients With Preserved Ejection Fraction: A Prospective Study
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Background: We sought to explore the significance of resting cardiac power/mass in predicting adverse outcome in patients with heart failure with preserved ejection fraction (HFpEF).

Methods: This prospective cohort study included patients with HFpEF and without significant valve disease or right ventricular dysfunction. Cardiac power was normalized to left ventricular (LV) mass and expressed in W/100 g of LV myocardium. Multivariate Cox regression analysis was used to evaluate the association between resting cardiac power/mass and composite endpoint, which included all-cause mortality and heart failure (HF) hospitalization.

Results: A total of 2,089 patients were included in this study. After an average follow-up of 4.4 years, 612 (29.30%) patients had composite endpoint, in which 331 (15.84%) died and 391 (18.72%) experienced HF hospitalization. In multivariate Cox regression analysis, resting power/mass < 0.7 W/m2 was independently associated with composite endpoint, all-cause mortality, cardiovascular mortality and HF hospitalization, with hazard ratios (HR) of 1.309 [95% confidence interval (CI): 1.108–1.546, P = 0.002], 1.697 (95%CI: 1.344–2.143, P < 0.001), 2.513 (95%CI: 1.711–3.689, P < 0.001), and 1.294 (95%CI: 1.052–1.592, P = 0.015), respectively. For composite endpoint, cardiovascular mortality and HF hospitalization, the C statistic increased significantly when incorporating resting cardiac power/mass into a model with established risk factors. For composite endpoint, the continuous net reclassification index after adding resting cardiac power/mass in the original model with N-terminal pro-brain natriuretic peptide was 13.1% (95%CI: 2.9–21.6%, P = 0.007), and the integrated discrimination index was 1.9% (95%CI: 0.8–3.2%, P < 0.001).

Conclusion: Resting cardiac power determined by non-invasive echocardiography is independently associated with the risk of adverse outcomes in HFpEF patients and provides incremental prognostic information.
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INTRODUCTION

Chronic heart failure (HF), characterized by decreased cardiac systolic and/or diastolic function, is a primary cause of morbidity and mortality worldwide (1). A primary concern in HF management lies in accurately and comprehensively evaluating cardiac function, especially left ventricular (LV) function, as the left ventricle is responsible for most of the physiological functions of the heart. When evaluating LV function, clinicians usually adopt the traditional indexes including LV ejection fraction (EF) and cardiac output. Although well known, these measurements may fail to provide a comprehensive assessment of LV function. In addition, nearly half of all HF patients have preserved EF (namely HFpEF) (2). Thus, EF alone seems inadequate to identify high-risk individuals among HF patients.

Cardiac power refers to the rate at which the heart pumps blood out and delivers it to the periphery (3). Thus, it is an integrative and quantitative indicator of overall cardiac performance that combines cardiac pressure and volume loads. Normally, 3 mmHg of right atrial pressure, 120/80 mmHg of arterial pressure, and 5 L/min of cardiac output produce ∼1 W of resting cardiac power. Some studies have shown that higher resting and peak cardiac power are associated with a lower mortality in patients with chronic and advanced HF (4, 5). Furthermore, a retrospective study conducted by Anand et al. (6) showed that in patients with normal EF and no HF undergoing exercise stress echocardiography, higher cardiac power was independently associated with a lower prevalence of complications, as well as a lower risk of all-cause mortality and the incidence of subsequent HF, suggesting the potential prognostic value of cardiac power.

Whereas cardiac power has been well studied in HF patients with reduced EF (HFrEF) and in those with normal EF but no HF (4–7), its significance and role in predicting adverse outcomes in patients with HFpEF remains unclear. Thus, in this study we aimed to evaluate the role of cardiac power indexed to LV mass in patients with stable HFpEF.



MATERIALS AND METHODS

This study was approved by the Ethics Board of the No. 988 Hospital of Joint Logistic Support Force of the Chinese PLA and was conducted in line with the ethical guidelines of the 1975 Declaration of Helsinki. Written informed consent was obtained from each patient. The datasets used and/or analyzed during the current study are available from the corresponding author on reasonable request.


Participants

This prospective cohort study recruited patients who were hospitalized in the Cardiology Department of the No. 988 Hospital of Joint Logistic Support Force of the Chinese PLA (Zhengzhou, China) from April 2012 to December 2021. We used the following criteria to select HFpEF patients: those with (i) history of HF hospitalization; (ii) HF syndromes and/or signs, (iii) EF ≥ 50%, and (iv) N-terminal pro-brain natriuretic peptide (NT-proBNP) ≥ 125 pg/mL. Additionally, eligible HFpEF patients were required to be stable and well-compensated without medication changes for at least 6 weeks prior to enrollment. Patients who had one of the following conditions were excluded: EF < 50% at rest, enlarged right ventricle, significant valve disease (≥ moderate stenosis or regurgitation, prosthetic valve replacement, surgical or percutaneous valve repair, rheumatic valve disease), hospitalization for uncompensated HF or unstable coronary heart disease in the prior 6 weeks, heart transplant, metastatic malignant tumor, severe liver disease or receiving palliative care. Via electronic medical records, we collected patient detailed medical history, baseline clinical characteristics, laboratory indexes and echocardiographic parameters.



Resting Cardiac Power and Comorbidity Score

Cardiac power normalized by LV mass at rest was calculated by the following formulas, in which 0.222 is the conversion constant to W/100 g of LV myocardium: resting cardiac power/mass = 0.222 × cardiac output × mean blood pressure (BP)/LV mass; cardiac output = stroke volume × heart rate; mean BP = diastolic BP + 1/3 × systolic BP (5). In each patient, stroke volume was calculated from the product of EF (biplane modified Simpson’s method) and LV end-diastolic volume by 2D echocardiography, assuming normal LV geometry, which is a reasonable assumption in the situation of normal EF, no right ventricular dysfunction, and no significant valvular heart disease (6). The following formula was used to calculate LV mass: LV mass (g) = 0.8 × 1.04 × [(interventricular septal thickness + LV end diastolic diameter + LV posterior wall thickness)3 - (LV end diastolic diameter)3] + 0.6 (8). Indexing each measure for body surface area is not needed since their ratio takes care of this normalization.

To evaluate the severity of patient comorbidities, we defined comorbidity score as the number of patient comorbidities referring to the Charlson Comorbidity Index (CCI) (9). For the present study, we included the comorbidities that score 1 point in the CCI (myocardial infarction, peripheral vascular disease, cerebrovascular disease, dementia, chronic lung disease, connective tissue disease, ulcer disease, mild liver disease and diabetes), as well as anemia, hypertension and atrial fibrillation, and excluded those comorbidities scoring ≥ 2 points in CCI (such as severe liver disease, metastatic tumors and leukemia). As our analysis was entirely among HFpEF patients, the 1 point added for HF was not included in the final number of comorbidities.



Follow-Up and Outcomes

Until December 31, 2021, all patients were followed up via telephone or medical record every 6 months for the composite endpoint which consisted of all-cause mortality or HF hospitalization, and the causes of death was also recorded. Furthermore, we contacted the attending physician of each patient who had an event to reconfirm their outcome. For patients who did not have an event, survival time was defined as the period from the day of physical examination to the last date of follow-up.



Statistical Analysis

Categorical variables are presented as frequencies (%), and continuous variables are presented as the mean ± standard deviation or median (interquartile range). Differences between groups were evaluated by the chi-squared test for categorical variables and Student’s t-test or the Mann–Whitney U-test for continuous variables, as appropriate.

We log-transformed (log10) NT-proBNP, and used the median values of resting cardiac power/mass and log NT-proBNP as cutoffs. The log-rank test was used to compare survival times on Kaplan–Meier curves across different groups. The prognostic value of resting cardiac power/mass was evaluated by using a Cox proportional hazards model adjusted for the following covariates: age, gender, body mass index (BMI, calculated by weight divided by the square of height), New York Heart Association (NYHA) class, LVEF, comorbidity score, estimated glomerular filtration rate (eGFR, calculated by a modified Modification of Diet in Renal Disease equation), angiotensin-converting enzyme inhibitors (ACEI)/angiotensin receptor antagonists (ARB), beta blockers and aldosterone antagonists. The prognostic discrimination of resting cardiac power/mass was assessed by comparing the incremental improvement of the Harrell’s C statistic, as well as the integrated discrimination improvement (IDI) and the continuous net reclassification improvement (NRI) at the event rate. Sensitivity analysis was further performed to explore the association between resting cardiac power/mass (as a continuous variable) and all-cause mortality and HF hospitalization among the following subgroups: age (< 75 or ≥ 75 years), BMI (< 18.5 kg/m2, 18.5–23.9 kg/m2, 24–27.9 kg/m2 or ≥ 28 kg/m2), NYHA class (class I, II, III or IV), comorbidity score (0–3 or ≥ 4), eGFR (< 60 mL/min/1.73 m2 or ≥ 60 mL/min/1.73 m2) and log NT-proBNP (< 2.5 or ≥ 2.5). R software version 4.0.3 (Institute for Statistics and Mathematics, Vienna, Austria1) and SPSS 26.0 software (IBM Corporation, Armonk, NY, United States) were used to perform statistical analyses. A P-value < 0.05 was considered significant.




RESULTS


Baseline Characteristics

Exclusion of ineligible patients produced a final cohort of 2089 HFpEF patients. Baseline measurements of resting cardiac power/mass were available for the 2089 patients. Detailed baseline characteristics are shown in Table 1. The median value of resting cardiac power/mass was 0.7 W/m2, which was used as a cutoff value for grouping. Compared with patients with resting cardiac power/mass ≥ 0.7 W/m2, those with resting cardiac power/mass < 0.7 W/m2 were older, had higher NT-proBNP, more comorbidities and larger percentage of NYHA class IV, ischemic heart disease and atrial fibrillation, used more cardiovascular medications, while had lower eGFR. We listed the echocardiography parameters of patients in Supplementary Table 1, which showed that compared with patients with resting cardiac power/mass ≥ 0.7 W/m2, those with resting cardiac power/mass < 0.7 W/m2 had larger interventricular septal thickness, left ventricular posterior wall thickness, tricuspid regurgitation velocity, left ventricular end systolic volume, left ventricular mass index, and relative wall thickness (all P < 0.05), besides, the former also had larger left atrial volume index than the latter, though without statistical significance (P = 0.068).


TABLE 1. Baseline characteristics of patients with HFpEF.
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Clinical Outcomes

The 2089 HFpEF patients were followed up for 4.4 years on average, with no patients lost to follow-up. Among them, 612 (29.30%) patients experienced composite endpoint, in which 331 (15.84%) experienced death from any cause, 147 (7.04%) died from cardiovascular causes, and 391 (18.72%) experienced HF hospitalization. Of these, 357 (34.97%) patients who had composite endpoint, 216 (65.26%) patients who died and 225 (57.54%) patients hospitalized with HF had resting cardiac power/mass values below 0.7 W/m2.

Kaplan–Meier curves of the incidences of adverse outcomes are presented in Figures 1, 2 across different category methods. The incidences of adverse outcomes in patients with resting cardiac power/mass < 0.7 W/m2 were significantly higher than those with resting cardiac power/mass ≥ 0.7 W/m2 (each log-rank P < 0.001, Figure 1). To compare the outcomes of patients with different levels of cardiac power/mass and NT-proBNP, we divided the cohort into four groups based upon the median values of resting cardiac power/mass and log NT-proBNP (Figure 2). Patients with either a lower resting cardiac power/mass or higher NT-proBNP had an increased risk of meeting either endpoint compared with the reference group that had higher resting cardiac power/mass and lower NT-proBNP (P < 0.001).
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FIGURE 1. Kaplan–Meier survival curves for prediction of composite endpoint (A), all-cause mortality (B), cardiovascular mortality (C) and heart failure hospitalization (D) in patients with higher resting cardiac power/mass (≥ 0.7 W/m2) and lower resting cardiac power/mass (< 0.7 W/m2).
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FIGURE 2. Kaplan–Meier survival curves for prediction of composite endpoint (A), all-cause mortality (B), cardiovascular mortality (C) and heart failure hospitalization (D) according to resting cardiac power/mass and NT-proBNP levels.


After adjustment for commonly recognized risk factors (age, gender, BMI, NYHA class, LVEF, comorbidity score, eGFR, use of ACEI/ARB, beta blocker and aldosterone antagonist, log NT-proBNP), in multivariate analysis, resting cardiac power/mass < 0.7 W/m2 was independently associated with the incidence of composite endpoint, all-cause mortality, cardiovascular mortality and HF hospitalization, with hazard ratios (HR) of 1.309 [95% confidence interval (CI): 1.108–1.546, P = 0.002], 1.697 (95%CI: 1.344–2.143, P < 0.001), 2.513 (95%CI: 1.711–3.689, P < 0.001), and 1.294 (95%CI: 1.052–1.592, P = 0.015), respectively (Table 2).


TABLE 2. Outcomes of HFpEF patients by resting cardiac power/mass categories.
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Incremental Value of Resting Cardiac Power/Mass for All-Cause Mortality and Heart Failure Hospitalization

We further explored the predictive value of resting cardiac power/mass by C-index (Table 3). The individual addition of log NT-proBNP or resting cardiac power/mass in the model significantly improved the C statistic for predicting composite endpoint, cardiovascular mortality, and HF hospitalization. Also, the two indicators significantly increased the C statistic for predicting adverse outcomes when they were incorporated into the established model.


TABLE 3. Reclassification and discrimination statistics for outcomes by resting cardiac power/mass.
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For composite endpoint, the continuous NRI after adding resting cardiac power/mass in the original model with N-terminal pro-brain natriuretic peptide was 13.1% (95%CI: 2.9–21.6%, P = 0.007), and the IDI was 1.9% (95%CI: 0.8–3.2%, P < 0.001). For all-cause mortality, the continuous NRI after the addition of resting cardiac power/mass in the model with established risk factors and NT-proBNP was 17.0% (95%CI: 11.4–28.3%, P = 0.040), and the IDI was 2.3% (95%CI: 0.7–8.7%, P = 0.020). For cardiovascular mortality, the continuous NRI after the addition of resting cardiac power/mass in the model with established risk factors and NT-proBNP was 33.1% (95%CI: 4.9–55.3%, P = 0.007), and the IDI was 7.5% (95%CI: 2.2–14.4%, P < 0.001). For HF hospitalization, the continuous NRI after the addition of resting cardiac power/mass in the model with established risk factors and NT-proBNP was 6.0% (95%CI: 4.7–15.2%, P = 0.026), and the IDI was 1.7% (95%CI: 1.2–4.3%, P = 0.007). We additionally compared the predictive value between NT-proBNP and resting cardiac power/mass, and listed the results in Supplementary Table 2, which showed that the addition of rest cardiac power/mass improved the predictive value of the model based on NT-proBNP.



Resting Cardiac Power/Mass as an Independent Predictor of Outcomes

Resting cardiac power/mass was independently associated with all-cause mortality across most patient subgroups (Figure 3), including the groups of age ≥ 75 years, BMI ≥ 28 kg/m2, NYHA class II– IV, comorbidity score 0–3 and ≥ 4, eGFR ≥ 60 mL/min/1.73 m2, and log NT-proBNP < 2.5 and ≥ 2.5. Similarly, it presented independent prognostic value for HF hospitalization in multiple subsets (Figure 4), including the groups of age ≥ 75 and < 75 years, BMI < 18.5,18.5–23.9 and ≥ 28 kg/m2, NYHA class II– IV, comorbidity score 0–3 and ≥ 4, eGFR ≥ 60 mL/min/1.73 m2, and log NT-proBNP < 2.5 and ≥ 2.5. Combined with the results shown in Table 2, the sensitivity analyses indicate that resting cardiac power/mass is an independent predictor for these adverse outcomes in patients with stable HFpEF.
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FIGURE 3. Resting cardiac power/mass for the prediction of all-cause mortality: subgroup analysis. The prognostic value of resting cardiac power/mass is considered in several patient subgroups, after adjustment for age, gender, BMI, NYHA class, LVEF, comorbidity score, eGFR, log NT-proBNP, ACEI/ARB, beta blocker, and aldosterone antagonist. Other abbreviations as in Table 1.
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FIGURE 4. Resting cardiac power/mass for the prediction of heart failure hospitalization: subgroup analysis. The prognostic value of resting cardiac power/mass is considered in several patient subgroups, after adjustment for age, gender, BMI, NYHA class, LVEF, comorbidity score, eGFR, log NT-proBNP, ACEI/ARB, beta blocker, and aldosterone antagonist. Other abbreviations as in Table 1.





DISCUSSION

In the present study, we comprehensively investigated the potential prognostic role of cardiac power estimated by non-invasive echocardiography in patients with stable HFpEF. In this study, we found that (i) cardiac power normalized to LV mass at rest was independently associated with adverse outcomes in patients with HFpEF, and that (ii) incorporating resting cardiac power/mass (reflective of comprehensive cardiac function) and NT-proBNP (indicative of myocardial stretch) into a model with established risk factors enhanced the prognostic value for those endpoints.

As is well known, LV diastolic dysfunction plays a fundamental and predominant role in the pathophysiology of HFpEF (10) and elevates filling pressure, which further promotes dyspnea, impairs exercise capacity, and increases mortality and incidence of HF hospitalization (11). Non-invasive echocardiography is an indirect approach to measuring LV diastolic function. Due to its safety and rapidity, echocardiography is usually preferred for clinicians before performing invasive right heart catheterization. However, individual parameters of echocardiography, such as left atrial volume index and the mitral annular diastolic velocity, have their own limitations and may fail to accurately determine the degree as well as the severity of LV dysfunction. Moreover, a combination of these parameters undoubtedly increases the work burden on clinical staff and is not conducive to clinical application.

Despite having a “preserved” EF, patients with HFpEF nonetheless experience abnormalities in LV systolic performance (12, 13). Multiple studies have demonstrated that patients with HFpEF present with subtle impairments in systolic function at rest, and this alteration tends to increase during exertion, which impairs LV suction, decreases cardiac output, and elevates LV filling pressures (14, 15). LV systolic dysfunction in HFpEF also predicts increased risk of adverse outcomes (16, 17). Some scholars question the ability of EF to truly reflect the LV systolic function of HFpEF (18). HFpEF is often complicated with myocardial concentric hypertrophy, which inevitably generates a normal or supernormal EF, even when stroke volume has declined. Therefore, a non-invasive method that can quantify LV pump function better than EF would be a major step forward.

Cardiac power is a comprehensive quantitative indicator that can be used to evaluate cardiac function via non-invasive echocardiography (4, 19). It is superior to variables such as cardiac output because it covers both pressure load and volume load (20). Because cardiac power depends on the volume of the muscle that produces the power, standardizing cardiac power with LV mass can improve the applicability of this indicator in different populations (4, 5, 19) and facilitate comparison between individuals. In addition, cardiac power may be more promising than EF as predictor of mortality in severe heart failure. It has been reported to be the strongest predictor of in-hospital mortality in patients with cardiac shock resulting from acute myocardial infarction (20), and has recently been used to evaluate the response of patients with advanced HF to mechanical circulatory support systems (21).

In the present study, we found that the HFpEF patients with lower resting cardiac power/mass were more likely to be older, used more cardiovascular medications, have higher NYHA class and NT-proBNP level, as well as more comorbidities, indicating that the patients in this subgroup might have poorer health at baseline and more risk factors for adverse outcomes. After adjustment for multiple covariates, such as age and comorbidities, our study brought new evidence that resting cardiac power/mass is independently associated with composite endpoint, all-cause mortality, cardiovascular mortality, and HF hospitalization in patients with HFpEF. Meanwhile, resting cardiac power/mass significantly promoted the prediction efficiency of both traditional risk factors and NT-proBNP, supporting a pathophysiological link between reduced cardiac performance and the mortality and HF progression later in life as aging and comorbidities advance. Furthermore, the results of our sensitivity analysis showed that although not all subgroups showed a statistically significant association, the risk of adverse outcomes within these subgroups was higher in patients with lower resting cardiac power/mass than in those with higher resting cardiac power/mass, indicating the stable and independent prediction efficacy of resting cardiac power/mass among HFpEF patients. Clinically, resting cardiac power/mass is easily obtained by measuring blood pressure and stroke volume, the latter of which can be measured by Doppler echocardiography. Intriguingly, the technical setup used to determine cardiac power is very similar to that used in a standard diastolic stress test, so determining whether integrated application of the two tests may provide incremental diagnostic or prognostic significance in HFpEF patients deserves further exploration.

Our study has some limitations: first, it should be noted that this was a single-center study and 95.79% of our patients were male because we included patients from the veteran population, thus we failed to observe the association between rest cardiac power and adverse outcomes in gender subgroup, and our conclusion might be more suitable for male patients. We further conducted Cox proportional hazard model and adjusted gender, age and other covariates, and the results were still significant, suggesting that rest cardiac power/mass predicts the adverse outcomes in HFpEF patients independent of gender, therefore the results of this study were still representative to some extent, and studies conducted with more female patients are needed to validate our findings. Secondly, compared with invasive measurements, the non-invasive measurements of stroke volume may be more inclined to error. Thirdly, this study failed to perform speckle tracking echocardiography and thus lacked the information of global longitudinal strain, which helps determine the impaired systolic function in patients with normal ejection fraction and should be fully considered in the further studies. Last, the prognostic value of peak or reserved cardiac power indexed to LV mass has not been evaluated in patients with HFpEF.



CONCLUSION

This study explored the association between resting cardiac power/mass and the risk of adverse outcomes in patients with HFpEF, finding that lower resting cardiac power/mass is an independent predictor of these adverse outcomes and also has incremental prognostic value over established risk factors and NT-proBNP. Cardiac power as an integrated indicator of cardiac performance may be considered for risk stratification of long-term adverse outcomes in patients with HFpEF. This measurement provides more comprehensive and accurate guidance for treatment and prognostic evaluation of patients with HFpEF, and further promotes the integration and optimization of cardiac function monitoring indicators.
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