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Background: Lower cholesterol levels are associated with increased mortality in heart failure (HF) patients. Remnant cholesterol corresponds to all cholesterol not found in high-density lipoprotein (HDL) and low-density lipoprotein (LDL). The prognostic role of remnant cholesterol in HF remains unknown.

Objective: To reveal the relationship between the baseline remnant cholesterol level and all-cause mortality in HF patients.

Methods: This study enrolled 2,823 patients hospitalized for HF. Kaplan–Meier analysis, Cox regression, C-statistic, net reclassification improvement (NRI), and integrated discrimination improvement (IDI) were used to evaluate the prognostic value of remnant cholesterol for all-cause mortality in HF.

Results: The mortality rate was lowest in the fourth quartile of remnant cholesterol, which had an adjusted hazard ratio (HR) for death of 0.56 [HR: 0.39, 95% confidence interval (CI): 0.46–0.68, p < 0.001] relative to the first quartile. After adjustment, a one-unit increase in the level of remnant cholesterol was associated with a 41% decrease in the risk of all-cause mortality (HR: 0.59, 95% CI: 0.47–0.73, p < 0.001). A refinement in risk prediction was observed after adding remnant cholesterol quartile to the original model (ΔC-statistic = 0.010, 95% CI: 0.003–0.017; NRI = 0.036, 95% CI: 0.003–0.070; IDI = 0.025, 95% CI: 0.018–0.033; all p < 0.05).

Conclusion: Low remnant cholesterol levels are associated with increased all-cause mortality in HF patients. The addition of the remnant cholesterol quartile improved the predictive value over traditional risk factors.

Clinical Trial Registration: ClinicalTrials.gov, Unique Identifier: NCT02664818.
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Introduction

Heart failure (HF) is a clinical syndrome consisting of cardinal symptoms and/or signs due to a structural and/or functional abnormality of the heart that results in elevated intracardiac pressures and/or inadequate cardiac output at rest and/or during exercise (1). The prevalence of HF is approximately 1 ~ 2% worldwide in adults but is increasing due to the aging of the global population (1). Because cholesterol is closely related to nutritional status, irrespective of statin therapy, low levels are associated with increased mortality in patients with HF (2). Indeed, low total cholesterol (TC), high-density lipoprotein cholesterol (HDL-C), and low-density lipoprotein cholesterol (LDL-C) have all been found to be independently associated with increased mortality risk in HF patients (3–7). Remnant cholesterol corresponds to cholesterol not encompassed by HDL and LDL, such as cholesterol associated with very-low-density lipoprotein (VLDL) and intermediate-density lipoprotein (IDL) in the fasting state as well as chylomicron remnants in the non-fasting state (8). Observational studies, and genetic, in-vitro and animal studies have suggested a causal association between elevated remnant cholesterol levels, and an increased risk of ischemic heart disease (IHD) (9). Although remnant cholesterol levels correlate with TC, HDL-C, and LDL-C levels, whether remnant cholesterol is a useful indicator for all-cause mortality in patients with HF remains unclear.

In the current long-term follow-up study, we aimed to reveal the prognostic value of the remnant cholesterol for all-cause mortality in HF patients.



Methods


Study population

Patients who were admitted to the HF Care Unit (HFCU) of Fu Wai Hospital in Beijing, China, from 2008 to 2018 and diagnosed with HF were enrolled in this study. The diagnosis of each patient was confirmed by 2 cardiologists according to the diagnostic criteria suggested in the “Chinese HF Diagnosis and Treatment Guideline” (10). Data from the first hospitalization were used for any patient who had been hospitalized more than once. Patients who did not complete follow-up, those without cholesterol level data, and patients who underwent heart transplantation or left ventricular assist device (LVAD) implantation during hospitalization were excluded. This study was conducted according to the guidelines of the Declaration of Helsinki, and approved by the ethics review board of Fu Wai Hospital, Beijing, China (approval number: 2018–1,041). Informed written consent was obtained from each patient enrolled in the study.



Data collection

Baseline information, including age, sex, medical history, clinical manifestations, laboratory values, imaging examination results, and demographics, was obtained from the Electronic Medical Records System of Fu Wai Hospital. Blood samples were drawn from the patient’s antecubital vein after fasting for 8 h and collected into vacuum tubes for measurement on the first morning after admission to the hospital. For all patients, hematological analysis was performed by the clinical laboratory of Fu Wai Hospital. TC levels were measured using the cholesterol oxidase (CHOD-PAP) method, HDL-C levels were measured using the polyethylene glycol-modified enzymes/alpha-cyclodextrin sulfate (PEGME) method, and LDL-C levels were measured using the selective melt method.



Definition and calculation

Body mass index (BMI) was calculated as body weight (kg) divided by height squared (m2). The estimated glomerular filtration rate (eGFR) was calculated using the Modification of Diet in Renal Disease equation using baseline serum creatinine levels (11). Remnant cholesterol was calculated as TC (mmol/L) – HDLC (mmol/L) – LDLC (mmol/L) (8). Hypertension was defined as repeated blood pressure measurements ≥140/90 mmHg at least 3 times on different occasions or a self-reported diagnosis of hypertension (12). Diabetes mellitus (DM) was defined as glycated hemoglobin >6.5%, a fasting serum glucose level ≥ 7.0 mmol/L, random glucose ≥11.1 mmol/L, and/or current diabetes treatment (13). Coronary artery disease (CAD) was defined as angiography-proven coronary stenosis ≥50% of at least one coronary artery (14). HF with preserved ejection fraction (HFpEF) was defined as HF with left ventricular ejection fraction (LVEF) ≥50%. HF with mildly reduced ejection fraction (HFmrEF) was defined as HF with LVEF 41–49%. HF with reduced ejection fraction (HFrEF) was defined as HF with LVEF ≤40% (15).



Outcomes and follow-up

After discharge, the patients were routinely followed up by outpatient visits or phone calls every 4 weeks for 6 months, every 3 months for the next year, and every 6 months thereafter. The endpoint of this study was time to all-cause mortality. Outcome data for patients discharged from the hospital were collected through routine follow-up, and data on in-hospital mortality were obtained from the Electronic Medical Records System of Fu Wai Hospital.



Statistical analysis

The statistical analyses were performed using SPSS version 25 (SPSS Inc., Chicago, Illinois) and R version 4.0.2 (The R Foundation, Vienna, Austria). Continuous variables with a normal distribution are presented as the mean ± standard deviation (SD) while continuous variables with a non-normal distribution are presented as the median [first quartile (Q1), third quartile (Q3)]. Categorical variables are presented as numbers (percentages). Continuous variables at baseline were compared using one-way analysis of variance (ANOVA) or the Kruskal–Wallis test according to distribution, followed by Tukey’s post-hoc test to compare the data between two groups. Categorical variables were compared using the chi-square test. Unadjusted Kaplan–Meier curves were constructed, and survival probabilities were compared using the log-rank method. Univariate and multivariate Cox proportional hazards regression were used to evaluate the association of baseline remnant cholesterol levels with time to all-cause mortality. According to our previous studies and guidelines, the selected potential confounders in the multivariable analysis were sex, age, BMI, hypertension, diabetes mellitus, CAD, heart rate, SBP, DBP, hemoglobin, ALB, ALT, AST, TBIL, serum uric, eGFR, hsCRP, logNT-proBNP, LVEF, New York Heart Association (NYHA) Functional Class and pharmacotherapy (1, 10, 15–18). Smooth curve fitting with full adjustment of the covariates was employed to explore the dose–response relationship between remnant cholesterol and the risk of all-cause mortality. Harrell’s C index, net reclassification improvement (NRI), and the integrated discrimination improvement index (IDI) were used for assessing the increase in predictive value when adding remnant cholesterol to a base model including age, sex, NYHA class III/IV vs. I/II, eGFR, and logNT-proBNP. Log transformation was applied when the data were right-skewed. A p value <0.05 was considered statistically significant.




Results


Baseline clinical characteristics

As shown in Figure 1, a total of 2,823 HF patients were enrolled in this study. The mean age of the patients was 56.82 ± 15.99 years, and 71.4% of them were men. The prevalence rates of hypertension, DM, and CAD were 49.3, 30.1, and 36.6%, respectively. The mean LVEF of the patients was 39.83 ± 14.32% while HFrEF, HFmrEF, and HFpEF accounted for 54.2, 17.6, and 28.2% of cases, respectively. The mean value of remnant cholesterol at baseline was 0.61 ± 0.38 mmol/L, with a range from 0.01 to 3.99 mmol/L. Patients in higher quartiles of remnant cholesterol level had larger BMI, higher prevalence of hypertension, DM, and CAD and higher blood pressure. Levels of albumin, TC, LDL-C, triglyceride and eGFR were higher while levels of total bilirubin, LVEF, HDL-C, serum uric acid and NT-proBNP were lower in higher quartiles. In addition, smoking prevalence, levels of hemoglobin, ALT and TBIL, type of HF, NYHA Functional Class and rates of digoxin, ACEI/ARB and beta-blocker use also varied among patients with different remnant cholesterol quartiles. The baseline clinical characteristics of all patients, as well as those stratified by quartile of remnant cholesterol level, are shown in Table 1.
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FIGURE 1
 Flow diagram of the screening and enrollment of study participants. HF, heart failure; TC, total cholesterol; HDL-C, high density lipoprotein cholesterol; LDL, low density lipoprotein cholesterol.




TABLE 1 Baseline characteristics by quartiles of remnant cholesterol.
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Association between baseline low total cholesterol, high-density lipoprotein cholesterol, and low-density lipoprotein cholesterol with all-cause mortality

Over a median follow-up of 976 days, all-cause mortality occurred in 1120 (39.7%) patients. The Kaplan–Meier survival curve showed that the patients with the highest quartile of TC had the highest survival probability and the patients with the highest quartile of HDL-C had the lowest survival probability (Figures 2A,B). However, a difference was not found in the survival probability of the patients with different LDL-C quartiles (Figure 2C). After adjusting for age, sex, BMI, comorbidities, laboratory data, NYHA functional class, and pharmacotherapy, the adjusted Cox model showed that only TC was associated with risk of all-cause mortality as continuous variable. Per unit increase in the level of TC was associated with a 7% decrease risk of all-cause mortality [adjusted hazard ratio (HR): 0.93, 0.87–0.99, p = 0.028)] (Table 2). When analyzed as a categorical variable, the adjusted HRs for all-cause mortality risk in the fourth quartile of TC compared with the first quartile was 0.7 (95% CI: 0.64–0.35, p = 0.014; Table 2). The adjusted HRs for all-cause mortality risk in the fourth quartile of LDL-C was 0.82 (HR 95% CI: 0.68–0.99, p = 0.038) compared with the first quartile. Besides, the addition of quartiles of TC, HDL-C, or LDL-C alone did not improve the performance of the base model which included age, sex, NYHA class III/IV vs. I/II, eGFR, and logNT-proBNP for predicting all-cause mortality (Table 3).
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FIGURE 2
 Kaplan–Meier curves for all-cause mortality. (A) Kaplan–Meier curves for all-cause death stratified by total cholesterol (TC) quartiles (log-rank, p = 0.002). (B) Kaplan–Meier curves for all-cause death stratified by high density lipoprotein cholesterol (HDL-C) quartiles (log-rank, p = 0.002). (C) Kaplan–Meier curves for all-cause death stratified by low density lipoprotein cholesterol (LDL-C) quartiles (log-rank, p = 0.085). (D) Kaplan–Meier curves for all-cause death stratified by remnant cholesterol (log-rank, p < 0.001).




TABLE 2 Hazard ratios for all-cause mortality associated with TC, HDL-C, and LDL-C.
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TABLE 3 C-statistic, δC-statistic, NRI, and IDI of remnant cholesterol for predicting all-cause mortality.
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Association between baseline remnant cholesterol and all-cause mortality

According to Kaplan–Meier survival curve analysis, patients with remnant cholesterol in the lowest quartile had the highest risk of all-cause mortality (Figure 2D). Unadjusted Cox analysis showed an inverse association between baseline remnant cholesterol level and risk of all-cause mortality [HR: 0.39, 95% confidence interval (CI): 0.32–0.48, p < 0.001; Table 4]. After adjusting for age, sex, BMI, comorbidities, laboratory data, New York Heart Association (NYHA) functional class, and pharmacotherapy, a one-unit increase in the level of remnant cholesterol was associated with a 41% decrease in the risk of all-cause mortality (HR: 0.59, 0.47–0.73, p < 0.001; Table 4). When analyzed as categorical variables, the adjusted HRs for all-cause mortality risk in the second, third and fourth quartiles of remnant cholesterol compared with the first quartile were 0.71 (95% CI: 0.6–0.85, p < 0.01), 0.64 (95% CI: 0.53–0.77, p < 0.01) and 0.56 (95% CI: 0.46–0.68, p < 0.001), respectively (Table 4). The resultant curve fitting with full adjustment displayed a negative correlation between remnant cholesterol and all-cause mortality risk (Figure 3). This result was consistent with the increasing trend across the quartiles in the Cox model (p for trend <0.001; Table 4).



TABLE 4 Hazard ratios for all-cause mortality associated with remnant cholesterol.
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FIGURE 3
 Adjusted risk of all-cause mortality by remnant cholesterol level. Smooth curve fitting was performed to explore the association between remnant cholesterol and the risk of all-cause mortality. Multivariate Cox regression was adjusted for sex, age, body mass index, hypertension, diabetes mellitus, coronary heart disease, heart rate, systolic pressure, diastolic pressure, hemoglobin, albumin, alanine aminotransferase, aspartate transaminase, total bilirubin, serum uric, estimated glomerular filtration rate, high sensitivity C reactive protein, log(N-terminal pro-brain natriuretic peptide), left ventricular ejection fraction, New York Heart Association Functional Class and pharmacotherapy. The solid blue line indicates the adjusted risk of all-cause mortality. The gray shading indicates the 95% confidence interval. The red dotted lines indicate the first, second and third quartile of remnant cholesterol, left to right.




Remnant cholesterol and all-cause mortality in subgroups

To confirm that the Cox analysis findings were robust to potential confounders, we conducted stratified analysis by subgroups defined by covariates shown to have major roles in affecting mortality risk, including age, sex, BMI, hypertension, DM, CAD, eGFR<60, classification of HF (HFrEF, HFmrEF, or HFpEF), NYHA functional class, and quartile of NT-proBNP (Figure 4). All of these analyses were adjusted for age, sex, BMI, comorbidities, laboratory data, NYHA functional class, and pharmacotherapy, except for the covariate that was stratified. Figure 4 illustrates a highly consistent pattern: the risk for all-cause mortality decreased with a higher remnant cholesterol level, regardless of subgroups (all P for interaction>0.05).

[image: Figure 4]

FIGURE 4
 Subgroup analyses on prognostic role remnant cholesterol on all-cause mortality. The dots and lines indicate the estimates of the hazard ratio of all-cause mortality for per unit increment of remnant cholesterol with the corresponding 95% confidence intervals, respectively. The multivariate Cox regression model was adjusted for sex, age, body mass index, hypertension, diabetes mellitus, coronary heart disease, heart rate, systolic pressure, diastolic pressure, hemoglobin, albumin, alanine aminotransferase, aspartate transaminase, total bilirubin, serum uric, estimated glomerular filtration rate, high sensitivity C reactive protein, log(N-terminal pro-brain natriuretic peptide), left ventricular ejection fraction, New York Heart Association Functional Class and pharmacotherapy, except for the variable that is stratified.




Predictive value of remnant cholesterol for all-cause mortality

A base model including age, sex, NYHA class III/IV vs. I/II, eGFR, and logNT-proBNP for predicting all-cause mortality achieved a C-statistic of 0.698 (95% CI: 0.683–0.714). A refinement in risk prediction was observed when the quartile of remnant cholesterol was added as the C-statistic of the model increased to 0.709 (95% CI: 0.694–0.724) [ΔC-statistic 0.010 (95% CI: 0.003–0.017), p = 0.005]. Compared with the base model, adding the remnant cholesterol quartile improved the net reclassification (NRI = 0.036, 95% CI: 0.003–0.070, p = 0.034) and increased the IDI (0.025, 95% CI: 0.018–0.033, p < 0.001) for all-cause mortality (Table 3).




Discussion

In this study, we investigated the association of remnant cholesterol with the risk of all-cause mortality and the predictive value of remnant cholesterol for all-cause mortality in HF patients. First, our study found that higher remnant cholesterol levels were independently associated with a lower risk of all-cause mortality. Additionally, the association persisted in the stratification analysis of age, sex, BMI, hypertension, DM, CAD, eGFR, LVEF, NYHA functional class, and NT-proBNP, suggesting that remnant cholesterol has a high predictive value regardless of these covariates. Finally, remnant cholesterol significantly improved the NRI and IDI when added to the base model. The prognostic value of remnant cholesterol provides a new clue to distinguish HF patients with poor prognosis and suggests that the patients with lower remnant cholesterol levels need more intensive and advanced care in hospital and even need strengthened support after discharge. In addition, our study also provides new clinical evidence for blood lipid management in patients with HF.

Remnant cholesterol refers to the cholesterol content of triglyceride-rich lipoproteins, which is composed of chylomicron remnants, VLDL, and IDL in the non-fasting state and VLDL and IDL in the fasting state. Research on the methods for measuring remnant cholesterol has been carried out since the separation of lipoproteins into different classes was first achieved by ultracentrifugation in the 1940s (19). However, it is difficult to create an assay that measures all remnants at the same time because apolipoproteins and lipids dynamically exchange with other lipoproteins and the composition and formation of chylomicron remnants, VLDL, and IDL differ (20). An alternative to direct measurement is to calculate remnant cholesterol levels as total cholesterol minus HDL-C minus LDL-C if directly measured LDLC is used (8).

Remnant cholesterol calculation has been used in several large-scale studies, and remnant cholesterol was found to be associated with worse cardiovascular outcomes. In the PREDIMED (Prevención con Dieta Mediterránea) trial, remnant cholesterol was found to be associated with major adverse cardiovascular events (MACEs) in subjects with overweight or obesity at high cardiovascular risk (21). Furthermore, the FAVORIT study demonstrated that remnant cholesterol is associated with CAD and all-cause mortality in long-term kidney transplant recipients (22), and higher remnant cholesterol levels were significantly associated with worse prognosis in DM and pre-DM patients with CAD in a multicenter prospective study (23). In contrast with these findings, our study found that higher remnant cholesterol levels were independently associated with a lower risk of all-cause mortality and this finding was robust in stratified analysis by subgroups. There are possible mechanistic explanations for the inverse association between remnant cholesterol and all-cause mortality in HF patients. First, the blood lipid levels were lower in the HF patients in our study compared with patients in the above studies. The level of TC, HDL-C, and LDL-C was 4.13 ± 1.13 mmol/L, 0.99 ± 0.31 mmol/L, and 2.54 ± 0.90 mmol/L, respectively. HF is a metabolically demanding condition in which resting energy consumption increases (24). HF patients in our study experienced chronic energy deficiency whereas the patients with CAD and DM may be troubled by the energy surplus. Second, the heart produces a large amount of adenosine triphosphate (ATP) required to maintain systolic function. There are two main sources of ATP production: mitochondrial oxidative phosphorylation and glycolysis. A total of 95% of the ATP required by the myocardium is provided by mitochondrial oxidative phosphate, and the remaining 5% is provided by glycolysis (25). The main energy sources of the heart are fatty acids, lactic acid, glucose, ketones, and amino acids. Among them, fatty acyl CoA, the main metabolite of fatty acids, is an important substrate for the heart to produce ATP (24). Because cardiomyocytes have a low ability to store these energy substrates, triglycerides must be continuously obtained from the blood and hydrolyzed to generate free fatty acids for energy. VLDL carrying remnant cholesterol is also important lipoprotein for transporting triglycerides to cardiomyocytes. As a result, we hypothesized that patients with higher levels of serum remnant cholesterol had more VLDL transporting triglycerides in the serum, which could provide more adequate energy to cardiomyocytes, and therefore the long-term prognosis of the patients was better. Third, per 1 mmol/L higher level of remnant cholesterol was found to be associated with a 37% (95% CI: 35–39) higher C-reactive protein level (26). Infection is an important factor affecting the prognosis of patients with HF (1). After infection, C-reactive protein can enhance the phagocytosis of phagocytic cells by complement activation and play a critical role in innate host defense (27). Therefore, we speculate that HF patients with higher levels of serum remnant cholesterol may have a higher capacity to defend against the risk of infection. However, we believe that there may be other specific protective mechanisms for remnant cholesterol in HF. The mechanisms of remnant cholesterol association with all-cause mortality in HF deserve further investigation. In addition, whether remnant cholesterol should be considered a therapeutic target or just an indicator of a more severe condition needs more research.

Although a trend toward a significant relationship between higher serum lipid and lipoprotein levels and higher survival rates in HF patients has been reported in many studies (2, 3, 28, 29), in our study, after adjusting for significant variables, higher TC levels were found to be associated with all-cause mortality risk in HF patients. Per 1 mmol/L increase in TC level was associated with a 7% decreased risk for all-cause mortality in all HF patients. However, the addition of quartiles of TC alone did not improve the performance of the original model. This result suggests that it is important to identify which subclasses of cholesterol have the dominant influence on HF and are reliable indicators for HF prognosis.

The “HDL hypothesis” that raising HDL-C would reduce MACE and mortality has been proposed since 1977, when the Framingham cohort demonstrated a strong and inverse association between HDL-C and cardiovascular risk (30). Similar results were found in other clinical research focusing on patients with HF (5, 31). Nonetheless, this hypothesis was challenged after practicable methods to quantify each subclass of HDL were proposed (6, 7, 32–34). Moreover, neither proprotein convertase subtilisin/kexin type 9 (PCSK9) inhibitor nor statins appear to have a favorable effect on clinical outcomes in patients with HF (35–37). In our study, HDL-C and LDL-C levels were not found to be associated with all-cause mortality risk in HF patients. This result suggests that it may not be enough to focus only on the HDL-C or LDL-C levels when investigating the effect of cholesterol on the prognosis of HF and that cholesterol in VLDL and IDL may play an important role in the prognosis of HF.


Strengths and limitations

Our study has several strengths. First, our study reveals for the first time a significant inverse association between remnant cholesterol and all-cause mortality in HF. Second, our study enrolled a broad range of HF patients, including those with and without CAD or DM and those with HFrEF, HFmrEF, or HFpEF. As a consequence, our results are generalizable and suggest that the risk-stratifying ability of remnant cholesterol is applicable to a wide range of HF patients. Third, subgroup analysis revealed a highly consistent pattern, demonstrating the robustness of our findings. Fourth, direct LDL-C measurement was used in the calculation of remnant cholesterol. The direct LDL-C assay is more accurate and provides more clinical information than the Friedewald equation [LDL-C simply equals TG (mmol/L)/2.2]. Fifth, the prognostic value of remnant cholesterol sheds new light on distinguishing patients who should be closely monitored and receive more intensive levels of care and provides new clinical evidence on the management of blood lipids in HF patients.

Our study also has some limitations. First, it was a single-center, retrospective, observational study, and some variables that might have influenced the findings were not measured at baseline. Additionally, the remnant cholesterol concentration was only collected at admission; thus, the association of changes in remnant cholesterol with outcomes could not be investigated. Moreover, as cause-specific mortality was not available, only all-cause mortality was taken into consideration.




Conclusion

In conclusion, this single-center, retrospective study shows for the first time that the serum level of remnant cholesterol at baseline is an independent predictor of all-cause mortality among hospitalized HF patients. Low admission remnant cholesterol is associated with increased all-cause mortality in HF patients, and adding the quartile of remnant cholesterol improves predictive value over traditional risk factors.
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