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Association between triglyceride glucose-body mass index and long-term adverse outcomes in individuals with heart failure: a retrospective cohort study
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Background: Insulin resistance (IR) plays a pivotal role in the pathogenesis and progression of heart failure (HF), and may be exacerbated in advanced stages of HF, thereby perpetuating a deleterious cycle. The triglyceride glucose-body mass index (TyG-BMI), an established surrogate marker for IR, has been associated with adverse cardiovascular events. However, its prognostic significance in individuals diagnosed with HF has not been fully elucidated. The specific aim is to evaluate the association between the TyG-BMI index and long-term all-cause mortality and HF-rehospitalization in patients with heart failure, and to examine whether right ventricular dysfunction (RVD) modifies this association.

Methods: This retrospective cohort study included 1,644 participants hospitalized with HF at Fuwai Central China Cardiovascular Hospital, of whom 850 (51.7%) had HF with preserved ejection fraction (HFpEF). Participants were stratified into tertiles based on TyG-BMI values. The primary composite endpoint included all-cause mortality and HF-related rehospitalization. Multivariable Cox proportional hazards models and restricted cubic spline analyses were employed to assess associations, with survival probabilities visualized using Kaplan–Meier estimates.

Results: Over a median follow-up period of 52 months, 415 individuals died from all causes, and 479 experienced HF-related rehospitalization. TyG-BMI exhibited a U- or J-shaped association with long-term outcomes: both the lowest and highest TyG-BMI tertiles carried significantly higher risks of all-cause mortality and HF rehospitalization compared with the intermediate tertile, indicating that risk was not merely elevated at low values but followed a non-linear U- or J-shaped curve (p < 0.001). Restricted cubic spline analysis demonstrated an inverse J-shaped relationship between TyG-BMI and the composite endpoint, with inflection points at 193.10 for mortality and 222.30 for rehospitalization. Individuals in the lowest TyG-BMI tertile demonstrated a markedly elevated risk of the composite outcome (hazard ratio [HR]: 2.41, 95% confidence interval [CI]: 1.96–2.96, p < 0.001). These associations remained consistent in the HFpEF subgroup (p for interaction > 0.05). Additionally, TyG-BMI was strongly associated with all-cause mortality among individuals with concomitant right ventricular dysfunction (RVD) (HR: 2.34, 95% CI: 1.55–3.54, p < 0.001).

Conclusion: A U-shaped association was observed: both very low and very high TyG-BMI were associated with increased all-cause mortality and HF rehospitalization. These findings support the potential utility of TyG-BMI as a prognostic biomarker for risk stratification. Furthermore, TyG-BMI appears to modify the relationship between RVD and adverse clinical outcomes, with obesity potentially exerting a modulatory effect.
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Introduction

Heart failure (HF) is a multifactorial clinical syndrome arising from a spectrum of underlying cardiovascular pathologies and is characterized by structural and functional myocardial impairments, as well as neurohormonal dysregulation (1, 2). It contributes substantially to global morbidity and mortality. In Western countries, HF accounts for approximately 1–2% of all hospital admissions, and its incidence is anticipated to increase in China due to demographic aging and a rising burden of chronic conditions such as coronary artery disease and hypertension (3, 4). Despite therapeutic advances, HF remains associated with high incidence rates, frequent rehospitalizations, and unfavorable prognoses, emphasizing the necessity for enhanced risk stratification tools and the identification of modifiable prognostic factors (5).

Insulin resistance (IR) has been recognized as a key pathophysiological mechanism in metabolic disorders, including diabetes mellitus, obesity, and metabolic syndrome, and has been closely associated with the onset and progression of HF (6, 7). A recent meta-analysis has confirmed the contributory role of IR in the development of HF (8). Although the hyperinsulinemic-euglycemic clamp remains the reference standard for quantifying IR, its clinical applicability is limited by technical complexity and resource requirements. Alternatively, the triglyceride glucose (TyG) index calculated from fasting triglyceride and glucose concentrations serves as a cost-effective and accessible surrogate marker of IR. Elevated TyG index levels have been significantly associated with increased risks of all-cause mortality and HF-related rehospitalization, indicating its potential utility as a prognostic indicator in individuals diagnosed with HF (9–11).

Recent evidence underscores the relevance of the TyG-body mass index (TyG-BMI), an integrated marker of metabolic dysfunction, in predicting cardiovascular risk (12–16). For instance, a population-based study conducted in Japan identified a positive association between TyG-BMI and the prevalence of hypertension (17). Analyses derived from the MIMIC-IV database have demonstrated an inverse relationship between TyG-BMI and mortality among critically ill individuals diagnosed with atrial fibrillation (18). Additionally, elevated TyG-BMI levels have been linked to an increased incidence of major adverse cardiovascular and cerebrovascular events following drug-eluting stent implantation, particularly among older adults and female individuals (19).

Right ventricular dysfunction (RVD) has emerged as a significant determinant of adverse outcomes in individuals with left-sided HF, adversely affecting prognosis in both HF with preserved ejection fraction (HFpEF) and HF with reduced ejection fraction (HFrEF) phenotypes (20). Systemic metabolic abnormalities, including obesity and IR, are increasingly recognized as modifiable contributors to RVD, potentially mediated through mechanisms such as myocardial fibrosis, inflammation, and lipotoxicity (21).

TyG-BMI integrates both dimensions: higher TyG reflects hepatic very-low-density lipoprotein over-production and impaired glucose uptake, whereas elevated BMI indicates systemic adipose-driven inflammation and sympathetic activation. Their product therefore quantifies the biological synergy between lipid toxicity and adipose-secretome stress, a combination known to accelerate myocardial fibrosis and right-ventricular after-load. Consequently, TyG-BMI shows a wider dynamic range and stronger dose–response gradients with hard outcomes than either TyG or BMI alone, making it a more sensitive single-number surrogate of IR-related HF risk.

In individuals with HFpEF and concomitant obesity, elevated pulmonary arterial pressures and right ventricular chamber dilation have been observed, contributing to biventricular dysfunction (22). Notably, a clinical study involving 15 women with obesity but no overt cardiovascular disease demonstrated that sustained weight reduction was associated with improved right ventricular function, underscoring the deleterious effects of metabolic dysfunction, particularly in individuals with elevated TyG-BMI on RVD (23).

Although several studies have examined the association between TyG-BMI and cardiovascular outcomes across various populations, its long-term prognostic relevance in individuals with HF remains insufficiently characterized. To address this gap, the present longitudinal cohort study was designed to evaluate the prognostic significance of TyG-BMI in a large sample of individuals with chronic HF. The study further aimed to assess its predictive performance across HF phenotypes and explore whether stratification by RVD enhances its prognostic performance.

The findings of this study may contribute to the development of targeted strategies for risk stratification and personalized management in HF and may offer novel insights into the clinical utility of TyG-BMI in predicting HF-related adverse outcomes.



Methods


Population and study design

We carried out this retrospective cohort study at Fuwai Central China Cardiovascular Hospital (a tertiary cardiovascular center in Central China) and enrolled every consecutive patient admitted to the Department of Cardiology with a diagnosis of chronic heart failure from December 2018 to December 2023. The inception cohort comprised consecutive patients who (i) were admitted to the Department of Cardiology, Fuwai Central China Cardiovascular Hospital, for the first time with a primary diagnosis of chronic heart failure (HF) between 1 December 2018 and 31 December 2023; (ii) had no previous HF-related hospitalizations in our institution; and (iii) met the 2018 Chinese HF guideline criteria. Patients entered the study on the date of this index admission (study baseline) and were followed up prospectively from that point onward. The diagnosis of HF was established in accordance with the 2018 clinical guidelines (24). Participants were stratified into three phenotypes based on left ventricular ejection fraction (LVEF): heart failure with preserved ejection fraction (HFpEF; LVEF ≥ 50%), heart failure with mid-range ejection fraction (HFmrEF; LVEF 40–49%), and heart failure with reduced ejection fraction (HFrEF; LVEF ≤ 40%).

Exclusion criteria were: (1) Age < 18 or >90 years; (2) history of acute coronary syndrome (ACS), percutaneous coronary intervention (PCI), or coronary artery bypass grafting (CABG) within the preceding month; (3) presence of congenital heart disease, moderate-to-severe valvular heart disease, acute myocarditis, idiopathic pulmonary hypertension (IPH), arrhythmogenic right ventricular cardiomyopathy (ARVC), hypertrophic cardiomyopathy, right ventricular myocardial infarction, pericardial disease, connective tissue disorders, thyroid dysfunction, or pregnancy; (4) estimated life expectancy < 1 year; (5) severe hepatic dysfunction or end-stage renal disease requiring chronic dialysis and/or estimated glomerular filtration rate (eGFR) < 15 mL/min/1.73 m2; and (6) missing essential clinical data.

A flowchart depicting the enrollment process is illustrated in Figure 1. Following the exclusion of 136 individuals due to incomplete data and 107 due to loss to follow-up, 1,644 participants were included in the final analysis. Of these, 850 were classified as HFpEF, 223 as HFmrEF, and 571 as HFrEF. The attrition rate during follow-up was 6.1%. Participants were further stratified into tertiles based on TyG-BMI values: T1 (<185.39), T2 (185.39–224.85), and T3 (≥224.86).

[image: Flowchart showing study on chronic heart failure with 2466 participants. Exclusion of 725 patients results in 1741 meeting criteria. After 107 lost to follow-up, 1644 patients are stratified by TyG-BMI index into tertiles for final analysis. Endpoints include all-cause death and heart failure rehospitalization.]

FIGURE 1
 Representation of the protocol for participant selection in the research study. HF, heart failure; CHF, chronic heart failure; TyG-BMI, triglyceride-glucose-body mass index.


All procedures conformed to the ethical standards of the institutional review board of Fuwai Central China Cardiovascular Hospital (Ethics Review No. 6 of 2022) and complied with the Declaration of Helsinki.



Data collection and definitions

Clinical and demographic data were obtained from the institutional electronic medical records. Extracted variables included age, sex, BMI, history of smoking and alcohol use, vital signs, laboratory results, comorbid conditions, New York Heart Association (NYHA) functional class, scores from the Minnesota Living with Heart Failure Questionnaire (MLWHFQ), echocardiographic parameters, and prescribed pharmacologic therapies.

TyG-BMI was calculated as the product of the TyG index and BMI. The TyG index was computed as ln [fasting triglycerides (mg/dL) × fasting glucose (mg/dL)/2] (25). For unit conversions: 1 mmol/L of fasting glucose equals 18 mg/dL, and 1 mmol/L of triglycerides equals 88.6 mg/dL. BMI was calculated using the standard formula: body weight (kg) divided by height squared (m2).

Comorbidities such as chronic obstructive pulmonary disease (COPD), atrial fibrillation (AF), hypertension, diabetes mellitus (DM), dyslipidemia, and coronary heart disease (CHD) were defined using established clinical diagnostic criteria (26). The MLWHFQ was employed to assess HF–related quality-of-life domains, including social, physical, and emotional functioning. The albumin–bilirubin (ALBI) score was derived from serum albumin and total bilirubin levels, following validated formulas (26). Right ventricular dysfunction (RVD) was defined at baseline only using a prespecified echocardiographic algorithm adapted from the 2019 ASE/ESC guidelines: RVD present if any of the following were recorded within 24 h of admission: (1) TAPSE < 17 mm (primary criterion), (2) RV fractional area change (RVFAC) < 35% (secondary criterion, available in 92% of scans), (3) Systolic pulmonary arterial pressure (sPAP) > 35 mmHg plus RV dilatation (RV basal diameter > 41 mm) when tricuspid regurgitant envelope was measurable.



Follow-up and endpoints

Participants were followed for a median of 52 months (interquartile range: 16–60 months). The primary composite endpoint included all-cause mortality and hospital readmission due to HF. Follow-up data were collected through structured telephone interviews conducted by trained physicians, corroborated by review of institutional medical records.



Statistical analysis

Continuous variables were evaluated for normality. Normally distributed data are presented as mean ± standard deviation (SD) and compared using Student’s t-tests or one-way analysis of variance (ANOVA). Non-normally distributed data are expressed as median (IQR) and assessed using the Wilcoxon rank-sum test. Categorical variables were summarized as frequencies and percentages, with group differences assessed using appropriate chi-squared or Fisher’s exact tests.

Kaplan–Meier survival curves were used to estimate cumulative event rates across TyG-BMI tertiles. Comparisons were performed using the log-rank test. Restricted cubic spline (RCS) models were used to explore the non-linear association between TyG-BMI and clinical outcomes, with the median TyG-BMI value as the reference. Wald tests were used to evaluate overall and non-linear associations, with adjustments performed using the “rms” package in R software (version 4.4.1).

Univariate and multivariate Cox proportional hazards models were constructed to examine associations between TyG-BMI levels, analyzed both as continuous and categorical variables, and the risk of adverse clinical outcomes. Covariates were selected based on clinical relevance or a univariate significance threshold of p < 0.05. Prior to inclusion in multivariable models, multicollinearity among covariates was assessed.

Three hierarchical models were constructed to assess the association between TyG-BMI and adverse outcomes: Model 1 was adjusted for demographics and initial clinical variables, including sex, age, blood pressure, alcohol consumption, and smoking status. Model 2 included all covariates from Model 1 and further adjusted for comorbid conditions: hypertension, DM, CHD, dyslipidemia, COPD, and AF. Model 3 incorporated additional adjustments for laboratory parameters: Total cholesterol (TC), low-density lipoprotein cholesterol (LDL-C), high-density lipoprotein cholesterol (HDL-C), uric acid, glycated hemoglobin (HbA1c), CRP, N-terminal pro-brain natriuretic peptide (NT-ProBNP), estimated glomerular filtration rate (eGFR), and Galactin-3, as well as prescribed medications, including β-blockers, mineralocorticoid receptor antagonists, angiotensin receptor–neprilysin inhibitors (ARNIs), sodium-glucose cotransporter 2 (SGLT-2) inhibitors, statins, antidiabetics, diuretics, and digoxin. Model 3 was also adjusted for NYHA functional class, presence of RVD, and LVEF.

Subgroup analyses were conducted according to age (≤60 vs. >60 years), sex, LVEF (<50% vs. ≥50%), and presence of RVD. Interaction effects were assessed using likelihood ratio tests, with results visualized using forest plots. All statistical analyses were conducted using R software version 4.4.1 (The R Foundation, for Statistical Computing, Vienna, Austria). Two-sided p-values < 0.05 were considered statistically significant.




Results


Baseline characteristics

Baseline characteristics of the study population stratified by TyG-BMI tertiles are presented in Table 1 and Supplementary Table 1. The mean age of participants was 63 ± 11 years, with 56.2% identified as male. Individuals in the highest TyG-BMI tertile were younger and exhibited higher values for BMI, total cholesterol, LDL-C, HbA1c, cardiac troponin T, and Galectin-3 (all p < 0.001). The prevalence of DM, hypertension, and AF was comparable across tertiles. However, the use of SGLT2 inhibitors and digoxin was more frequent among participants in the lowest tertile.


TABLE 1 Study population characteristics according to TyG-BMI index tertiles.


	Variables
	All participants (n = 1,644)
	Tertile 1 (n = 548)
	Tertile 2 (n = 548)
	Tertile 3 (n = 548)
	P-value

 

 	Age, mean ± SD, (years) 	63 ± 11 	64 ± 12 	64 ± 11 	62 ± 12 	0.536


 	Male, n(%) 	924 (56.2%) 	300 (54.7%) 	320 (58.4%) 	304 (55.5%) 	0.436


 	BMI, mean ± SD, (Kg/m2) 	23.88 ± 2.83 	20.31 ± 1.58 	23.48 ± 2.28 	27.84 ± 2.79 	<0.001


 	Hypertension, n(%) 	780 (47.4%) 	280 (51.1%) 	253 (46.2%) 	247 (45.1%) 	0.104


 	Diabetes mellitus, n(%) 	666 (40.5%) 	219 (40.0%) 	226 (41.2%) 	221 (40.3%) 	0.906


 	COPD, n(%) 	225 (13.7%) 	87 (15.9%) 	73 (13.3%) 	65 (11.9%) 	0.147


 	Hyperlipidemia, n(%) 	675 (41.1%) 	188 (34.3%) 	233 (42.5%) 	254 (46.4%) 	<0.001


 	Coronary heart disease, n(%) 	721 (43.9%) 	237 (43.2%) 	226 (41.2%) 	258 (47.1%) 	0.141


 	Atrial fibrillation, n(%) 	398 (24.2%) 	131 (23.9%) 	124 (22.6%) 	143 (26.1%) 	0.360


 	eGFR, median (IQR) (mL/min/1.73 m2) 	67 (54, 82) 	68 (55, 83) 	69 (54, 82) 	66 (54, 83) 	0.426


 	Chlorine, mean ± SD, (mmol/L) 	102 ± 5 	101 ± 4 	103 ± 3 	105 ± 5 	0.221


 	Cholesterol, mean ± SD, (mmol/L) 	4.09 ± 1.16 	3.85 ± 1.04 	4.05 ± 1.08 	4.35 ± 1.28 	<0.001


 	LDL-c, mean ± SD, (mmol/L) 	2.50 ± 0.84 	2.35 ± 0.76 	2.47 ± 0.84 	2.68 ± 0.88 	<0.001


 	NT-ProBNP, median(IQR) (pg/ml) 	4,204 (3,024, 5,748) 	4,240 (3,052, 5,759) 	4,194 (3,021, 5,741) 	4,164 (3,015, 5,744) 	0.952


 	TG, median (IQR), (mmol/L) 	1.18 (0.85, 1.79) 	0.93 (0.73, 1.26) 	1.25 (0.89, 1.86) 	1.47 (1.09, 2.31) 	<0.001


 	CRP, median (IQR), (mg/L) 	7 (4, 12) 	8 (4, 13) 	7 (5, 12) 	7 (4, 11) 	0.760


 	E/e’, mean ± SD 	19 ± 3 	20 ± 4 	18 ± 2 	20 ± 3 	<0.001


 	LVEF, n(%) 	 	 	 	 	0.354


 	≤40% 	571 (34.7%) 	193 (35.2%) 	192 (35.0%) 	186 (33.9%) 	


 	41–49% 	223 (13.6%) 	61 (11.1%) 	81 (14.8%) 	81 (14.8%) 	


 	≥50% 	850 (51.7%) 	294 (53.6%) 	275 (50.2%) 	282 (51.3%) 	


 	NYHA, n(%) 	 	 	 	 	0.099


 	II 	676 (41.1%) 	217 (39.6%) 	216 (39.4%) 	243 (44.3%) 	


 	III 	892 (54.3%) 	300 (54.7%) 	314 (57.3%) 	278 (50.7%) 	


 	IV 	76 (4.6%) 	31 (5.7%) 	18 (3.3%) 	27 (4.9%) 	


 	Glucose, median (IQR), (mmol/L) 	5.3 (4.6, 6.6) 	4.9 (4.4, 5.7) 	5.4 (4.6, 6.9) 	5.7 (4.8, 7.9) 	<0.001


 	TyG-BMI, median (IQR) 	207.01 ± 36.82 	167.45 ± 13.05 	203.85 ± 11.54 	249.72 ± 19.09 	<0.001





COPD, chronic obstructive pulmonary disease; eGFR, estimated glomerular filtration rate; LDL-C, low-density lipoprotein cholesterol; NT-ProBNP, N-terminal pro-B type natriuretic peptide; TG, triglyceride; CRP, C reactive protein; LVEF, left ventricular ejection fraction; BMI, body mass index; NYHA, New York Heart Association.
 

Although median levels of NT-proBNP levels were lower in the highest tertile, the difference was not statistically significant. The E/e’ ratio, a marker of diastolic dysfunction, was significantly elevated in the highest tertile (21 ± 3 vs. 20 ± 3, p < 0.001). Measures of right ventricular function, including tricuspid annular plane systolic excursion (TAPSE), pulmonary artery systolic pressure (PASP), and tricuspid regurgitant velocity (TRVmax), were significantly impaired in the highest TyG-BMI group (all p < 0.001).



Composite endpoints and TyG-BMI

During the follow-up period, 415 participants (25.2%) experienced all-cause mortality, and 479 (29.1%) were rehospitalized due to HF. Cumulative mortality rates were 45.8% in T1, 17.8% in T2, and 36.4% in T3, while cumulative rehospitalization rates were 44.3, 24.8, and 30.9%, respectively.

Kaplan–Meier survival analysis (Figure 2) demonstrated a significantly lower cumulative incidence of all-cause mortality and HF–related hospitalization among participants in the intermediate TyG-BMI tertile (Log-rank test, p < 0.001 for both endpoints).

[image: Three line graphs display cumulative rates over 60 months for T1, T2, and T3 groups. Graph A shows composite endpoints; T1 has the highest rate, followed by T3, then T2. Graph B depicts all-cause death, with T3 having the highest rate. Graph C illustrates heart failure rehospitalization, with T1 leading. All graphs indicate significant differences with p-values below 0.001.]

FIGURE 2
 Kaplan–Meier estimation of various endpoints across tertiles of the TyG-BMI index. T1/T2/T3, first/s/third tertile of TyG-BMI; HF, heart failure; HR, hazard ratio; CI, confidence interval; (A) composite endpoints; (B) All-cause death; (C) Heart failure rehospitalization.


The RCS analyses identified a non-linear association between TyG-BMI and adverse outcomes (p for non-linearity < 0.001) (Figure 3). All-cause mortality risk declined as the TyG-BMI value increased up to 193.10, after which risk rose (≤193.10: HR 0.97, 95% CI: 0.95–0.98; >193.10: HR 1.01, 95% CI: 1.00–1.02). Similarly, HF readmission risk decreased up to a TyG-BMI value of 222.30, then increased thereafter (≤222.30: HR 0.98, 95% CI: 0.97–0.98; >222.30: HR 1.01, 95% CI: 1.00–1.02).

[image: Three graphs display hazard ratios against TyG-BMI values for different endpoints, with 95% confidence intervals. Graph A shows a composite endpoint with a cut-off at 202.0, Graph B shows all-cause death with a cut-off at 193.1, and Graph C shows HF rehospitalization with a cut-off at 222.3. The lines show a U-shaped relationship in each graph, and p-values for overall and nonlinear significance are all below 0.001.]

FIGURE 3
 Non-linear correlations of the TyG-BMI index with various outcomes in the HF patients. RCS, restricted cubic spline; HR, hazard ratio; CI, confidence interval; TyG-BMI, triglyceride-glucose-body mass index; (A) composite endpoints; (B) All-cause death; (C) Heart failure rehospitalization.


Multivariate Cox regression analyses (Figure 4) demonstrated significantly higher risks of all-cause mortality in T1 and T3 compared to T2 (T1: HR 1.96, 95% CI: 1.47–2.59; T3: HR 1.85, 95% CI: 1.39–2.47; p < 0.001). Similar associations were observed for the composite endpoint of death and readmission (T1: HR 2.41, 95% CI: 1.96–2.96; T3: HR 2.24, 95% CI: 1.82–2.75; p < 0.001).

[image: Forest plot displaying hazard ratios (HR) and confidence intervals (CI) for outcomes: death, rehospitalization, and composite endpoint. It includes comparisons across three adjustments (adj1, adj2, adj3), with statistical significance denoted by p-values. Arrows and error bars indicate categorized risk levels.]

FIGURE 4
 Multivariate cox results corresponding to the forest plot of TyG-BMI and composite endpoints. HR, hazard ratio; CI, confidence interval; RVD, right ventricular dysfunction; LVEF, left ventricular ejection fraction; T1/T2/T3, tertiles of TyG-BMI. Model 1 adjusted for gender, age, systolic and diastolic blood pressure, alcohol consumption and smoking practices. Model 2 adjusted for model 1 adds hypertension, DM, CHD, dyslipidemia, COPD; AF, trial fibrillation; DM, diabetes mellitus; CHD, coronary heart disease; COPD, chronic obstructive pulmonary disease; Model 3 adjusted for model 2 adds LDL-C, TC, HDL-C, HbA1c, UA, CRP, NT-ProBNP, eGFR, Gal-3, ARNI, SGLT-2i, β-blockers, MRA, antidiabetic drugs, statins, digoxin, diuretics, NYHA, RVD, LVEF. LDL-C, low-density lipoprotein cholesterol; HDL-C, high-density lipoprotein cholesterol; TC, total cholesterol; CRP, C-reactive protein; NT-proBNP, N-terminal pro-B-type natriuretic peptide; eGFR, estimated glomerular filtration rate; Gal-3, Galectin-3; UA, uric acid; NYHA, New York Heart Association; SGLT-2i, sodium–glucose cotransporter-2 inhibitor; MRA, mineralocorticoid receptor antagonist; ARNI, angiotensin receptor–neprilysin inhibitor.




Stratified analyses

Stratified analyses (Figures 5, 6) indicated consistent associations between TyG-BMI and adverse outcomes across subgroups defined by age, sex, and LVEF with no significant interactions detected (p for interaction = 0.829). Among participants with evidence of RVD, higher TyG-BMI values were significantly associated with increased all-cause mortality (HR: 2.34, 95% CI: 1.55–3.54, p < 0.001).

[image: Forest plot showing hazard ratios (HR) with 95% confidence intervals (CI) for various subgroups, including age, sex, left ventricular ejection fraction (LVEF), and right ventricular dysfunction (RVD). The plot compares risks across three time points (T1, T2, T3). Each subgroup's HR and CI are displayed, alongside p-values indicating statistical significance. The vertical dotted line represents the reference point separating low and high risk.]

FIGURE 5
 Subgroup analysis of TyG-BMI with respect to composite endpoints. HR, hazard ratio; CI, confidence interval; RVD, right ventricular dysfunction; LVEF, left ventricular ejection fraction; T1/T2/T3, tertiles of TyG-BMI.


[image: Forest plots displaying hazard ratios for subgroups related to all-cause death and heart failure rehospitalization. Subgroups include age, sex, LVEF, and RVD. Data shows hazard ratios, confidence intervals, P values, and interaction P values, illustrating varying risk levels from low to high across different criteria.]

FIGURE 6
 Subgroup analysis of TyG-BMI with respect to death from all causes and rehospitalization for HF. HR, hazard ratio; CI, confidence interval; RVD, right ventricular dysfunction; LVEF, left ventricular ejection fraction; T1/T2/T3, tertiles of TyG-BMI; (A) All cause death; (B) Heart failure rehospitalization.


In RCS analysis conducted within the HFpEF subgroup (Figure 7), a non-linear relationship was observed between TyG-BMI and outcomes. Risk for the composite endpoint declined until a TyG-BMI value of 203.40, beyond which risk increased (≤203.40: HR 0.98, 95% CI: 0.97–0.99; >203.40: HR 1.01, 95% CI: 1.01–1.02). Similar inflection points were identified for all-cause mortality (cut-off: 189.50; HR 0.96, 95% CI: 0.94–0.98) and HF rehospitalization (cut-off: 225.40; HR 0.98, 95% CI: 0.97–0.98).

[image: Three graphs show the relationship between TyG-BMI and hazard ratios for various outcomes in HFpEF patients. Graph A shows composite endpoints with a cutoff at 203.4 and significant p-values. Graph B illustrates all-cause death with a cutoff of 189.5, also with significant p-values. Graph C depicts HF rehospitalization with a cutoff at 225.4, showcasing a significant p-value for linearity. All graphs include confidence intervals.]

FIGURE 7
 Non-linear association of TyG-BMI index with different prognoses in patients with HFpEF. HFpEF, heart failure with preserved ejection fraction; HR, hazard ratio; CI, confidence interval; TyG-BMI, triglyceride-glucose-body mass index; RCS, restricted cubic spline; (A) composite endpoints; (B) All-cause death; (C) Heart failure rehospitalization.


The single-index models showed weaker predictive power than the combined TyG-BMI index, with lower hazard ratios and reduced statistical significance (Figure 8). This relationship was further illustrated by the markedly stronger non-linear associations of the TyG-BMI index with all clinical endpoints (Figure 9). Collectively, these findings support the superiority of the integrated TyG-BMI metric for risk stratification in patients with heart failure.

[image: Forest plot illustrating hazard ratios (HR) with confidence intervals (CI) and p-values for different outcomes. The outcomes include death, rehospitalization, and a composite endpoint, categorized by continuous and categorical variables. The plots compare risks, with visual markers indicating low to high risk across different groups. Adjusted and unadjusted HR values are shown along with statistical significance denoted by p-values.]

FIGURE 8
 Multivariable Cox regression analyses of TyG index and BMI with clinical outcomes in heart failure patients.


[image: Two graphs depicting hazard ratios with confidence intervals related to BMI and TYG BMI. The top graph shows hazard ratio variations for BMI with a cut-off at twenty-five, where the hazard ratios are zero point eight five and one point one six for BMI less than or equal to twenty-five and greater than twenty-five, respectively. The bottom graph illustrates the hazard ratio for TYG BMI with a cut-off at two hundred two, showing ratios of zero point nine eight and one point zero two for TYG BMI less than or equal to two hundred two and greater than two hundred two. Both graphs show significant overall and nonlinear p-values, each less than zero point zero zero one.]

FIGURE 9
 Restricted cubic spline analyses of the association between single-component indices and the risk of the composite endpoint.





Discussion

In this study, we identified a non-linear association between TyG-BMI and adverse clinical outcomes, including all-cause mortality and HF-related rehospitalization, in individuals with HF and varying levels of LVEF. Elevated TyG-BMI values were inversely associated with the incidence of composite adverse events after multivariable adjustment. Specifically, a reverse “J”-shaped association was observed with all-cause mortality, whereas a “U”-shaped association characterized the relationship with HF-related rehospitalization.

IR has been extensively implicated in the pathogenesis, progression, and adverse prognosis of HF (27). IR reduces tissue sensitivity to insulin, thereby impairing glucose uptake and disrupting metabolic homeostasis. In this setting, myocardial energy metabolism shifts from glucose to fatty acid oxidation. However, as IR worsens, myocardial capacity for fatty acid oxidation diminishes, resulting in lipid accumulation, increased oxidative stress, and cardiometabolic dysfunction. Additionally, IR amplifies the vasoconstrictive effects of angiotensin II, promoting cardiomyocyte hypertrophy and extracellular matrix deposition, which contribute to pathological cardiac remodeling and dysfunction (28, 29). IR further accelerates HF progression through the activation of the sympathetic nervous system and the rennin-angiotensin-aldosterone system, perpetuating myocardial fibrosis and adverse structural changes. Notably, HF can also exacerbate IR, creating a bidirectional pathophysiological cycle.

The prevalence of type 2 diabetes mellitus (T2DM) among individuals with HF ranges from 10 to 47%, and the incidence of newly diagnosed T2DM is significantly higher in the HF population compared to those without HF (30). Both systemic and myocardial IR have been reported among persons with HF, emphasizing the reciprocal relationship between metabolic dysregulation and HF progression (31).

The inverse relationship observed between TyG-BMI and all-cause mortality in this study may reflect the combined effects of IR and elevated BMI (32). IR is a well-established contributor to the development and progression of HF, and TyG-BMI has emerged as a validated surrogate marker for IR, with growing empirical support for its diagnostic utility (33, 34).

Approximately 70% of individuals with obesity demonstrate some degree of IR, and those with elevated BMI may possess a greater physiological reserve to counterbalance IR-related stressors compared to individuals with normal or low BMI (35). The phenomenon in which obesity appears to confer a protective effect in individuals with established HF, despite being a risk factor for its development, is commonly referred to as the “obesity paradox” (OP) (36). This paradox may account for the observed inverse association between TyG-BMI and all-cause mortality in the HF cohort. While elevated BMI is associated with increased HF incidence, its relationship with outcomes in those already diagnosed with HF is complex and often non-linear (37).

The prognostic significance of BMI in individuals with HF has been well documented (38). A large cohort study involving 108,927 individuals hospitalized for decompensated HF reported that each 5-unit increase in BMI was associated with a 10% reduction in in-hospital mortality (p < 0.001) (39). Similarly, a meta-analysis involving 22,807 participants demonstrated that individuals with low BMI exhibited the highest risk for both all-cause mortality and HF-related rehospitalization, whereas those classified as overweight exhibited the lowest risk (40).

Low TyG-BMI values may also reflect non-metabolic pathologies. A TyG-BMI in the bottom tertile frequently coincides with cardiac cachexia, systemic inflammation, protein-energy wasting and sarcopenia-conditions that are themselves powerful predictors of mortality. Because we did not measure grip strength, calf circumference, serum albumin, pre-albumin or other nutritional biomarkers, we cannot exclude the possibility that the elevated risk observed in the lowest TyG-BMI stratum is driven chiefly by reverse causation rather than by insulin resistance per se. Future studies should incorporate body-composition imaging, muscle-mass indices and dietary quality scores to disentangle the metabolic component of TyG-BMI from the cachexia/malnutrition component.

Several physiological mechanisms have been proposed to explain the OP. Higher BMI may mitigate the adverse effects of malnutrition-related inflammation and provide metabolic reserves during periods of catabolic stress (41, 42). Adipose tissue releases soluble tumor necrosis factor-alpha (TNF-α) receptors, which can neutralize the cytokine’s deleterious effects on myocardial tissue (43). Elevated lipoprotein levels in individuals with obesity may also attenuate systemic inflammation by neutralizing circulating lipopolysaccharides (44). Lower circulating BNP levels, often observed in individuals with obesity, may reflect better hemodynamic profiles, which could facilitate improved renal perfusion and enhanced tolerance to HF pharmacotherapies, such as ARNIs, SGLT2 inhibitors, and β-adrenergic receptor blockers (45). Greater adiposity may also support better cardiopulmonary reserve and muscular strength, further contributing to favorable outcomes in this subgroup (42).

Despite its established clinical relevance, the RV remains relatively understudied in the context of HF, due in part to the complexity of assessing RVD. TAPSE, a widely used echocardiographic marker of RV function, has been independently associated with improved outcomes at both baseline and follow-up, irrespective of RVD status (46). Obesity, while recognized as a major risk factor for HF and cardiovascular disease, has also been associated with impaired RV function. A study involving right heart catheterization demonstrated a consistent association between elevated BMI and RVD, with higher BMI levels correlating with increased risks of mortality and HF-related hospitalization (47).

Insulin resistance (IR) is a key driver of heart failure (HF) progression, yet its gold-standard measurement (hyper-insulinaemic clamp) is impractical in routine care. The triglyceride-glucose index (TyG) is a validated surrogate, but it ignores the anthropogenic component of IR. Multiplying TyG by BMI gives the TyG-BMI index, a single number that captures both lipid-toxic and adipose-secretory stress. In a 2025 population-based study of 8,753 U. S. adults with metabolic dysfunction-associated steatotic liver disease (MASLD), the TyG-BMI index demonstrated superior predictive performance for cardiovascular mortality compared with HOMA-IR, with the highest quartile of TyG-BMI showing an adjusted HR of 5.32 (95% CI: 2.12–7.84, p < 0.001) and AUC of 0.902, while HOMA-IR did not achieve statistical significance in the fully adjusted model (48).

Subgroup analyses from the present study are consistent with these findings, suggesting that BMI may modulate the influence the prognostic effect of RVD. Specifically, RVD appeared to exert a greater risk of mortality among individuals with higher BMI. These findings underscore the intricate interactions among obesity, RV function, and clinical outcomes in HF.

The findings of this study support the potential utility of TyG-BMI as a prognostic biomarker in individuals with HF. TyG-BMI showed a U−/J-shaped association with all-cause mortality, with both the lowest and highest tertiles carrying a higher risk than the intermediate group, underscoring the importance of routine monitoring of BMI and nutritional status across the entire TyG-BMI spectrum in this population. Loss of appetite and unintentional weight loss, often associated with gastrointestinal edema, may precede overt HF decompensation. Thus, early nutritional assessment and intervention, combined with individualized risk stratification incorporating TyG-BMI, may enhance clinical outcomes. These findings highlight the complex interplay between metabolic derangements and HF progression.


Study limitations

Several limitations should be acknowledged when interpreting the findings of this study. First, the analysis was based on baseline data collected at the time of hospital admission; longitudinal measurements of metabolic or biomarker parameters were not available. Second, the lack of direct comparative data limited the ability to evaluate the TyG-BMI against other established surrogate markers of IR. Third, although consecutive enrolment and completeness of follow-up were high, all patients were recruited from a single center; thus, referral bias, regional lifestyle factors, and center-specific protocols could limit external validity, and the findings may not be generalisable to populations with different ethnic compositions, dietary patterns, or health-care infrastructures. In addition, although the sample size provided adequate statistical power, the relatively short follow-up duration may introduce further selection bias. Multi-center validation is therefore mandatory before TyG-BMI can be adopted as a routine risk-stratification tool, and future prospective, multicenter studies with extended follow-up are warranted to validate these results.




Conclusion

The TyG-BMI index may serve as a simple, clinically useful prognostic marker for risk stratification in HF patients. However, given the single-center design, multicentre validation is essential before clinical implementation. This study identified a significant non-linear association between TyG-BMI and adverse clinical outcomes, specifically all-cause mortality and HF-related rehospitalization, among individuals with HF, including those across the full spectrum of LVEF phenotypes. These associations persisted over long-term follow-up and consistent with previously reported findings. TyG-BMI may serve as a clinically relevant biomarker for risk stratification and therapeutic decision-making in HF management. However, its routine clinical application requires further validation through large-scale prospective studies aimed at evaluating its predictive accuracy and integration into established risk stratification algorithms.



Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics statement

The studies involving humans were approved by Fuwai Central China Cardiovascular Hospital. The studies were conducted in accordance with the local legislation and institutional requirements. The participants provided their written informed consent to participate in this study.



Author contributions

YS: Conceptualization, Methodology, Writing – original draft. CG: Conceptualization, Methodology, Writing – review & editing. YX: Data curation, Formal analysis, Writing – review & editing. FY: Formal analysis, Funding acquisition, Writing – review & editing.



Funding

The author(s) declare that financial support was received for the research and/or publication of this article. The publication of this article was supported by the Scientific Research Cultivation Program of Fuwai Central China Cardiovascular Hospitall (Grant No. FWKY240005).


Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Generative AI statement

The authors declare that no Gen AI was used in the creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this article has been generated by Frontiers with the support of artificial intelligence and reasonable efforts have been made to ensure accuracy, including review by the authors wherever possible. If you identify any issues, please contact us.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnut.2025.1688566/full#supplementary-material



References
	 1. Khan,MS, Shahid,I, Bennis,A, Rakisheva,A, Metra,M, and Butler,J. Global epidemiology of heart failure. Nat Rev Cardiol. (2024) 21:717–34. doi: 10.1038/s41569-024-01046-6 
	 2. Mann,DL, and Felker,GM. Mechanisms and models in heart failure: a translational approach. Circ Res. (2021) 128:1435–50. doi: 10.1161/CIRCRESAHA.121.318158 
	 3. Bezati,S, Velliou,M, Ventoulis,I, Simitsis,P, Parissis,J, and Polyzogopoulou,E. Infection as an under-recognized precipitant of acute heart failure: prognostic and therapeutic implications. Heart Fail Rev. (2023) 28:893–904. doi: 10.1007/s10741-023-10303-8 
	 4. China Cardiovascular Association Electrophysiology and Cardiac Function Branch of Chinese Society of Geriatrics China Heart Failure Center Expert Committee. Report of consortium of China heart failure centers (2022): Clinical performance and quality measures for adults with heart failure in China. Chin J Gen Pract. (2023) 22:557–68. doi: 10.3760/cma.j.cn121148-20220927-00700
	 5. Sapna,F, Raveena,F, Chandio,M, Bai,K, Sayyar,M, Varrassi,G , et al. Advancements in heart failure management: a comprehensive narrative review of emerging therapies. Cureus. (2023) 15:e46486. doi: 10.7759/cureus.46486 
	 6. Gudenkauf,B, Shaya,G, Mukherjee,M, Michos,ED, Madrazo,J, Mathews,L , et al. Insulin resistance is associated with subclinical myocardial dysfunction and reduced functional capacity in heart failure with preserved ejection fraction. J Cardiol. (2024) 83:100–4. doi: 10.1016/j.jjcc.2023.06.008 
	 7. Chandrasekaran,P, and Weiskirchen,R. Cellular and molecular mechanisms of insulin resistance. Curr Tissue Microenviron. (2024) 5:79–90. doi: 10.1007/s43152-024-00056-3
	 8. Erqou,S, Adler,AI, Challa,AA, Fonarow,GC, and Echouffo-Tcheugui,JB. Insulin resistance and incident heart failure: a meta-analysis. Eur J Heart Fail. (2022) 24:1139–41. doi: 10.1002/ejhf.2531 
	 9. Park,SY, Gautier,JF, and Chon,S. Assessment of insulin secretion and insulin resistance in human. Diabetes Metab J. (2021) 45:641–54. doi: 10.4093/dmj.2021.0220 
	 10. Tao,LC, Xu,JN, Wang,TT, Hua,F, and Li,JJ. Triglyceride-glucose index as a marker in cardiovascular diseases: landscape and limitations. Cardiovasc Diabetol. (2022) 21:68. doi: 10.1186/s12933-022-01511-x 
	 11. Chen,Y, Li,S, Yang,K, Wu,B, Xie,D, Peng,C , et al. Triglyceride-glucose index and prognosis in individuals afflicted with heart failure and chronic kidney disease. ESC Heart Fail. (2024) 11:3120–32. doi: 10.1002/ehf2.14898 
	 12. Li,S, Feng,L, Ding,J, Zhou,W, Yuan,T, and Mao,J. Triglyceride glucose-waist circumference: the optimum index to screen nonalcoholic fatty liver disease in non-obese adults. BMC Gastroenterol. (2023) 23:376. doi: 10.1186/s12876-023-03007-8 
	 13. Wei,X, Min,Y, Song,G, Ye,X, and Liu,L. Association between triglyceride-glucose related indices with the all-cause and cause-specific mortality among the population with metabolic syndrome. Cardiovasc Diabetol. (2024) 23:134. doi: 10.1186/s12933-024-02215-0 
	 14. Luo,C, Li,Q, Wang,Z, Duan,S, and Ma,Q. Association between triglyceride glucose-body mass index and all-cause mortality in critically ill patients with acute myocardial infarction: retrospective analysis of the MIMIC-IV database. Front Nutr. (2024) 11:1399969. doi: 10.3389/fnut.2024.1399969 
	 15. Zhou,Z, Liu,Q, Zheng,M, Zuo,Z, Zhang,G, Shi,R , et al. Comparative study on the predictive value of TG/HDL-C, TyG and TyG-BMI indices for 5-year mortality in critically ill patients with chronic heart failure: a retrospective study. Cardiovasc Diabetol. (2024) 23:213. doi: 10.1186/s12933-024-02308-w 
	 16. Huang,Y, Li,Z, and Yin,X. Long-term survival in stroke patients: insights into triglyceride-glucose body mass index from ICU data. Cardiovasc Diabetol. (2024) 23:137. doi: 10.1186/s12933-024-02231-0 
	 17. Huang,X, He,J, Wu,G, Peng,Z, Yang,B, and Ye,L. TyG-BMI and hypertension in Normoglycemia subjects in Japan: a cross-sectional study. Diab Vasc Dis Res. (2023) 20:14791641231173617. doi: 10.1177/14791641231173617 
	 18. Hu,Y, Zhao,Y, Zhang,J, and Li,C. The association between triglyceride glucose-body mass index and all-cause mortality in critically ill patients with atrial fibrillation: a retrospective study from MIMIC-IV database. Cardiovasc Diabetol. (2024) 23:64. doi: 10.1186/s12933-024-02153-x 
	 19. Cheng,Y, Fang,Z, Zhang,X, Wen,Y, Lu,J, He,S , et al. Association between triglyceride glucose-body mass index and cardiovascular outcomes in patients undergoing percutaneous coronary intervention: a retrospective study. Cardiovasc Diabetol. (2023) 22:75. doi: 10.1186/s12933-023-01794-8 
	 20. Dini,FL, Pugliese,NR, Ameri,P, Attanasio,U, Badagliacca,R, Correale,M , et al. Right ventricular failure in left heart disease: from pathophysiology to clinical manifestations and prognosis. Heart Fail Rev. (2023) 28:757–66. doi: 10.1007/s10741-022-10282-2 
	 21. Zhou,Y, Xie,Y, Dong,J, and He,K. Associations between metabolic overweight/obesity phenotypes and mortality risk among patients with chronic heart failure. Front Endocrinol. (2024) 15:1445395. doi: 10.3389/fendo.2024.1445395 
	 22. Houston,BA, Brittain,EL, and Tedford,RJ. Right ventricular failure. N Engl J Med. (2023) 388:1111–25. doi: 10.1056/NEJMra2207410 
	 23. Maniscalco,M, Arciello,A, Zedda,A, Faraone,S, Verde,R, Giardiello,C , et al. Right ventricular performance in severe obesity. Effect of weight loss. Eur J Clin Investig. (2007) 37:270–5. doi: 10.1111/j.1365-2362.2007.01783.x 
	 24. Heart Failure Group of Chinese Society of Cardiology of Chinese Medical Association Chinese Heart Failure Association of Chinese Medical Doctor Association Editorial Board of Chinese Journal of Cardiology. Chinese guidelines for the diagnosis and treatment of heart failure 2018. Chin J Cardiol. (2018) 46:760–89. doi: 10.3760/cma.j.issn.0253-3758.2018.10.004
	 25. Guo,W, Zhao,L, Mo,F, Peng,C, Li,L, Xu,Y , et al. The prognostic value of the triglyceride glucose index in patients with chronic heart failure and type 2 diabetes: a retrospective cohort study. Diabetes Res Clin Pract. (2021) 177:108786. doi: 10.1016/j.diabres.2021.108786 
	 26. Enomoto,D, Yamamoto,K, Matsumoto,Y, Morioka,A, Omura,T, Komatsu,S , et al. ALBI grade is a predictive factor of Lenvatinib treatment discontinuation due to adverse events in hepatocellular carcinoma. Anticancer Res. (2023) 43:1317–23. doi: 10.21873/anticanres.16279 
	 27. Su,X, Zhao,C, and Zhang,X. Association between METS-IR and heart failure: a cross-sectional study. Front Endocrinol. (2024) 15:1416462. doi: 10.3389/fendo.2024.1416462 
	 28. Fazio,S, Mercurio,V, Tibullo,L, Fazio,V, and Affuso,F. Insulin resistance/hyperinsulinemia: an important cardiovascular risk factor that has long been underestimated. Front Cardiovasc Med. (2024) 11:1380506. doi: 10.3389/fcvm.2024.1380506 
	 29. Zheng,L, Li,B, Lin,S, Chen,L, and Li,H. Role and mechanism of cardiac insulin resistance in occurrence of heart failure caused by myocardial hypertrophy. Aging. (2019) 11:6584–90. doi: 10.18632/aging.102212 
	 30. Dunlay,SM, Givertz,MM, Aguilar,D, Allen,LA, Chan,M, Desai,AS , et al. Type 2 diabetes mellitus and heart failure: a scientific statement from the American Heart Association and the Heart Failure Society of America: this statement does not represent an update of the 2017 ACC/AHA/HFSA heart failure guideline update. Circulation. (2019) 140:e294–324. doi: 10.1161/CIR.0000000000000691 
	 31. Fu,F, Zhao,K, Li,J, Xu,J, Zhang,Y, Liu,C , et al. Direct evidence that myocardial insulin resistance following myocardial ischemia contributes to post-ischemic heart failure. Sci Rep. (2015) 5:17927. doi: 10.1038/srep17927 
	 32. Jones,NR, Ordóñez-Mena,JM, Roalfe,AK, Taylor,KS, Goyder,CR, Hobbs,FR , et al. Body mass index and survival in people with heart failure. Heart. (2023) 109:1542–9. doi: 10.1136/heartjnl-2023-322459 
	 33. Cui,DY, Zhang,C, Chen,Y, Qian,GZ, Zheng,WX, Zhang,ZH , et al. Associations between non-insulin-based insulin resistance indices and heart failure prevalence in overweight/obesity adults without diabetes mellitus: evidence from the NHANES 2001-2018. Lipids Health Dis. (2024) 23:123. doi: 10.1186/s12944-024-02114-z 
	 34. Wang,X, Liu,J, Cheng,Z, Zhong,Y, Chen,X, and Song,W. Triglyceride glucose-body mass index and the risk of diabetes: a general population-based cohort study. Lipids Health Dis. (2021) 20:99. doi: 10.1186/s12944-021-01532-7 
	 35. Tong,Y, Xu,S, Huang,L, and Chen,C. Obesity and insulin resistance: pathophysiology and treatment. Drug Discov Today. (2022) 27:822–30. doi: 10.1016/j.drudis.2021.11.001 
	 36. Donataccio,MP, Vanzo,A, and Bosello,O. Obesity paradox and heart failure. Eat Weight Disord. (2021) 26:1697–707. doi: 10.1007/s40519-020-00982-9
	 37. Horwich,TB, Fonarow,GC, and Clark,AL. Obesity and the obesity paradox in heart failure. Prog Cardiovasc Dis. (2018) 61:151–6. doi: 10.1016/j.pcad.2018.05.005 
	 38. Haass,M, Kitzman,DW, Anand,IS, Miller,A, Zile,MR, Massie,BM , et al. Body mass index and adverse cardiovascular outcomes in heart failure patients with preserved ejection fraction: results from the Irbesartan in heart failure with preserved ejection fraction (I-PRESERVE) trial. Circ Heart Fail. (2011) 4:324–31. doi: 10.1161/CIRCHEARTFAILURE.110.959890 
	 39. Fonarow,GC, Srikanthan,P, Costanzo,MR, Cintron,GB, and Lopatin,M, ADHERE Scientific Advisory Committee and Investigators. An obesity paradox in acute heart failure: analysis of body mass index and inhospital mortality for 108, 927 patients in the acute decompensated heart failure national registry. Am Heart J. (2007) 153:74–81. doi: 10.1016/j.ahj.2006.09.007 
	 40. Sharma,A, Lavie,CJ, Borer,JS, Vallakati,A, Goel,S, Lopez-Jimenez,F , et al. Meta-analysis of the relation of body mass index to all-cause and cardiovascular mortality and hospitalization in patients with chronic heart failure. Am J Cardiol. (2015) 115:1428–34. doi: 10.1016/j.amjcard.2015.02.024 
	 41. Carbone,S, Canada,JM, Billingsley,HE, Siddiqui,MS, Elagizi,A, and Lavie,CJ. Obesity paradox in cardiovascular disease: where do we stand? Vasc Health Risk Manag. (2019) 15:89–100. doi: 10.2147/VHRM.S168946 
	 42. Alebna,PL, Mehta,A, Yehya,A, da Silva-deAbreu,A, Lavie,CJ, and Carbone,S. Update on obesity, the obesity paradox, and obesity management in heart failure. Prog Cardiovasc Dis. (2024) 82:34–42. doi: 10.1016/j.pcad.2024.01.003 
	 43. Rolski,F, Tkacz,K, Węglarczyk,K, Kwiatkowski,G, Pelczar,P, Jaźwa-Kusior,A , et al. TNF-α protects from exacerbated myocarditis and cardiac death by suppressing expansion of activated heart-reactive CD4+ T cells. Cardiovasc Res. (2024) 120:82–94. doi: 10.1093/cvr/cvad158 
	 44. Mazgaeen,L, and Gurung,P. Recent advances in lipopolysaccharide recognition systems. Int J Mol Sci. (2020) 21:379. doi: 10.3390/ijms21020379 
	 45. Ricci,MA, De Vuono,S, Pucci,G, Di Filippo,F, Berisha,S, Gentili,A , et al. Determinants of low levels of brain natriuretic peptide in morbid obesity. Clin Nutr. (2017) 36:1075–81. doi: 10.1016/j.clnu.2016.06.024 
	 46. Haruki,K, Suzuki,A, Yoshida,A, Ashihara,K, Yamaguchi,J, and Shiga,T. Persistently low tricuspid annular plane systolic excursion and its prognosis in Japanese hospitalized patients with heart failure with reduced ejection fraction. Heart Vessel. (2024) 40:391–404. doi:10.1007/s00380-024-02481-8
	 47. Ma,JI, Zern,EK, Parekh,JK, Owunna,N, Jiang,N, Wang,D , et al. Obesity modifies clinical outcomes of right ventricular dysfunction after heart failure hospitalization. Circ Heart Fail. (2023) 16:e010524. doi: 10.1161/CIRCHEARTFAILURE.123.010524
	 48. Wu,Y, Li,T, Zhang,Y, Wu,C, Zheng,X, Zhang,J , et al. Optimal obesity and lipid-related predictors of diabetes mellitus in middle-aged and elderly patients with liver disease in China: a CHARLS cross-sectional study. Diabetol Int. (2025) 16:834–43. doi: 10.1007/s13340-025-00851-9 



Glossary


	HF

	
heart failure


	CHF

	
chronic heart failure


	HFpEF

	
heart failure with preserved ejection fraction


	HFrEF

	
heart failure with reduced ejection fraction


	HFmrEF

	
heart failure with mildly reduced ejection fraction


	TyG-BMI

	
triglyceride-glucose-body mass index


	RVD

	
right ventricular dysfunction


	LVEF

	
left ventricular ejection fraction


	TAPSE

	
tricuspid annular plane systolic excursion


	sPAP

	
systolic pulmonary artery pressure


	NT-proBNP

	
N-terminal pro-B-type natriuretic peptide


	BMI

	
body mass index


	HR

	
hazard ratio


	CI

	
confidence interval


	NYHA

	
New York Heart Association


	eGFR

	
estimated glomerular filtration rate


	COPD

	
chronic obstructive pulmonary disease


	AF

	
trial fibrillation


	DM

	
diabetes mellitus


	CHD

	
coronary heart disease


	TC

	
Total cholesterol


	LDL-C

	
low-density lipoprotein cholesterol


	HDL-C

	
high-density lipoprotein cholesterol


	CRP

	
C-reactive protein


	HbA1c

	
glycated hemoglobin


	SGLT-2i

	
sodium–glucose cotransporter-2 inhibitor


	MRA

	
mineralocorticoid receptor antagonist


	ARNI

	
angiotensin receptor–neprilysin inhibitor
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