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Association between triglyceride glucose-body mass index and long-term adverse outcomes of heart failure patients with coronary heart disease
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Abstract
Background
The triglyceride glucose-body mass index (TyG-BMI) is recognized as a reliable surrogate for evaluating insulin resistance and an effective predictor of cardiovascular disease. However, the link between TyG-BMI index and adverse outcomes in heart failure (HF) patients remains unclear. This study examines the correlation of the TyG-BMI index with long-term adverse outcomes in HF patients with coronary heart disease (CHD).

Methods
This single-center, prospective cohort study included 823 HF patients with CHD. The TyG-BMI index was calculated as follows: ln [fasting triglyceride (mg/dL) × fasting blood glucose (mg/dL)/2] × BMI. To explore the association between the TyG-BMI index and the occurrences of all-cause mortality and HF rehospitalization, we utilized multivariate Cox regression models and restricted cubic splines with threshold analysis.

Results
Over a follow-up period of 9.4 years, 425 patients died, and 484 were rehospitalized due to HF. Threshold analysis revealed a significant reverse “J”-shaped relationship between the TyG-BMI index and all-cause mortality, indicating a decreased risk of all-cause mortality with higher TyG-BMI index values below 240.0 (adjusted model: HR 0.90, 95% CI 0.86–0.93; Log-likelihood ratio p = 0.003). A distinct “U”-shaped nonlinear relationship was observed with HF rehospitalization, with the inflection point at 228.56 (adjusted model: below: HR 0.95, 95% CI 0.91–0.98; above: HR 1.08, 95% CI 1.03–1.13; Log-likelihood ratio p < 0.001).

Conclusions
This study reveals a nonlinear association between the TyG-BMI index and both all-cause mortality and HF rehospitalization in HF patients with CHD, positioning the TyG-BMI index as a significant prognostic marker in this population.
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Introduction
Heart failure (HF) presents a global challenge, adversely affecting quality of life, causing life-threatening syndromes, and imposing a substantial healthcare burden [1]. Despite earlier prevention efforts and more precise therapies, the prevalence of HF continues to rise, paralleling the aging of the population [2]. Consequently, it becomes imperative to delve deeper into early prognostic biomarkers for adverse outcomes in HF patients.
Insulin resistance (IR), characterized by diminished sensitivity and response to insulin action [3], significantly influences HF. IR precedes cardiac dysfunction in HF by tightly controlling glucose and fatty acid metabolism through insulin signaling in the heart, thereby accelerating HF progression [4]. Its close associations with obesity, diabetes, hypertension, and coronary heart disease (CHD) further implicate IR in HF development. Concurrently, HF patients may exhibit both systemic and cardiac IR [5]. This interplay warrants intensive investigation.
In the current absence of validated methods for accurately assessing IR, the triglyceride-glucose (TyG) index has emerged as an alternative marker [6]. The TyG index, which is based on fasting triglyceride (FTG) and glucose levels [6], has been recognized as a more reliable marker for evaluating IR compared to the euglycemic-hyperinsulinaemic clamp test (The gold-standard for diagnosis of IR) [7] and the homeostasis model assessment-estimated insulin resistance (HOMA-IR) index [8, 9]. Additionally, its convenience and low cost make the TyG index a viable tool for all individuals, regardless of diabetes status, as it eliminates the need for insulin quantification [10]. Recent studies have indicated that TyG-related parameters, including TyG-waist circumference (WC), TyG-waist-to-height ratio (WtHR), and TyG-body mass index (BMI), are particularly valuable in assessing IR [11, 12], with the TyG-BMI index being of notable importance [13]. TyG-BMI index was found to have similar effects with HOMA-IR index for IR assessment in Korean adults [13] and Chinese nondiabetic individuals [11]. Moreover, TyG-BMI index was considered to be an effective index to predict diabetes in the impaired fasting glucose patients than TyG-WC and TyG-WtHR [14]. In addition, considering the close association between IR and obesity [15], the combination of obesity (as defined by BMI) and TyG index can better identify IR than other surrogate markers. Because of the impact of obesity and IR on HF, this combination can also present new insights into the relationship between adverse outcomes and HF.
The prognostic value of the TyG-BMI index in relation to adverse cardiovascular (CV) outcomes, especially all-cause mortality [16, 17],has been corroborated by several studies [16–19]. One cross-sectional study found that TyG-BMI index was negatively correlated with early-onset HF in patients with ST-elevation myocardial infarction who underwent primary percutaneous coronary intervention (PCI) [20]. Dou et al. [21] were the first to report the negative impact of the TyG-BMI index on 360-day all-cause mortality in HF patients. However, there remains a gap in cohort studies exploring the prognostic utility of the TyG-BMI index for long-term adverse outcomes, including all-cause mortality and HF rehospitalization, across all ejection fraction (EF) phenotypes in HF patients. Our study aims to evaluate the association of the TyG-BMI index with long-term adverse outcomes in hospitalized HF patients with CHD.

Methods
Study population
This prospective cohort study included consecutive patients with HF recruited from the Department of Cardiology at the Chinese PLA General Hospital in Beijing, China, between October 2010 and September 2014. Eligibility required a diagnosis of HF based on the European Society of Cardiology guidelines [22]. Patients were classified into three categories: HF with reduced ejection fraction (HFrEF), HF with mid-range ejection fraction (HFmrEF), and HF with preserved ejection fraction (HFpEF). The exclusion criteria were: (1) presence of diseases such as moderate or severe valvular heart disease, severe pulmonary hypertension, arrhythmogenic right ventricular dysplasia, congenital heart disease, right ventricular infarction, pericardial disease, or specific cardiomyopathies; (2) a life expectancy of less than one year; (3) absence of key variables. After excluding three patients due to missing key variables and 31 lost to follow-up, a total of 823 patients were ultimately available for long-term analysis, comprising 230 HFrEF, 271 HFmrEF, and 322 HFpEF patients. The missed follow-up rate was 3.6%. The study’s protocol received approval from the ethics committee of the Chinese PLA General Hospital, and all participants provided written informed consent at the initial visit.

TyG-BMI index
FTG and blood glucose (FBG) levels were obtained from electronic medical records at admission. Blood samples were taken for the measurement of triglyceride (TG) and glucose levels under fasting conditions. The TyG-BMI index was calculated as follows: BMI = weight (kg)/height (m2); [image: $$\text{T}\text{y}\text{G} \text{i}\text{n}\text{d}\text{e}\text{x} =\text{l}\text{n}\left(\frac{\text{f}\text{a}\text{s}\text{t}\text{i}\text{n}\text{g} \text{t}\text{r}\text{i}\text{g}\text{l}\text{y}\text{c}\text{e}\text{r}\text{i}\text{d}\text{e} \left(\text{m}\text{g}/\text{d}\text{L}\right)\times \text{f}\text{a}\text{s}\text{t}\text{i}\text{n}\text{g} \text{g}\text{l}\text{u}\text{c}\text{o}\text{s}\text{e} (\text{m}\text{g}/\text{d}\text{L})}{2}\right)$$] [6]; TyG-BMI index = TyG index×BMI.

Clinical variables
Clinical characteristics, medical therapy at discharge, and biochemical parameters were collected from medical records. Laboratory indices were determined using standard institutional laboratory measurements at the Chinese PLA General Hospital. All measurements were carried out by personnel blinded to the patients’ baseline characteristics and clinical outcomes.
Atrial fibrillation (AF), chronic obstructive pulmonary disease (COPD), and ischemic stroke during admission were identified based on diagnoses in medical records. CHD was defined as having ≥ 50% stenosis in at least one coronary artery, as determined by coronary arteriography. Hypertension was characterized as having a systolic blood pressure (SBP) ≥ 140 mmHg, diastolic blood pressure (DBP) ≥ 90 mmHg, or being on antihypertensive medication. Diabetes mellitus (DM) was diagnosed based on medical records or positive laboratory test results, specifically Hemoglobin A1c (HbA1c) levels ≥ 6.5%. Chronic kidney disease (CKD) was defined as an estimated glomerular filtration rate (eGFR) of < 60 mL/min/1.73 m2.

Echocardiographic measurements
Two-dimensional color, pulsed-wave, and continuous-wave Doppler echocardiogram (IE33 echocardiography system, Royal Philips Electronics, Amsterdam, The Netherlands) was performed in our study. All subjects underwent echocardiographic measurements by trained and certified sonographers from the Cardiology Department of the Chinese PLA General Hospital according to the guidelines issued by the American Society of Echocardiography [23]. Left atrium dimension (LAD), left ventricular posterior wall thickness (LVPWT), left ventricular end-diastolic dimension (LVEDD), interventricular septum thickness (IVST), left ventricular end-systolic diameter (LVESD), right ventricular diameter (RVD), right atrial diameter (RAD), right ventricular free wall (RVFW), and inferior vena cava (IVC) were measured manually. Left ventricular ejection fraction (LVEF), left ventricular end-diastolic volume (LVEDV), left ventricular end-systolic volume (LVESV), left ventricular fraction shortening (LVFS), early (E) mitral inflow peak/atrial (A) filling peak ratio (E/A), maximum tricuspid regurgitation velocity (TRV max), maximum aortic valve velocity (AVV max), and pulmonary artery pressure (PAP) were measured automatically.
We estimated the left ventricular mass using the formula recommended in the guidelines and then normalized to the left ventricular mass index (LVMI) according to the body surface area (calculated using the formula of Stevenson). The left atrial volume was calculated using the estimated ellipsoid method [24], and then normalized to the left atrial volume index (LAVI) via the above method. LVEF was measured using the modified Simpson’s method in the apical four- and two-chamber views.

Outcomes and follow-up
The primary outcomes were all-cause mortality and HF rehospitalization, monitored through biennial telephone interviews. All-cause mortality were mortality from all causes, including CV causes (refractory HF, arrhythmia, acute myocardial infarction, cerebrovascular accident) and non-CV death (neoplasia, infection, inflammation, renal failure, multiple organ failure, aortic aneurism, vascular surgery, immune system diseases, and others). These interviews were conducted with participants or their proxies to collect information on any hospitalizations or deaths that occurred during the interval, with the latest follow-up deadline being March 2023. Patients without recorded events by this date were considered right-censored in the analysis.

Statistical analysis
Continuous variables were described as mean ± standard deviation (SD) or median with interquartile range (IQR), depending on the distribution; categorical variables were presented as counts and percentages. We used the Kruskal–Wallis and χ2 tests for descriptive analysis.
In survival analysis, we employed univariate Kaplan–Meier and multivariate Cox regression models to investigate the relationship between the TyG-BMI index and long-term adverse outcomes. We compared Kaplan–Meier curves using the log-rank test. The TyG-BMI index was treated as a categorical variable in the multivariate Cox model. This model adjusted for factors including age, gender, smoking, SBP, heart rate, DM, hypertension, history of myocardial infarction, prior PCI/coronary artery bypass grafting (CABG), stroke, CKD, anemia, COPD, AF, LVEF, and medications such as statins, beta blockers, angiotensin-converting enzyme inhibitors (ACE-I)/angiotensin II receptor blockers (ARBs), diuretics, spironolactone, digoxin, and calcium channel blockers. Additional adjustments were made for creatinine, total cholesterol (TC), low-density lipoprotein cholesterol (LDL-C), N-terminal pro-brain natriuretic peptide (NT-proBNP), and high-sensitivity cardiac troponin T (hs-TnT). Variables like age, SBP, heart rate, LVEF, creatinine, TC, LDL-C, NT-proBNP, and hs-TnT were log-transformed in this model. We assessed the nonlinear relationship between the TyG-BMI index (as a continuous variable) and adverse outcomes using restricted cubic splines (RCS). RCS defined a threshold value for a segmented fit of outcomes in the Cox regression model.
All statistical analyses were performed using R version 4.1.2 (The R Project for Statistical Computing, Vienna, Austria). We considered a two-tailed p-value of less than 0.05 as statistically significant.


Results
Baseline characteristics
Table 1 displays the baseline characteristics of the 823 HF patients with CHD, categorized according to their TyG-BMI index levels. The median age was 68.0 years, with an interquartile range of 56.0–77.0 years. The TyG-BMI index varied from 114.0 to 386.68, with an average value of 222.5 and a standard deviation of 40.5. Patients with higher TyG-BMI index levels were typically younger and demonstrated elevated BMI, DBP, glucose, HbA1c, TC, TG, and TyG index values. A greater prevalence of male patients, current smokers, and DM was noted in this subgroup. In contrast, these patients had reduced high-density lipoprotein cholesterol (HDL-C) and NT-proBNP levels, along with a lower incidence of COPD. Additionally, notable statistical differences were observed in echocardiographic measurements among the three groups. These measurements included LAD, LVPWT, LVEDD, IVST, LVESD, LVEDV, LVESV, RVFW, IVC, TRV max, and PAP.
Table 1Baseline characteristics of study patients according to status of TyG-BMI index


	Baseline characteristics
	Total
(n = 823)
	Low TyG-BMI index
(n = 274)
	Medium TyG-BMI index
(n = 275)
	High TyG-BMI index
(n = 274)
	p-value

	Age, median (IQR), years
	68.0 (56.0–77.0)
	73.0 (65.0–81.0)
	68.0 (56.0–76.0)
	62.0 (52.0–73.0)
	< 0.001

	Male, n (%)
	578 (70.2%)
	178 (65.0%)
	197 (69.0%)
	203 (74.1%)
	0.012

	Current smokers, n (%)
	218 (26.5%)
	60 (21.9%)
	67 (24.4%)
	91 (33.2%)
	0.003

	Body mass index, mean (SD), kg/m²
	24.9 ± 3.6
	21.9 ± 2.8
	25.1 ± 2.1
	27.9 ± 3.1
	< 0.001

	Systolic blood pressure, median (IQR), mm Hg
	131.0 (118.0–147.0)
	129.0 (114.0–145.0)
	130.0 (120.0–147.0)
	134.0 (120.0–150.0)
	0.063

	Diastolic blood pressure, median (IQR), mm Hg
	72.0 (64.0–80.0)
	70.0 (61.0–80.0)
	72.0 (65.0–80.0)
	75.0 (68.0–84.0)
	< 0.001

	Heart rate, median (IQR), bpm
	74.0 (66.0–84.0)
	73.0 (65.0–84.0)
	73.0 (67.0–82.0)
	75.0 (68.0–84.0)
	0.488

	NYHA-FC, n (%)
	 	 	 	 	0.389

	I/II
	522 (63.4%)
	169 (61.7%)
	188 (68.4%)
	165 (60.2%)
	 
	III
	212 (25.8%)
	72 (26.3%)
	64 (23.3%)
	76 (27.6%)
	 
	IV
	89 (10.8%)
	37 (13.5%)
	24 (8.7%)
	28 (10.2%)
	 
	Medical history
	 	 	 	 	 
	Diabetes mellitus, n (%)
	328 (39.9%)
	79 (28.8%)
	104 (37.8%)
	145 (52.9%)
	< 0.001

	Hypertension, n (%)
	556 (67.6%)
	181 (66.1%)
	183 (66.5%)
	192 (70.1%)
	0.253

	Previous myocardial infarction, n (%)
	272 (33.1%)
	92 (33.6%)
	95 (34.5%)
	85 (31.0%)
	0.799

	Previous PCI/CABG, n (%)
	343 (41.7%)
	107 (39.1%)
	123 (44.7%)
	113 (41.2%)
	0.346

	Stroke, n (%)
	109 (13.2%)
	46 (16.8%)
	31 (11.3%)
	32 (11.7%)
	0.133

	Chronic kidney disease, n (%)
	131 (15.9%)
	47 (17.2%)
	45 (16.4%)
	39 (14.2%)
	0.727

	Anemia, n (%)
	63 (7.7%)
	26 (9.5%)
	20 (7.3%)
	17 (6.2%)
	0.391

	Chronic obstructive pulmonary disease, n (%)
	83 (10.1%)
	41 (15.0%)
	24 (8.7%)
	18 (6.6%)
	0.005

	Atrial fibrillation, n (%)
	122 (14.8%)
	48 (17.5%)
	39 (14.2%)
	35 (12.8%)
	0.347

	Echocardiography
	 	 	 	 	 
	Left ventricular ejection fraction, median (IQR), %
	46.0 (40.0–55.0)
	46.0 (38.0–56.0)
	45.0 (40.0–55.0)
	45.0 (41.0–55.0)
	0.922

	LAD, median (IQR), mm
	39.0 (35.0–43.0)
	38.0 (34.0–41.0)
	39.0 (35.0–42.0)
	40.0 (36.0–43.0)
	< 0.001

	LVPWT, median (IQR), mm
	10.0 (10.0–11.0)
	10.0 (9.0–11.0)
	11.0 (10.0–11.0)
	11.0 (10.0–11.0)
	< 0.001

	LVEDD, median (IQR), mm
	49.0 (45.0–54.0)
	48.0 (44.0–53.0)
	48.0 (45.0–53.0)
	51.0 (46.0–57.0)
	0.001

	IVST, median (IQR), mm
	11.0 (10.0–12.0)
	11.0 (10.0–12.0)
	11.0 (10.0–12.0)
	11.0 (10.0–12.0)
	0.011

	LVMI, median (IQR), g/m2
	108.2 (92.7–130.0)
	109.2 (94.4–130.9)
	108.0 (91.9–129.3)
	107.6 (92.5–129.8)
	0.589

	LAVI, median (IQR), mL/m2
	46.7 (36.2–60.0)
	47.1 (37.0–63.1)
	46.6 (35.5–60.3)
	46.1 (37.1–57.8)
	0.510

	LVESD, median (IQR), mm
	36.0 (32.0–41.0)
	36.0 (31.0–41.0)
	35.0 (31.0–40.8)
	37.0 (32.0–43.0)
	0.031

	LVEDV, median (IQR), mm
	112.0 (90.0–141.0)
	108.0 (85.0–139.3)
	109.5 (88.8–133.3)
	120.0 (97.0–153.0)
	0.002

	LVESV, median (IQR), mm
	58.0 (41.0–82.0)
	56.0 (38.0–84.0)
	55.0 (41.0–78.3)
	61.5 (45.3–85.0)
	0.028

	LVFS, median (IQR), mm
	26.0 (21.0–30.0)
	27.0 (20.0–30.0)
	26.0 (21.0–30.0)
	26.0 (21.0–30.0)
	0.941

	RVD, median (IQR), mm
	35.0 (32.0–38.0)
	34.0 (31.0–37.0)
	35.0 (32.0–38.0)
	35.0 (32.0–38.0)
	0.233

	RAD, median (IQR), mm
	35.0 (32.0–38.0)
	34.0 (31.0–38.0)
	35.0 (32.0–38.0)
	34.0 (32.0–37.0)
	0.870

	RVFW, median (IQR), mm
	6.0 (5.0–6.0)
	5.0 (5.0–6.0)
	6.0 (5.0–6.0)
	6.0 (5.0–6.0)
	0.001

	IVC, median (IQR), mm
	15.0 (14.0–17.0)
	15.0 (14.0–17.0)
	15.0 (14.0–16.0)
	15.0 (14.0–17.0)
	0.013

	E/A, median (IQR)
	0.8 (0.6–1.3)
	0.8 (0.6–1.3)
	0.8 (0.6–1.3)
	0.8 (0.6–1.3)
	0.388

	TRV max, median (IQR), m/s
	2.3 (2.1–2.7)
	2.4 (2.1–2.9)
	2.3 (2.1–2.6)
	2.3 (2.1–2.6)
	0.005

	AVV max, median (IQR), m/s
	1.2 (1.0–1.4)
	1.2 (1.0–1.5)
	1.2 (1.0–1.4)
	1.2 (1.0–1.4)
	0.938

	PAP, median (IQR), mm Hg
	29.0 (23.0–36.0)
	30.0 (25.0–39.0)
	29.0 (23.0–35.0)
	28.0 (21.0–34.0)
	< 0.001

	Medication
	 	 	 	 	 
	Statin, n (%)
	749 (91.1%)
	247 (90.1%)
	252 (91.6%)
	250 (91.2%)
	0.228

	Beta blocker, n (%)
	635 (77.3%)
	204 (74.5%)
	215 (78.2%)
	216 (78.8%)
	0.141

	ACE-I/ARB, n (%)
	408 (49.6%)
	124 (45.3%)
	143 (52.0%)
	141 (51.5%)
	0.119

	Diuretic, n (%)
	309 (37.5%)
	111 (40.5%)
	101 (36.7%)
	97 (35.4%)
	0.597

	Spironolactone, n (%)
	349 (42.4%)
	127 (46.4%)
	107 (38.9%)
	115 (42.0%)
	0.255

	Digoxin, n (%)
	130 (15.8%)
	52 (19.0%)
	36 (13.1%)
	42 (15.3%)
	0.181

	Calcium channel blocker, n (%)
	234 (28.5%)
	74 (27.0%)
	78 (28.4%)
	82 (29.9%)
	0.604

	Laboratory indicators
	 	 	 	 	 
	Creatinine, median (IQR), mg/dL
	0.9 (0.8–1.2)
	0.9 (0.8–1.2)
	0.9 (0.8–1.1)
	0.9 (0.8–1.2)
	0.801

	Glucose, median (IQR), mmol/L
	6.4 (5.1–8.6)
	6.3 (5.2–8.5)
	6.3 (5.2–8.5)
	6.4 (5.1–8.8)
	< 0.001

	HbA1c, median (IQR), %
	6.2 (5.8–7.2)
	6.0 (5.6–6.6)
	6.1 (5.8–7.0)
	6.8 (6.0–7.9)
	< 0.001

	HDL-C, median (IQR), mmol/L
	1.0 (0.8–1.2)
	1.1 (0.9–1.3)
	1.0 (0.8–1.2)
	0.9 (0.8–1.1)
	< 0.001

	LDL-C, median (IQR), mmol/L
	2.2 (1.7–2.9)
	2.2 (1.7–2.7)
	2.2 (1.8–2.8)
	2.3 (1.7–3.1)
	0.092

	Total cholesterol, median (IQR), mmol/L
	3.8 (3.2–4.6)
	3.8 (3.2–4.4)
	3.7 (3.3–4.5)
	3.9 (3.3–4.8)
	0.037

	Triglycerides, median (IQR), mmol/L
	1.3 (0.9–1.8)
	0.9 (0.7–1.4)
	1.2 (1.0–1.7)
	1.7 (1.3–2.4)
	< 0.001

	NT-proBNP, median (IQR), pg/mL
	1,063.0 (354.5–1,896.5)
	1,503.5 (489.3–4,692.3)
	1,049.0 (335.8–2,866.3)
	865.0 (268.0–2,463.0)
	< 0.001

	hs-TnT, median (IQR), ng/L
	0.03 (0.01–0.11)
	0.03 (0.01–0.11)
	0.02 (0.01–0.11)
	0.03 (0.01–0.16)
	0.253

	TyG index, mean (SD)
	8.9 ± 0.7
	8.5 ± 0.6
	8.8 ± 0.5
	9.3 ± 0.7
	< 0.001

	TyG-BMI index, mean (SD)
	222.5 ± 40.5
	180.6 ± 20.5
	221.3 ± 8.3
	267.1 ± 26.4
	< 0.001


TyG-BMI index, triglyceride glucose-body mass index; IQR, Inter-quartile range; NYHA-FC, New York Heart Association functional class; PCI, Percutaneous coronary intervention; CABG, Coronary artery bypass grafting; LAD, Left atrium dimension; LVPWT, Left ventricular posterior wall thickness; LVEDD, Left ventricular end-diastolic dimension; IVST, Interventricular septum thickness; LVMI, Left ventricular mass index; LAVI, Left atrial volume index; LVESD, Left ventricular end systolic diameter; LVEDV, Left ventricular end-diastolic volume; LVESV, Left ventricular end-systolic volume; LVFS, Left ventricular fraction shortening; RVD, Right ventricular diameter; RAD, Right atrial diameter; RVFW, Right ventricular free wall; IVC, Inferior vena cava; E/A, early (E) mitral inflow peak/atrial (A) filling peak ratio; TRV, Tricuspid regurgitation velocity; AVV, Aortic valve velocity; PAP, Pulmonary artery pressure; IQR, Inter-quartile range; ACE-I, Angiotensin-converting enzyme inhibitor; ARB, Angiotensin II receptor blocker; HbA1c, Hemoglobin A1c; HDL-C, High-density lipoprotein cholesterol; LDL-C, Low-density lipoprotein cholesterol; NT-proBNP, N-terminal pro-brain natriuretic peptide, hs-TnT, high-sensitivity cardiac troponin T; TyG, triglyceride-glucose




Association between the TyG-BMI index and adverse outcomes
The median follow-up period was 9.4 years (range 8.7–10.5 years). During this time, 425 patients experienced all-cause mortality, and 484 patients underwent HF rehospitalization. Kaplan–Meier survival analysis, depicted in Fig. 1, illustrated the cumulative survival probabilities for both all-cause mortality and HF rehospitalization across three groups, categorized by their TyG-BMI index levels. The group with a higher TyG-BMI index demonstrated a significantly lower rate of all-cause mortality compared to those with a lower TyG-BMI index (p < 0.001). However, the rates of HF rehospitalization did not significantly differ among the groups (p = 0.23; Fig. 1).
[image: ]
Fig. 1Kaplan–Meier survival curves for adverse outcomes in all heart failure patients. Kaplan–Meier survival curves for (a) all-cause mortality and (b) HF rehospitalizition
 HF, heart failure


When the TyG-BMI index was included as a categorical variable in the multivariable Cox regression model, it facilitated the evaluation of its association with adverse outcomes. The results indicated potential nonlinear relationships between the TyG-BMI index and both all-cause mortality and HF rehospitalization (Table 2; Fig. 2).
Table 2Association between TyG-BMI index and adverse outcomes in heart failure patients


	Variables
	Total incidence
	Tertiles of TyG-BMI index
	p for trend

	Low TyG-BMI index
(114.04–205.79)
	Medium TyG-BMI index
(205.80–235.52)
	High TyG-BMI index
(235.78–386.68)

	All-cause mortality
	 	 	 	 	 
	Events/ sample size
	425/ 823
	167/ 274
	140/ 275
	118/ 274
	 
	Incidence per 1,000 PYs (95% CI)
	233.46 (212.29–256.74)
	268.28 (230.53–312.22)
	221.63 (187.80–261.57)
	208.37 (173.97–249.57)
	 
	Crude HR (95% CI)
	——
	1.43 (1.14–1.78)
	Ref.
	0.76 (0.60–0.98)
	< 0.001

	Model 1a: adjusted HR (95% CI)
	——
	1.14 (0.91–1.43)
	Ref
	0.91 (0.71–1.17)
	0.196

	Model 2b: adjusted HR (95% CI)
	——
	1.00 (0.79–1.26)
	Ref.
	0.93 (0.72–1.20)
	0.380

	Heart failure rehospitalization
	 	 	 	 	 
	Events/ sample size
	484/ 823
	173/ 274
	155/ 275
	156/ 274
	 
	Incidence per 1,000 PYs (95% CI)
	316.65 (289.66–346.15)
	322.94 (278.23–374.83)
	304.77 (260.37–356.73)
	322.17 (275.38–376.91)
	 
	Crude HR (95% CI)
	——
	1.20 (0.97–1.49)
	Ref.
	1.06 (0.85–1.32)
	0.237

	Model 1a: adjusted HR (95% CI)
	——
	1.16 (0.94–1.45)
	Ref.
	1.10 (1.02–1.37)
	0.175

	Model 2b: adjusted HR (95% CI)
	——
	1.12 (0.90–1.40)
	Ref.
	1.14 (0.91–1.43)
	0.254


a Model 1 adjusted for age, gender
b Model 2 adjusted for age, gender, smoking, SBP, heart rate, diabetes mellitus, hypertension, previous myocardial infarction, previous PCI/CABG, stroke, chronic kidney disease, anemia, COPD, atrial fibrillation, LVEF, statin, beta blocker, ACE-I/ARB, diuretic, spironolactone, digoxin, calcium channel blocker, creatinine, TC, LDL-C, NT-proBNP, hs-TnT
PY, person-year; HR, hazard ratio; CI, confidence interval; TyG-BMI index, triglyceride glucose-body mass index; SBP, systolic blood pressure; PCI, percutaneous coronary intervention; CABG, coronary artery bypass grafting; COPD, chronic obstructive pulmonary disease; LVEF, left ventricular ejection fraction; ACE-I, angiotensin-converting enzyme inhibitor; ARB, angiotensin II receptor blocker; TC, total cholesterol; LDL-C, low-density lipoprotein cholesterol; NT-proBNP, N-terminal pro-brain natriuretic peptide, hs-TnT, high-sensitivity cardiac troponin T



[image: ]
Fig. 2Association between TyG-BMI index and adverse outcomes using a restricted cubic spline (RCS) regression model and histogram. (a) all-cause mortality and (b) HF rehospitalizition. The model was adjusted for age, gender, smoking, SBP, heart rate, diabetes mellitus, hypertension, previous myocardial infarction, previous PCI/CABG, stroke, chronic kidney disease, anemia, COPD, atrial fibrillation, LVEF, statin, beta blocker, ACE-I/ARB, diuretic, spironolactone, digoxin, calcium channel blocker, creatinine, TC, LDL-C, NT-proBNP, hs-TnT. HR, hazard ratio; CI, confidence interval; TyG-BMI index, triglyceride glucose-body mass index; SBP, systolic blood pressure; PCI, percutaneous coronary intervention; CABG, coronary artery bypass grafting; COPD, chronic obstructive pulmonary disease; LVEF, left ventricular ejection fraction; ACE-I, angiotensin-converting enzyme inhibitor; ARB, angiotensin II receptor blocker; TC, total cholesterol; LDL-C, low-density lipoprotein cholesterol; NT-proBNP, N-terminal pro-brain natriuretic peptide, hs-TnT, high-sensitivity cardiac troponin T



Detection of nonlinear association of the TyG-BMI index with adverse outcomes
Cox proportional hazards regression models using RCS were employed to investigate the nonlinear association between the TyG-BMI index and adverse outcomes. The analysis revealed a significant reverse “J”-shaped relationship between the TyG-BMI index and all-cause mortality in the fully adjusted model (p for nonlinearity = 0.004; Fig. 3a). Additionally, the TyG-BMI index demonstrated a significant “U”-shaped nonlinear association with HF rehospitalization (p for nonlinearity = 0.002; Fig. 3b).
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Fig. 3The nonlinear association of TyG-BMI index with adverse outcomes in the fully adjusted model. The nonlinear association of TyG-BMI index (as a continuous variable) with (a) all-cause mortality and (b) HF rehospitalizition. Spline curves were adjusted for age, gender, smoking, SBP, heart rate, diabetes mellitus, hypertension, previous myocardial infarction, previous PCI/CABG, stroke, chronic kidney disease, anemia, COPD, atrial fibrillation, LVEF, statin, beta blocker, ACE-I/ARB, diuretic, spironolactone, digoxin, calcium channel blocker, creatinine, TC, LDL-C, NT-proBNP, hs-TnT. HR, hazard ratio; CI, confidence interval; TyG-BMI index, triglyceride glucose-body mass index; HF, heart failure; SBP, systolic blood pressure; PCI, percutaneous coronary intervention; CABG, coronary artery bypass grafting; COPD, chronic obstructive pulmonary disease; LVEF, left ventricular ejection fraction; ACE-I, angiotensin-converting enzyme inhibitor; ARB, angiotensin II receptor blocker; TC, total cholesterol; LDL-C, low-density lipoprotein cholesterol; NT-proBNP, N-terminal pro-brain natriuretic peptide, hs-TnT, high-sensitivity cardiac troponin T


Two-piecewise Cox proportional hazards regression models, with threshold-specific associations identified by RCS with three knots, were used. The results indicated a decrease in the risk of all-cause mortality with an increase in the TyG-BMI index up to a threshold of 240.0. Beyond this threshold, the relationship between the TyG-BMI index and all-cause mortality was not significant (TyG-BMI index < 240.0: per unit increase, HR 0.90, 95% CI 0.86–0.93; TyG-BMI index > 240.0: per unit increase, HR 1.03, 95% CI 0.97–1.10; Fig. 3a; Table 3). The inflection point for HF rehospitalization was identified at 228.56. An increased TyG-BMI index below this inflection point was associated with a decreased risk of HF rehospitalization. In contrast, above the inflection point, higher TyG-BMI index levels were positively associated with an increased risk of HF rehospitalization (TyG-BMI index < 228.56: per unit increase, HR 0.95, 95% CI 0.91–0.98; TyG-BMI index > 228.56: per unit increase, HR 1.08, 95% CI 1.03–1.13; Fig. 3b; Table 3).
Table 3Threshold effect analysis of TyG-BMI index on all-cause mortality and heart failure rehospitalization


	 	Crude HR (95% CI)
	Adjusted HRa (95% CI)

	All-cause mortality
	 	 
	Total
	0.93 (0.90–0.96)
	0.94 (0.91–0.97)

	Fitting by two-piecewise Cox regression model
	 	 
	Inflection point
	252.44
	240.00

	TyG-BMI index < inflection point (per unit)
	0.89 (0.86–0.92)
	0.90 (0.86–0.93)

	TyG-BMI index > inflection point (per unit)
	1.05 (0.99–1.12)
	1.03 (0.97–1.10)

	p for Log-likelihood ratio
	< 0.001
	0.003

	Heart failure rehospitalization
	 	 
	Total
	0.99 (0.97–1.02)
	1.01 (0.98–1.03)

	Fitting by two-piecewise Cox regression model
	 	 
	Inflection point
	244.56
	228.56

	TyG-BMI index < inflection point (per unit)
	0.96 (0.93–0.99)
	0.95 (0.91–0.98)

	TyG-BMI index > inflection point (per unit)
	1.17 (1.09–1.25)
	1.08 (1.03–1.13)

	p for Log-likelihood ratio
	< 0.001
	< 0.001


a Adjusted for age, gender, smoking, SBP, heart rate, diabetes mellitus, hypertension, previous myocardial infarction, previous PCI/CABG, stroke, chronic kidney disease, anemia, COPD, atrial fibrillation, LVEF, statin, beta blocker, ACE-I/ARB, diuretic, spironolactone, digoxin, calcium channel blocker, creatinine, TC, LDL-C, NT-proBNP, hs-TnT
HR, hazard ratio; CI, confidence interval; TyG-BMI index, triglyceride glucose-body mass index; SBP, systolic blood pressure; PCI, percutaneous coronary intervention; CABG, coronary artery bypass grafting; COPD, chronic obstructive pulmonary disease; LVEF, left ventricular ejection fraction; ACE-I, angiotensin-converting enzyme inhibitor; ARB, angiotensin II receptor blocker; TC, total cholesterol; LDL-C, low-density lipoprotein cholesterol; NT-proBNP, N-terminal pro-brain natriuretic peptide, hs-TnT, high-sensitivity cardiac troponin T




Subgroup analysis of the relationship between the TyG-BMI index and adverse outcomes
Our investigation focused on the nonlinear relationship between the TyG-BMI index and adverse outcomes in non-diabetic patients using the adjusted model. We identified a reverse “J”-shaped association (nonlinear p < 0.01; p for Log-likelihood ratio < 0.001; Figure S1c) and a “U”-shaped association (nonlinear p = 0.003; p for Log-likelihood ratio < 0.001; Figure S1d) independently for the TyG-BMI index with all-cause mortality and HF rehospitalization, respectively, in non-diabetic individuals. In contrast, among diabetic patients, a linear relationship was noted, showing increased TyG-BMI index correlating with decreased risk of all-cause mortality (nonlinear p = 0.452; Figure S1a). Nevertheless, in the diabetic subgroup, the TyG-BMI index did not demonstrate a significant association with HF rehospitalization (nonlinear p = 0.318; Figure S1b).
Furthermore, the appendix contains figures representing the separate relationships of the TyG index, BMI, FTG, and FBG with all-cause mortality and HF rehospitalization (Additional file, Figure S2, S3, S4, S5).


Discussion
In this study, we observed a significant nonlinear relationship between the baseline TyG-BMI index and adverse outcomes, which include all-cause mortality and HF rehospitalization, over an extended period in HF patients across all EF phenotypes with CHD. The threshold analysis identified a distinct inflection point in the TyG-BMI index’s association with adverse outcomes. Notably, the TyG-BMI index exhibited a significant reverse “J”-shaped relationship with all-cause mortality and a “U”-shaped association with HF rehospitalization. Our findings indicate that the TyG-BMI index is an independent and notable predictor of adverse outcomes in HF patients with CHD.
TyG-BMI index and adverse outcomes in HF patients
Before this study, a single cohort study using the MIMIC-IV database first confirmed a close correlation between the TyG-BMI index and all-cause mortality in HF patients [21]. This study observed that higher levels of the TyG-BMI index were significantly associated with a decreased risk of 360-day all-cause mortality [21]. In our research, which included HF patients across all phenotypes, we similarly found that an elevated TyG-BMI index was linked to a lower risk of all-cause mortality, particularly when the TyG-BMI index was below 240.0 in the adjusted model over a longer follow-up period. Additionally, our study identified a “U”-shaped association between the TyG-BMI index and HF rehospitalization, with an inflection point of 228.56 for HF rehospitalization (Table 3). This finding was reported for the first time in our study. Furthermore, the nonlinear association between the TyG-BMI index and adverse outcomes persisted in the non-diabetic subgroup, where the TyG-BMI index showed a “U”-shaped association with HF rehospitalization and a reverse “J”-shaped relationship with all-cause mortality. Conversely, in diabetic patients, a transition to a linear association between the TyG-BMI index and all-cause mortality was observed, suggesting that an increase in the TyG-BMI index was associated with a decreased risk of all-cause mortality. This finding aligns with previous research [21]. However, the association with HF rehospitalization in the diabetic subgroup was not significant (Figure S1). To date, no other studies have reported on the relationship between the TyG-BMI index and HF rehospitalization in diabetic HF patients. Further research is required to elucidate these findings.

Increased levels of TyG-BMI index and its potential mechanisms for HF rehospitalization risk
IR is closely associated with HF, independent of diabetes and other relevant metabolic diseases, for several reasons [25, 26]. Firstly, hyperinsulinemia leads to sodium retention [27], which increases myocardial mass and causes subclinical myocardial dysfunction, ultimately reducing cardiac output [28]. Secondly, hyperinsulinemia contributes to sympathetic nervous system activation [29], impairing cardiac innervations and exacerbating cardiac function decline in HF [30]. Additionally, IR is linked to an enhanced pressor effect of angiotensin II, promoting cardiomyocyte hypertrophy and collagen production [31, 32], leading to abnormal cardiac remodeling and dysfunction [33]. Conversely, HF may induce a state of IR [34] and hasten IR progression. Reduced arterial filling due to HF triggers norepinephrine release [35], impairing insulin sensitivity and glucose tolerance [36], thereby leading to subsequent IR. Moreover, HF alters glucose uptake in cardiac cells, favoring free fatty acid use, which results in metabolic dysfunction and subsequent IR [37, 38]. The biological mechanisms underlying rehospitalization in HF patients associated with an elevated TyG-BMI index, as a reliable surrogate for IR, can be elucidated by this interrelated cycle.

Lower levels of TyG-BMI index and its potential mechanisms for adverse outcomes
The observed inverse relationship between the TyG-BMI index and all-cause mortality in HF patients was presumably effected simultaneously by BMI and IR. IR is closely associated with obesity [39, 40]. More than 70% of obese population are IR [41], and overweight or obese individuals may better endure the impact of IR than low/normal weight individuals [42]. Obesity, a key component and common partner of IR, is protective in patients with established HF. Such phenomenon, known as “obesity paradox” (OP) [43], accounts for the negative relationship of TyG-BMI index with all-cause death in HF patients. This trend has been consistently reported across various cohort studies [44–48]. The OP may be explained by several mechanisms. First, chronic HF is often accompanied by a chronic catabolic state, leading to the loss of both fat and lean mass, which in turn results in a poorer prognosis [49]. A higher BMI might indicate better protection and sufficient physiological reserves to combat malnutrition-related inflammation [49]. Second, HF is linked to an anabolic overdrive that offers protection against potential adverse outcomes [26]. Additionally, anti-inflammatory adipose tissue produces soluble tumor necrosis factor-α receptors, mitigating the harmful proapoptotic effects of tumor necrosis factor-α on the myocardium, thus providing a cardioprotective effect [50]. Obesity is also associated with elevated levels of lipoproteins, which bind and neutralize lipopolysaccharides, agents responsible for the release of inflammatory cytokines [50]. Furthermore, lower NT-proBNP levels are observed in obese patients, indicative of a more favorable hemodynamic status characterized by increased blood volume and higher BP. This could potentially allow these patients to tolerate higher doses of cardioprotective medications [51]. Our study demonstrated a similar trend in NT-proBNP levels across different TyG-BMI index categories (Table 1).
IR itself may also benefit HF patients in all-cause death. Obese individuals with the lowest HOMA-IR values have the highest risk of CV mortality [52]. Considering the potential benefits of IR in obese people, the absence of IR in these individuals may deactivate the necessary internal self-defense mechanisms against obesity [52]. Moreover, the reduction of IR may result in potential organ damage [53], and the lack of IR defense mechanisms has possibly been implicated in an increased CV death risk [54]. Like various longevity-promoting interventions, impaired insulin/insulin-like growth factor-1 signaling can serve as molecular signals to exert downstream effects to ultimately induce endogenous defense mechanisms like elevated antioxidant defense capacities culminating in increased stress resistance and longevity [55]. Therefore, while IR is associated with harmful effects, it is also an evolutionary protective mechanism against some dangerous threat to life homeostasis [53]. This protective mechanism of IR may explain the too low TyG-BMI index levels were associated with the lowest survival rates and an increased risk of HF rehospitalization.

Better predictive performance of TyG-BMI index compared to separate indicators
Previous research indicated that low FTG levels was a predictive biomarker for cardiac mortality in HF patients [56], and extremely low levels of TG are associated with adverse health outcomes [57]. Figure S4 represented a negative correlation between FTG and all-cause mortality and HF rehospitalization in the adjusted model. Similarly, hypoglycemia may trigger adverse CV events [58]. In this study, significant linear association was found between FBG and rehospitalization of HF, while no association was observed between FBG and all-cause death (Additional file, Figure S5). Using FBG or FTG levels alone to predict adverse outcomes may not be sensitive and comprehensive enough. The TyG index, a combination of these two indicators, still has limited predictive performance in our study. Some cohort studies have shown a nonlinear relationship between the TyG index and the risk of HF rehospitalization [59, 60]. Our study observed a similar trend (Additional file, Figure S3b). Prior research has indicated that a higher TyG index independently increases the risk of all-cause mortality in HF patients [59, 61, 62]. However, in this study, no significant association was found between the TyG index and all-cause mortality (Additional file, Figure S3a). Earlier studies have suggested that a lower BMI is not associated with rehospitalization in HF patients [63], while an increasing BMI is significantly linked to a higher risk of HF hospitalization, despite a reduced mortality risk associated with higher BMI levels [64, 65]. The “obesity paradox” does not seem to influence the risk of HF rehospitalization among HF patients. Our study also found a similar pattern in the relationship between BMI and adverse outcomes (Additional file, Figure S2). Overall, considering the trends of FTG, FBG, and BMI, the predictive value of TyG-BMI index on adverse outcomes risk has been influenced by the combined effect of all three factors. TyG-BMI index may be proved to better reveal their interactions and synergistic effects and thus more accurately predict adverse outcomes risk of HF patients in our study, demonstrating significant reverse “J”-shaped relationship with all-cause mortality and a “U”-shaped association with HF rehospitalization.
Our research demonstrated a substantial nonlinear relationship between the TyG-BMI index and long-term adverse outcomes in patients with HF, offering valuable insights for risk stratification, prognosis assessment, and therapeutic guidance in this population. The findings suggest that the TyG-BMI index is an independent predictor of adverse outcomes in HF. Integrating the TyG-BMI index with established risk factors could enhance the precision of risk stratification in HF patients. Furthermore, the TyG-BMI index, as a predictive biomarker for adverse outcomes, can contribute to the effective management of HF patients, allowing for more targeted medication strategies based on different TyG-BMI categories.

Study strengths and limitations
A key contribution of our study is the novel identification of nonlinear associations between the TyG-BMI index and long-term adverse outcomes in HF patients across all EF phenotypes associated with CHD. Notably, our study is the first to report a “U”-shaped correlation between the TyG-BMI index and rehospitalization in HF patients. However, our study has limitations. Firstly, aside from the TyG-BMI index, TyG-WC and TyG-WtHR are other commonly used metrics for assessing IR. Due to the lack of relevant data in our database, we were unable to compare the TyG-BMI index with these metrics. Secondly, although we adjusted for various confounding factors, there were other confounding factors, such as demographic characters (educational and socioeconomic status), lifestyle variables (frequency of exercise, work and life pressure, and mental health), nutritional levels (quantity or type of adiposity, and dietary habits), or comorbidities that might impact the observed outcomes. Thirdly, our study relied on a single baseline blood sample to gather information on TyG-BMI index, which may alter over follow-up owing to the participants’ lifestyles and medications. Therefore, we could not assess the impact on all-cause mortality and HF rehospitalization over time. Fourthly, nearly 40% of the patients were under antidiabetic treatment and a few subjects took fibrates, which inevitably affected levels of FTG or FBG included in TyG-BMI index calculation and the stability of our results. Moreover, this single-center study, conducted in China, includes a moderate sample size of HF patients with CHD. This could introduce potential selection bias, and the findings might not be universally applicable to other HF populations.


Conclusion
This study reveals a significant nonlinear association between the TyG-BMI index and both all-cause mortality and HF rehospitalization among HF patients across various EF phenotypes with CHD during long-term follow-up. The TyG-BMI index proves to be a valuable biomarker for predicting the risk of adverse outcomes in HF patients, and its assessment could refine prognosis evaluation for these patients.
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	HF
	Heart Failure

	IR
	Insulin Resistance

	CHD
	Coronary Heart Disease

	TyG
	Triglyceride-Glucose

	FTG
	Fasting Triglyceride

	HOMA-IR
	Homeostasis Model Assessment-Estimated Insulin Resistance

	WC
	Waist Circumference

	WtHR
	Waist-to-height Ratio

	BMI
	Body Mass Index

	TyG-BMI
	Triglyceride Glucose-Body Mass Index

	CV
	Cardiovascular

	EF
	Ejection Fraction

	HFrEF
	Heart Failure With Reduced Ejection Fraction

	HFmrEF
	Heart Failure With Mid-Range Ejection Fraction

	HFpEF
	Heart Failure With Preserved Ejection Fraction

	FBG
	Fasting Blood Glucose

	TG
	Triglyceride

	AF
	Atrial Fibrillation

	COPD
	Chronic Obstructive Pulmonary Disease

	SBP
	Systolic Blood Pressure

	DBP
	Diastolic Blood Pressure

	DM
	Diabetes Mellitus

	HbA1C
	Hemoglobin A1c

	CKD
	Chronic Kidney Disease

	eGFR
	Estimated Glomerular Filtration Rate

	LAD
	Left Atrium Dimension

	LVPWT
	Left Ventricular Posterior Wall Thickness

	LVEDD
	Left Ventricular End-Diastolic Dimension

	IVST
	Interventricular Septum Thickness

	LVESD
	Left Ventricular End-Systolic Diameter

	RVD
	Right Ventricular Diameter

	RAD
	Right Atrial Diameter

	RVFW
	Right Ventricular Free Wall

	IVC
	Inferior Vena Cava

	LVEF
	Left Ventricular Ejection Fraction

	LVEDV
	Left Ventricular End-Diastolic Volume

	LVESV
	Left Ventricular End-Systolic Volume

	LVFS
	Left Ventricular Fraction Shortening

	E/A
	Early (E) Mitral Inflow Peak/Atrial (A) Filling Peak Ratio

	TRV max
	Maximum Tricuspid Regurgitation Velocity

	AVV max
	Maximum Aortic Valve Velocity

	PAP
	Pulmonary Artery Pressure

	LVMI
	Left Ventricular Mass Index

	LAVI
	Left Atrial Volume Index

	SD
	Standard Deviation

	IQR
	Interquartile Range

	PCI
	Percutaneous Coronary Intervention

	CABG
	Coronary Artery Bypass Grafting

	ACE-I
	Angiotensin-Converting Enzyme Inhibitors

	ARB
	Angiotensin II Receptor Blockers

	TC
	Total Cholesterol

	LDL-C
	Low-Density Lipoprotein Cholesterol

	NT-proBNP
	N-Terminal Pro-Brain Natriuretic Peptide

	Hs-TnT
	High-Sensitivity Cardiac Troponin T

	RCS
	Restricted Cubic Splines

	HDL-C
	High-Density Lipoprotein Cholesterol

	OP
	Obesity Paradox

	NYHA-FC
	New York Heart Association Functional Class

	PY
	Person-Year

	HR
	Hazard Ratio

	CI
	Confidence Interval




References
	1.
Savarese G, Becher PM, Lund LH, Seferovic P, Rosano GMC, Coats AJS. Global burden of heart failure: a comprehensive and updated review of epidemiology. Cardiovasc Res. 2023;118(17):3272–87.


	2.
Roger VL. Epidemiology of Heart failure: a contemporary perspective. Circul Res. 2021;128(10):1421–34.


	3.
Defronzo RA. Banting lecture. From the triumvirate to the ominous octet: a new paradigm for the treatment of type 2 diabetes mellitus. Diabetes. 2009;58(4):773–95.


	4.
Ingelsson E, Sundstrom J, Arnlov J, Zethelius B, Lind L. Insulin resistance and risk of congestive heart failure. JAMA. 2005;294(3):334–41.


	5.
Aroor AR, Mandavia CH, Sowers JR. Insulin resistance and heart failure: molecular mechanisms. Heart Fail Clin. 2012;8(4):609–17.


	6.
Simental-Mendia LE, Rodriguez-Moran M, Guerrero-Romero F. The product of fasting glucose and triglycerides as surrogate for identifying insulin resistance in apparently healthy subjects. Metab Syndr Relat Disord. 2008;6(4):299–304.


	7.
Guerrero-Romero F, Simental-Mendia LE, Gonzalez-Ortiz M, Martinez-Abundis E, Ramos-Zavala MG, Hernandez-Gonzalez SO, et al. The product of triglycerides and glucose, a simple measure of insulin sensitivity. Comparison with the euglycemic-hyperinsulinemic clamp. J Clin Endocrinol Metab. 2010;95(7):3347–51.


	8.
Vasques AC, Novaes FS, de Oliveira Mda S, Souza JR, Yamanaka A, Pareja JC, et al. TyG index performs better than HOMA in a Brazilian population: a hyperglycemic clamp validated study. Diabetes Res Clin Pract. 2011;93(3):e98–100.


	9.
Lee SH, Kwon HS, Park YM, Ha HS, Jeong SH, Yang HK, et al. Predicting the development of diabetes using the product of triglycerides and glucose: the Chungju Metabolic Disease Cohort (CMC) study. PLoS ONE. 2014;9(2):e90430.


	10.
Placzkowska S, Pawlik-Sobecka L, Kokot I, Piwowar A. Indirect insulin resistance detection: current clinical trends and laboratory limitations. Biomed Pap Med Fac Univ Palacky Olomouc Czech Repub. 2019;163(3):187–99.


	11.
Er LK, Wu S, Chou HH, Hsu LA, Teng MS, Sun YC, et al. Triglyceride glucose-body Mass Index is a simple and clinically useful surrogate marker for insulin resistance in nondiabetic individuals. PLoS ONE. 2016;11(3):e0149731.


	12.
Yan S, Wang D, Jia Y. Comparison of insulin resistance-associated parameters in US adults: a cross-sectional study. Horm (Athens). 2023;22(2):331–41.


	13.
Lim J, Kim J, Koo SH, Kwon GC. Comparison of triglyceride glucose index, and related parameters to predict insulin resistance in Korean adults: an analysis of the 2007–2010 Korean National Health and Nutrition Examination Survey. PLoS ONE. 2019;14(3):e0212963.


	14.
Li X, Sun M, Yang Y, Yao N, Yan S, Wang L, et al. Predictive effect of triglyceride glucose-related parameters, obesity indices, and lipid ratios for diabetes in a Chinese Population: a prospective cohort study. Front Endocrinol (Lausanne). 2022;13:862919.


	15.
Ahmed B, Sultana R, Greene MW. Adipose tissue and insulin resistance in obese. Biomed Pharmacother. 2021;137:111315.


	16.
Drwila-Stec D, Rostoff P, Gajos G, Nessler J, Konduracka E. Predictive value of metabolic score for insulin resistance and triglyceride glucose-BMI among patients with acute myocardial infarction in 1-year follow-up. Coron Artery Dis. 2023;34(5):314–9.


	17.
Liu M, Pan J, Meng K, Wang Y, Sun X, Ma L, et al. Triglyceride-glucose body mass index predicts prognosis in patients with ST-elevation myocardial infarction. Sci Rep. 2024;14(1):976.


	18.
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(1):75.


	19.
Zhang Z, Zhao L, Lu Y, Meng X, Zhou X. Association between non-insulin-based insulin resistance indices and cardiovascular events in patients undergoing percutaneous coronary intervention: a retrospective study. Cardiovasc Diabetol. 2023;22(1):161.


	20.
Chen N, Xu Y, Xu C, Duan J, Zhou Y, Jin M, et al. Effects of triglyceride glucose (TyG) and TyG-body mass index on sex-based differences in the early-onset heart failure of ST-elevation myocardial infarction. Nutr Metab Cardiovasc Dis. 2024;34(3):590–7.


	21.
Dou J, Guo C, Wang Y, Peng Z, Wu R, Li Q, et al. Association between triglyceride glucose-body mass and one-year all-cause mortality of patients with heart failure: a retrospective study utilizing the MIMIC-IV database. Cardiovasc Diabetol. 2023;22(1):309.


	22.
McDonagh TA, Metra M, Adamo M, Gardner RS, Baumbach A, Bohm M, et al. 2021 ESC guidelines for the diagnosis and treatment of acute and chronic heart failure. Eur Heart J. 2021;42(36):3599–726.


	23.
Lang RM, Badano LP, Mor-Avi V, Afilalo J, Armstrong A, Ernande L, et al. Recommendations for cardiac chamber quantification by echocardiography in adults: an update from the American Society of Echocardiography and the European Association of Cardiovascular Imaging. J Am Soc Echocardiogr. 2015;28(1):1–e3914.


	24.
Canciello G, de Simone G, Izzo R, Giamundo A, Pacelli F, Mancusi C, et al. Validation of Left Atrial volume estimation by Left Atrial Diameter from the Parasternal Long-Axis View. J Am Soc Echocardiogr. 2017;30(3):262–9.


	25.
Ingelsson E, Arnlov J, Lind L, Sundstrom J. Metabolic syndrome and risk for heart failure in middle-aged men. Heart. 2006;92(10):1409–13.


	26.
Arcopinto M, Schiavo A, Salzano A, Bossone E, D’Assante R, Marsico F, et al. Metabolic syndrome in Heart failure: friend or foe? Heart Fail Clin. 2019;15(3):349–58.


	27.
DeFronzo RA, Cooke CR, Andres R, Faloona GR, Davis PJ. The effect of insulin on renal handling of sodium, potassium, calcium, and phosphate in man. J Clin Invest. 1975;55(4):845–55.


	28.
Holmang A, Yoshida N, Jennische E, Waldenstrom A, Bjorntorp P. The effects of hyperinsulinaemia on myocardial mass, blood pressure regulation and central haemodynamics in rats. Eur J Clin Invest. 1996;26(11):973–8.


	29.
Anderson EA, Hoffman RP, Balon TW, Sinkey CA, Mark AL. Hyperinsulinemia produces both sympathetic neural activation and vasodilation in normal humans. J Clin Invest. 1991;87(6):2246–52.


	30.
Paolillo S, Rengo G, Pellegrino T, Formisano R, Pagano G, Gargiulo P, et al. Insulin resistance is associated with impaired cardiac sympathetic innervation in patients with heart failure. Eur Heart J Cardiovasc Imaging. 2015;16(10):1148–53.


	31.
Sartori M, Ceolotto G, Papparella I, Baritono E, Ciccariello L, Calo L, et al. Effects of angiotensin II and insulin on ERK1/2 activation in fibroblasts from hypertensive patients. Am J Hypertens. 2004;17(7):604–10.


	32.
Bell DS. Heart failure: the frequent, forgotten, and often fatal complication of diabetes. Diabetes Care. 2003;26(8):2433–41.


	33.
Samuelsson AM, Bollano E, Mobini R, Larsson BM, Omerovic E, Fu M, et al. Hyperinsulinemia: effect on cardiac mass/function, angiotensin II receptor expression, and insulin signaling pathways. Am J Physiol Heart Circ Physiol. 2006;291(2):H787–96.


	34.
Pocock SJ, Wang D, Pfeffer MA, Yusuf S, McMurray JJ, Swedberg KB, et al. Predictors of mortality and morbidity in patients with chronic heart failure. Eur Heart J. 2006;27(1):65–75.


	35.
Paolisso G, De Riu S, Marrazzo G, Verza M, Varricchio M, D’Onofrio F. Insulin resistance and hyperinsulinemia in patients with chronic congestive heart failure. Metabolism. 1991;40(9):972–7.


	36.
Levine TB, Francis GS, Goldsmith SR, Simon AB, Cohn JN. Activity of the sympathetic nervous system and renin-angiotensin system assessed by plasma hormone levels and their relation to hemodynamic abnormalities in congestive heart failure. Am J Cardiol. 1982;49(7):1659–66.


	37.
Nikolaidis LA, Sturzu A, Stolarski C, Elahi D, Shen YT, Shannon RP. The development of myocardial insulin resistance in conscious dogs with advanced dilated cardiomyopathy. Cardiovasc Res. 2004;61(2):297–306.


	38.
Dutka DP, Pitt M, Pagano D, Mongillo M, Gathercole D, Bonser RS, et al. Myocardial glucose transport and utilization in patients with type 2 diabetes mellitus, left ventricular dysfunction, and coronary artery disease. J Am Coll Cardiol. 2006;48(11):2225–31.


	39.
Lteif AA, Han K, Mather KJ. Obesity, insulin resistance, and the metabolic syndrome: determinants of endothelial dysfunction in whites and blacks. Circulation. 2005;112(1):32–8.


	40.
Abbasi F, Brown BW Jr., Lamendola C, McLaughlin T, Reaven GM. Relationship between obesity, insulin resistance, and coronary heart disease risk. J Am Coll Cardiol. 2002;40(5):937–43.


	41.
Calori G, Lattuada G, Piemonti L, Garancini MP, Ragogna F, Villa M, et al. Prevalence, metabolic features, and prognosis of metabolically healthy obese Italian individuals: the Cremona Study. Diabetes Care. 2011;34(1):210–5.


	42.
Xu J, Wang A, Meng X, Jing J, Wang Y, Wang Y. Obesity-Stroke Paradox exists in insulin-resistant patients but not insulin sensitive patients. Stroke. 2019;50(6):1423–9.


	43.
Donataccio MP, Vanzo A, Bosello O. Obesity paradox and heart failure. Eat Weight Disord. 2021;26(6):1697–707.


	44.
Chase PJ, Kenjale A, Cahalin LP, Arena R, Davis PG, Myers J, et al. Effects of respiratory exchange ratio on the prognostic value of peak oxygen consumption and ventilatory efficiency in patients with systolic heart failure. JACC Heart Fail. 2013;1(5):427–32.


	45.
Thomas E, Gupta PP, Fonarow GC, Horwich TB. Bioelectrical impedance analysis of body composition and survival in patients with heart failure. Clin Cardiol. 2019;42(1):129–35.


	46.
Tamariz L, Hassan B, Palacio A, Arcement L, Horswell R, Hebert K. Metabolic syndrome increases mortality in heart failure. Clin Cardiol. 2009;32(6):327–31.


	47.
Hassan SA, Deswal A, Bozkurt B, Aguilar D, Mann DL, Pritchett AM. The metabolic syndrome and mortality in an ethnically diverse heart failure population. J Card Fail. 2008;14(7):590–5.


	48.
Fonarow GC, Srikanthan P, Costanzo MR, Cintron GB, Lopatin M, Committee ASA, et al. 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(1):74–81.


	49.
Horwich TB, Fonarow GC, Clark AL. Obesity and the obesity Paradox in Heart failure. Prog Cardiovasc Dis. 2018;61(2):151–6.


	50.
Parto P, Lavie CJ, Arena R, Bond S, Popovic D, Ventura HO. Body habitus in heart failure: understanding the mechanisms and clinical significance of the obesity paradox. Future Cardiol. 2016;12(6):639–53.


	51.
Lavie CJ, Sharma A, Alpert MA, De Schutter A, Lopez-Jimenez F, Milani RV, et al. Update on obesity and obesity Paradox in Heart failure. Prog Cardiovasc Dis. 2016;58(4):393–400.


	52.
Kim KS, Lee YM, Lee IK, Kim DJ, Jacobs DR Jr., Lee DH. Paradoxical associations of insulin resistance with Total and Cardiovascular Mortality in humans. J Gerontol Biol Sci Med Sci. 2015;70(7):847–53.


	53.
Barzilai N, Ferrucci L. Insulin resistance and aging: a cause or a protective response? J Gerontol Biol Sci Med Sci. 2012;67(12):1329–31.


	54.
Jackson SE, van Jaarsveld CH, Beeken RJ, Gunter MJ, Steptoe A, Wardle J. Four-year stability of anthropometric and cardio-metabolic parameters in a prospective cohort of older adults. Biomark Med. 2015;9(2):109–22.


	55.
Ristow M, Schmeisser S. Extending life span by increasing oxidative stress. Free Radic Biol Med. 2011;51(2):327–36.


	56.
Kozdag G, Ertas G, Emre E, Akay Y, Celikyurt U, Sahin T, et al. Low serum triglyceride levels as predictors of cardiac death in heart failure patients. Tex Heart Inst J. 2013;40(5):521–8.


	57.
Abbasi F, Reaven GM. Comparison of two methods using plasma triglyceride concentration as a surrogate estimate of insulin action in nondiabetic subjects: triglycerides x glucose versus triglyceride/high-density lipoprotein cholesterol. Metabolism. 2011;60(12):1673–6.


	58.
Duckworth W, Abraira C, Moritz T, Reda D, Emanuele N, Reaven PD, et al. Glucose control and vascular complications in veterans with type 2 diabetes. N Engl J Med. 2009;360(2):129–39.


	59.
Zhou Q, Yang J, Tang H, Guo Z, Dong W, Wang Y, et al. High triglyceride-glucose (TyG) index is associated with poor prognosis of heart failure with preserved ejection fraction. Cardiovasc Diabetol. 2023;22(1):263.


	60.
Shi L, Liu J, Zhu X, Li T, Wen J, Wang X, et al. Triglyceride glucose index was a predictor of 6-Month Readmission caused by pulmonary infection of heart failure patients. Int J Endocrinol. 2022;2022:1131696.


	61.
Sun T, Huang X, Zhang B, Ma M, Chen Z, Zhao Z, et al. Prognostic significance of the triglyceride-glucose index for patients with ischemic heart failure after percutaneous coronary intervention. Front Endocrinol (Lausanne). 2023;14:1100399.


	62.
Zhou Y, Wang C, Che H, Cheng L, Zhu D, Rao C, et al. Association between the triglyceride-glucose index and the risk of mortality among patients with chronic heart failure: results from a retrospective cohort study in China. Cardiovasc Diabetol. 2023;22(1):171.


	63.
Nguyen HTT, Ha TTT, Tran HB, Nguyen DV, Pham HM, Tran PM, et al. Relationship between BMI and prognosis of chronic heart failure outpatients in Vietnam: a single-center study. Front Nutr. 2023;10:1251601.


	64.
Mandviwala TM, Basra SS, Khalid U, Pickett JK, Przybylowicz R, Shah T, et al. Obesity and the paradox of mortality and heart failure hospitalization in heart failure with preserved ejection fraction. Int J Obes (Lond). 2020;44(7):1561–7.


	65.
Cox ZL, Lai P, Lewis CM, Lindenfeld J. Body mass index and all-cause readmissions following acute heart failure hospitalization. Int J Obes (Lond). 2020;44(6):1227–35.




Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


OEBPS/navigation.xhtml

    
      Contents


      
        		Association between triglyceride glucose-body mass index and long-term adverse outcomes of heart failure patients with coronary heart disease


      


    
    
      Landmarks


      
        		Body Matter


      


    
  

OEBPS/css/envelope.png





OEBPS/images/12933_2024_2213_Fig2_HTML.png
HR(95%C1)

T T T T
100 150 200 250 300 350 400

TyG -BMI index

100

50

Frequency

HR(95%CI)

T
100

T T
200 250

TyG -BMI index

Frequency





OEBPS/images/12933_2024_2213_Article_TeX_IEq1.png
. fasti . . .
Tme dex = In ( astmgtrlglycerlde(mg/dlé)xfastmgglucose(mg/dL))





OEBPS/images/12933_2024_2213_Fig3_HTML.png
TyG-BMI index=228.56

RCS

o= -

(19%56) ¥H

TyG-BMI index=240.0

RCS

(10%56) ¥H

TyG-BMI index

TyG-BMI index





OEBPS/images/12933_2024_2213_Fig1_HTML.png
a Kaplan-Meier curves for All-cause Death b Kaplan-Meier curves for Heart Failure re-Hospitalization

Strata — Low TyG-BMIindex Group — Medium TyG-BMiindex Group — High TyG-BMI index Group.

Strata — Low TyG-8MI index Group — Medium TyG-8MIindex Group —High TyG-BMI index Group.

1.00
075
3
g
e
-4 0.50
] : ;
2 H !
g ' H
5 :
@ + H
025 025
p<0.0001 | : p=023 ;
0.00 : : 0.00 '
[ 1000 2000 3000 4000 [ 1000 2000 3000 4000
Follow-up Time (Days) Follow-up Time (Days)
Number at risk Number at risk
Low TyG-BMI index Group{ 278 200 155 123 9 Low TyG-BMI index Group{ 278 171 145 17 9
s s
S Medium TyG-BMI index Group{ 276 231 190 152 15 B Medium TyG-BMIindex Group{ 276 195 159 130 14
7] @
High TyG-BMI index Group{ 269 238 206 171 33 High TyG-BMI index Group{ 269 184 146 122 2
[ 1000 3000 4000 [ 1000 3000 4000

2000 2000
Follow-up Time (Days) Follow-up Time (Days)





OEBPS/css/sidebar.gif





