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Abstract
Background  Heart failure (HF) remains a major public health burden, necessitating reliable biomarkers for early 
risk stratification. The triglyceride glucose weight-adjusted waist index (TyG-WWI), a novel metabolic indicator, has 
emerged as a potential predictor, but its association with HF in the general population remains underexplored.

Methods  This retrospective cross-sectional study included 22,575 participants from the National Health and 
Nutrition Examination Survey (NHANES) conducted between 1999 and 2018, 704 of whom had HF. The TyG-WWI 
was calculated, and its association with HF risk was analyzed via multivariable logistic regression (adjusted for 
demographics, lifestyle factors, disease history, and medication use), restricted cubic splines (with 4 knots), and 
subgroup analyses. Additionally, interaction tests by different survey cycles were performed to account for temporal 
effects. ROC analysis with DeLong’s test and net reclassification improvement (NRI) were used to compare the 
diagnostic performance of the TyG-WWI with that of conventional TyG-related parameters (TyG, TyG-WC, TyG-WHtR) 
and traditional HF prognostic factors. Sensitivity analyses with multiple imputation for missing data were performed 
to assess the robustness of the results.

Results  The study population had a mean age of 49.5 years, with 48.34% males. Baseline characteristics differed 
significantly between the HF and non-HF groups in terms of demographics, lifestyle, disease history, and medication 
use. After full adjustment for demographic, clinical, and lifestyle factors, each standard deviation increase in the TyG-
WWI was associated with a 52% greater HF risk (OR 1.52, 95% CI 1.27–1.81). Restricted cubic spline analysis revealed 
a linear positive correlation between the TyG-WWI and HF risk. ROC analysis demonstrated that compared with 
conventional TyG-WWI (AUC = 0.697, 95% CI 0.678–0.715), TyG-WWI exhibited superior discriminative performance 
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Research insights
What is currently known about this topic?

 	• IR and central obesity are critical metabolic drivers 
of HF, with their interplay exacerbating cardiac 
dysfunction.

 	• The TyG index reflects IR and correlates with HF 
risk, while TyG-WC and TyG-WHtR combine IR 
with obesity metrics but lack optimization for body 
weight-adapted adiposity assessment.

 	• TyG-WWI integrates IR and weight-adjusted 
central obesity, potentially addressing limitations of 

traditional indices in capturing combined metabolic 
and adiposity-related HF risk.

What is the key research question?

 	• Does the novel composite index TyG-WWI serve as 
a valuable supplementary diagnostic tool for HF, with 
improved reclassification ability beyond traditional 
TyG-related indices in the general population?

What is new?

for HF diagnosis (TyG: AUC = 0.616; TyG-WC: AUC = 0.665; TyG-WHtR: AUC = 0.673) and traditional prognostic factors 
(BMI: 0.592; waist circumference: 0.654; fasting blood glucose: 0.524, all DeLong-P < 0.001 after Bonferroni correction). 
NRI analysis revealed that TyG-WWI provided an 11.41% NRI compared with TyG, 4.20% compared with TyG-WC, and 
2.99% compared with TyG-WHtR. Further subgroup analyses revealed that this association was more pronounced in 
men, patients not using β-blockers, and nondiabetic individuals. Sensitivity analyses reinforced the robustness of the 
findings.

Conclusion  In the general population, the TyG-WWI is strongly, independently, and dose-dependently associated 
with heart failure (HF) risk. Notably, its diagnostic performance for HFs surpasses that of traditional TyG-related indices, 
and it has incremental value as a supplementary parameter to existing TyG-derived metrics. These findings support 
the use of the TyG-WWI as a promising tool for HF risk stratification with practical clinical utility. However, further 
validation in large-scale prospective cohorts is warranted to confirm its long-term predictive value and generalizability 
across diverse populations.

Graphic abstract 
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 	• TyG-WWI has a strong, independent, linear HF 
association, more pronounced in men/non-β-
blocker/non-diabetic users.

 	• It shows superior discriminative performance for HF 
compared to traditional TyG-related indices, with 
significant NRI (NRI: 2.99%–11.41%).

 	• Sensitivity analyses confirm the robustness of these 
associations, supporting its reliability as a metabolic 
marker.

How might this study influence clinical practice?

 	• TyG-WWI, a simple supplementary tool to TyG-
related parameters with better reclassification, 
enhances HF risk stratification in primary care/
resource-limited settings, aiding precise high-risk 
identification and targeted prevention.

Introduction
Heart failure (HF) remains a major global health concern, 
with persistently high morbidity and mortality rates that 
severely compromise patients’ quality of life and impose 
a substantial healthcare burden [1, 2]. While established 
biomarkers such as BNP/NT-proBNP and echocardio-
graphic indices such as the E/e’ ratio (a key parameter for 
evaluating diastolic function) have significantly advanced 
HF management [3], their limitations underscore the 
need for complementary tools. BNP levels are influ-
enced by noncardiac factors (e.g., renal dysfunction and 
advanced age) [4, 5], and echocardiographic assessments 
require specialized equipment and expertise, creating 
barriers in resource-constrained settings. Traditional 
risk factors, including hypertension, diabetes, and coro-
nary heart disease, are well recognized contributors to 
HF pathogenesis [6–8]. However, the continued rise in 
HF incidence despite the control of these factors, coupled 
with deficiencies in existing diagnostic modalities, high-
lights the necessity of exploring novel, accessible indica-
tors [2, 9].

In recent years, insulin resistance (IR), a prominent 
metabolic disorder, has garnered increasing attention 
for its role in cardiovascular diseases [10–14]. The tri-
glyceride-glucose (TyG) index, a simple and practical 
surrogate marker for IR [15], is calculated as ln(fasting 
triglycerides × fasting glucose/2) and has demonstrated 
potential in predicting cardiovascular disease risk [15–
20]. Validated against gold-standard methods such as 
the hyperinsulinemic-euglycemic clamp and HOMA-IR, 
the TyG index effectively reflects IR and has been con-
firmed to be closely associated with the development and 
progression of various cardiovascular diseases, including 
coronary heart disease, hypertension, and stroke [21–24]. 
Indeed, IR contributes to the pathogenesis of all HF sub-
types—including heart failure with preserved ejection 

fraction (HFpEF)—through mechanisms such as myo-
cardial steatosis, systemic inflammation, and endothelial 
dysfunction [25, 26]. These findings are supported by 
population-based studies, where multiple investigations 
have linked the TyG index to the risk and prognosis of 
various HF subtypes [27–30]. However, the traditional 
TyG index fails to adequately account for obesity-related 
factors. Obesity, particularly central obesity, is a key risk 
factor for IR and is closely linked to multiple cardiomet-
abolic diseases [31–33]. Waist circumference (WC), a 
marker of central obesity, reflects visceral fat accumula-
tion and systemic inflammation and has been established 
as an independent risk factor for HF [34, 35] but does not 
consider the influence of body weight. While body mass 
index (BMI) has clinical utility in obesity classification, its 
ability to characterize the complex relationship between 
fat distribution and metabolic health remains limited 
[36, 37]. Thus, WC and BMI alone may not fully capture 
the metabolic‒cardiac interplay in HF risk assessment. 
The recently developed weight-adjusted waist index 
(WWI), defined as waist circumference (cm) divided by 
the square root of body weight (kg), is a novel indicator 
for evaluating central obesity [38]. By calibrating waist 
circumference against body weight, WWI enhances sta-
bility across diverse populations and improves its capac-
ity to reflect visceral fat accumulation independently 
of overall body size. Unlike WC, which may overesti-
mate risk in individuals with high muscle mass, or the 
waist‒to-height ratio (WHTR), which focuses primarily 
on proportionality without accounting for total adiposity 
[39], WWI integrates both weight and waist circumfer-
ence to assess abdominal fat accumulation more accu-
rately [38, 40]. Emerging evidence from multiple studies 
indicates that WWI is associated with an increased risk 
of type 2 diabetes and cardiovascular diseases and out-
performs traditional indices such as BMI or WC alone in 
evaluating metabolic disease risk [41–43]. The triglycer-
ide‒glucose-weighted adjusted waist index (TyG-WWI), 
which combines the TyG index and WWI, was devel-
oped to address the limitations of traditional metabolic 
risk markers by integrating two complementary domains: 
IR and central obesity. The rationale for this combina-
tion lies in their distinct yet synergistic roles: the TyG 
index captures metabolic dysfunction associated with 
IR, whereas the WWI quantifies central obesity—a key 
driver of cardiometabolic inflammation. This integration 
fills a gap in the literature, where single markers fail to 
comprehensively assess combined metabolic and obesity-
related risks, simultaneously capturing two major drivers 
of HF progression: metabolic dysfunction and visceral 
obesity. Research on the associations between the TyG-
WWI and cardiovascular diseases remains limited. Huo 
G et al. explored the relationship between the TyG-WWI 
and stroke risk [44], whereas Duan C et al. reported in a 
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cohort study that the cumulative TyG-WWI was signifi-
cantly positively correlated with increased overall cardio-
vascular disease risk, although no significant association 
was found between the baseline TyG-WWI and overall 
cardiovascular disease [45]. Currently, the relationship 
between the TyG-WWI and HF risk remains unclear.

This study aimed to investigate the association between 
the TyG-WWI and HF risk via cross-sectional data and 
to compare the diagnostic value of the TyG-WWI for HF 
with that of other TyG-related parameters. These find-
ings are expected to provide new insights into the util-
ity of TyG-related parameters in HF risk prediction and 
prevention.

Methods
Study population
This study employed a retrospective cohort design uti-
lizing data from the National Health and Nutrition 
Examination Survey (NHANES), which was conducted 
between 1999 and 2018. The NHANES is a nationwide, 
continuous survey program administered by the National 
Center for Health Statistics (NCHS), a subdivision of the 
Centers for Disease Control and Prevention (CDC). Its 
primary objective is to assess the health and nutritional 
status of the U.S. population. The survey adopts a multi-
stage probability sampling method, covering a represen-
tative sample of the noninstitutionalized U.S. population.

Initially, data for 101,316 participants between 1999 
and 2018 were extracted from the NHANES database. 
To ensure data integrity and validity, certain participants 
were excluded on the basis of the following criteria: (1) 
missing triglyceride‒glucose waist‒to‒weight adjusted 
index (TyG‒WWI) data (n = 71,745) and (2) missing HF 
diagnosis data (n = 6996). After this screening process, a 
total of 22,575 eligible participants were included in the 
study. Among these, 704 participants were identified 
as having heart failure according to its definition. The 
entire screening process for the study population strictly 
adhered to NHANES data usage guidelines and ethical 
standards. A detailed flowchart of the study population 
screening is presented in Fig. 1.

Definitions of outcomes
In this study, the diagnosis of heart failure was primarily 
based on participants’ responses to specific questions in 
a questionnaire survey. Specifically, we used the follow-
ing question to identify cases of heart failure: “Has a doc-
tor ever told you that you have congestive heart failure?” 
Participants who answered “yes” to this question were 
defined as having heart failure. This self-reported method 
of diagnosing heart failure has been widely used in previ-
ous studies on the basis of NHANES data [46, 47].

Fig. 1  Study population screening flowchart. The NHANES data were screened on the basis of the study design to select eligible participants

 



Page 5 of 19Fan et al. Cardiovascular Diabetology          (2025) 24:329 

Definition of the TyG-WWI
The triglyceride‒glucose weight‒adjusted waist cir-
cumference index (TyG-WWI) is an indicator used to 
evaluate insulin resistance. The formula for calculat-
ing the TyG-WWI is as follows: waist circumference 
(cm)/√(weight (kg)) * ln(fasting triglyceride (mg/dL) * 
fasting glucose (mg/dL)/2). The data for waist circumfer-
ence and weight were extracted directly from the body 
measurement section of the NHANES database. Simi-
larly, the fasting triglyceride and fasting glucose data, 
which are actual measured values obtained from partici-
pants during fasting, are also sourced from the NHANES 
database.

Covariates
To control for potential confounding factors, this study 
included a range of covariates, specifically demographic 
characteristics: age (continuous variable); sex (male/
female); ethnicity (including Hispanic White and Black, 
Mexican, and other ethnicities); education (categorized 
as less than high school, high school or equivalent, and 
college or above); and marital status (married/living 
with a partner, widowed/divorced/separated, never mar-
ried). Socioeconomic status: Poverty income ratio (PIR, 
the ratio of family income to the poverty line, with PIR 
categories defined as follows: low: PIR < 1.35, medium: 
1.35 ≤ PIR < 3.0, high: ≥ 3.0). Lifestyle factors: Drinking 
status (never, former, and current drinking (categorized 
as mild, moderate, and heavy)); smoking status (never, 
former, and current smoking); height (continuous vari-
able, in centimeters); weight (continuous variable, in kilo-
grams). Body mass index (BMI) was calculated as weight 
(measured to the nearest 0.1 kg via calibrated electronic 
scales) divided by height squared (measured to the near-
est 0.1  cm via portable stadiometers) in fasting par-
ticipants, with all measurements performed by trained 
medical personnel following standardized protocols. 
Fasting blood glucose (FBG) and triglyceride (TG) levels 
were obtained from venous blood samples collected after 
an overnight fast of at least 8 h at the Mobile Examina-
tion Center (MEC) as part of the NHANES protocol. The 
estimated glomerular filtration rate (eGFR) was calcu-
lated via the 2009 Chronic Kidney Disease Epidemiology 
Collaboration (CKD-EPI) equation, which incorporates 
serum creatinine, age, sex, and race/ethnicity [48]. Total 
physical activity (PA) time was self-reported by par-
ticipants via the Global Physical Activity Questionnaire 
(GPAQ) developed by the World Health Organization. 
This questionnaire assesses PA across different domains, 
including occupational, transportation, and leisure-time 
activities, with detailed assessment protocols available 
at the website [49]. Following WHO analysis guidelines, 
each participant’s PA was converted to weekly meta-
bolic equivalent (MET) minutes of moderate-to-vigorous 

intensity activity. MET values vary by activity type, with 
reference values for each PA category provided in the 
NHANES. PA scores were calculated via the following 
formula: MET value × weekly frequency × duration per 
activity session, integrating activity type, frequency, and 
duration [50].

Medication use information from the NHANES was 
collected through in-person interviews where partici-
pants were asked to report all prescription medications 
they had taken in the past 30  days, including product 
names and dosages, with additional verification using 
medication containers when available. In the present 
study, β-blocker use was defined as self-reported use of 
any of the following agents: metoprolol (succinate, tar-
trate, or unspecified), atenolol (including combinations 
with chlorthalidone), bisoprolol (including combinations 
with hydrochlorothiazide), propranolol hydrochloride, 
nadolol, timolol (including ophthalmic formulations and 
combinations with dorzolamide), acebutolol hydrochlo-
ride, labetalol hydrochloride, betaxolol (including oph-
thalmic formulations), carvedilol, sotalol, nebivolol, or 
combinations of metoprolol with hydrochlorothiazide. 
ACEI/ARB use was defined as self-reported use of any of 
the following: quinapril hydrochloride, enalapril maleate 
(including combinations with hydrochlorothiazide), lisin-
opril (including combinations with hydrochlorothiazide), 
benazepril hydrochloride (including combinations with 
hydrochlorothiazide or amlodipine), captopril (includ-
ing combinations with hydrochlorothiazide), fosinopril 
sodium, ramipril, perindopril (including combinations 
with amlodipine), irbesartan (including combinations 
with hydrochlorothiazide), valsartan (including com-
binations with hydrochlorothiazide or amlodipine and 
triple combinations with amlodipine and hydrochlorothi-
azide), candesartan cilexetil, losartan potassium (includ-
ing combinations with hydrochlorothiazide), telmisartan 
(including combinations with hydrochlorothiazide), or 
combinations of quinapril with hydrochlorothiazide.

Medical history: Coronary heart disease (CHD) his-
tory (yes/no) was determined through the following 
questionnaire: “Has a doctor or other health professional 
ever told you that you had coronary heart disease?” 
[51] Hypertension history (yes/no) was based on physi-
cian diagnosis, records of antihypertensive medication 
use, and two nonconsecutive blood pressure readings 
exceeding diagnostic criteria [52]. Participants were cat-
egorized into glucose metabolism groups on the basis 
of predefined criteria: diabetes mellitus (DM) was diag-
nosed if participants reported a doctor’s diagnosis of 
diabetes, had glycated hemoglobin (HbA1c) ≥ 6.5%, 
fasting glucose ≥ 7.0  mmol/L, random blood glu-
cose ≥ 11.1  mmol/L, two-hour OGTT blood glu-
cose ≥ 11.1  mmol/L, or were using diabetes medication 
or insulin; impaired fasting glycemia (IFG) was defined as 
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fasting glucose ≥ 6.1 mmol/L but < 7.0 mmol/L; impaired 
glucose tolerance (IGT) was defined as two-hour OGTT 
blood glucose ≥ 7.8 mmol/L but < 11.1 mmol/L; and nor-
mal glucose status was assigned to those not meeting the 
above criteria [53]. Metabolic syndrome was diagnosed 
per ATP III criteria (≥ 3 of waist circumference ≥ 102 cm 
[men]/ ≥ 88 cm [women], TG ≥ 1.7 mmol/L or lipid-lower-
ing therapy, HDL-C < 1.03 mmol/L [men]/ < 1.29 mmol/L 
[women], FBG ≥ 6.1  mmol/L or treated diabetes, blood 
pressure ≥ 130/85  mmHg or antihypertensive therapy) 
[54]. The Charlson Comorbidity Index was calculated 
from self-reported conditions with predefined weights, 
with independent extraction by two researchers and dis-
crepancies resolved via third-party review [55]. All analy-
ses adhered to NHANES standardized procedures, with 
data quality ensured through CLIA-certified internal and 
external quality controls.

Statistical analysis
This study employed the NHANES complex sampling 
weighting method to ensure the representativeness and 
accuracy of the results. We conducted weighting accord-
ing to the official NHANES guidelines, using Mobile 
Examination Center (MEC) weights (variable names: 
wtmec2yr and wtmec4yr) to correct for sampling prob-
ability, nonresponse, and poststratification, thereby 
ensuring the representativeness of the results for the 
noninstitutionalized civilian population in the United 
States. These weights were incorporated into the regres-
sion model via the survey package in R software to 
account for the clustering and stratification effects inher-
ent in the sampling design.

To compare differences in baseline characteristics 
between groups, survey weighting methods were used, 
with weighted linear regression models for continuous 
variables and weighted chi-square tests for categori-
cal variables. Weighted logistic regression analysis was 
conducted to evaluate the association between the 
TyG-WWI and the risk of heart failure. To control for 
potential confounding factors, we constructed three 
progressively adjusted multivariable weighted logistic 
regression models: the crude model without any adjust-
ments; Model I adjusted for age, sex, ethnicity, education, 
marital status, and PIR; and Model II further adjusted for 
drinking status, smoking status, eGFR, PA, β-blocker use, 
ACEI/ARB use, CHD history, hypertension history, and 
blood glucose status based on Model I. Notably, the TyG-
WWI was analyzed both as a continuous variable and by 
quartile grouping, with a trend test performed to evalu-
ate the potential dose‒response relationship. To explore 
temporal trends in the association between the TyG-
WWI and heart failure over the 20-year study period 
(1999–2018), supplementary analyses were conducted 

across five 4-year intervals. These analyses followed the 
same model adjustment strategies as described above.

Before constructing the multivariate model, we 
checked for multicollinearity between the TyG-WWI and 
other variables by calculating the generalized variance 
inflation factor (GVIF). If GVIF^ (1/2Df) was equal to or 
greater than 2 (Df, degrees of freedom), the variable was 
considered to be significantly multicollinear [56]. Impor-
tantly, we did not find any covariates with significant 
multicollinearity (Supplementary Table S2).

The more flexible dose‒response relationship between 
the TyG-WWI and heart failure was explored via RCS 
with adjustments for all variables in Model II. The RCS 
analysis was performed via the rcs function from the rms 
package in conjunction with the svyglm function (from 
the survey package), incorporating NHANES sampling 
weights, stratification, and clustering to account for 
design effects. Four knots were placed at the 10th, 30th, 
70th, and 90th percentiles of the TyG-WWI. Owing to 
widened confidence intervals for TyG-WWI values > 140 
(potentially affecting fit reliability), participants with 
TyG-WWI > 140 were excluded from the primary analy-
sis. The RCS fitting results for the original data (includ-
ing all participants) are presented in Supplementary 
Figure S1. To further investigate possible interactions, we 
conducted subgroup analyses stratified by age, sex, eth-
nicity, education level, marital status, PIR, drinking sta-
tus, smoking status, metabolic syndrome, β-blocker use, 
ACEI/ARB use, CHD history, hypertension history, and 
blood glucose status to evaluate the heterogeneity of the 
associations between the TyG-WWI and heart failure in 
different populations. Furthermore, to assess the clini-
cal value of the TyG-WWI in diagnosing heart failure, 
receiver operating characteristic (ROC) curves were used 
to evaluate the diagnostic performance of the TyG-WWI, 
TyG-related indices (TyG, TyG-WC, TyG-WHtR), and 
traditional heart failure risk factors (BMI, WC, WHtR, 
FPG, HbA1c, TG, LDL-C, and CRP). The DeLong test 
was applied to compare differences in diagnostic ability, 
with the Bonferroni correction used to adjust for multi-
ple comparisons; for comparisons with TyG-related indi-
ces, the significance level was set at 0.0167 (0.05 divided 
by 3 comparisons), and for comparisons with traditional 
risk factors, it was set at 0.00625 (0.05 divided by 8 com-
parisons). Additionally, net reclassification improvement 
(NRI) analysis was performed to quantify the incremen-
tal predictive value of the TyG-WWI beyond conven-
tional TyG-related parameters.

Sensitivity analyses were conducted to evaluate the 
potential impact of missing data on the results. Among 
the variables included in the analysis, only age, sex, and 
ethnicity had no missing values; all other variables (edu-
cation, marital status, PIR, drinking status, smoking 
status, eGFR, PA, β-blocker use, ACEI/ARB use, CHD 
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history, hypertension history, and blood glucose status) 
contained missing values and underwent multiple impu-
tation. To handle these missing data, multiple imputation 
by chained equations (MICE) was employed, a method 
that models each variable with missing values on the 
basis of other variables in the dataset, including demo-
graphic characteristics, lifestyle factors, clinical indica-
tors, and disease history. This process generated three 
complete imputed datasets. Logistic regression analyses 
were repeated on each of these imputed datasets, with 
quartile grouping and trend tests performed consistently 
with the original model. Additionally, sensitivity analyses 
were performed to assess the robustness of the findings, 
including excluding extreme values of the TyG-WWI 
(defined as values greater than 140) and further adjust-
ing for potential confounding factors such as sleep apnea 
syndrome and atrial fibrillation history in the regression 
models, with quartile grouping and trend tests also con-
ducted in line with the original analytical approach.

All analyses were performed via R software ver-
sions 4.2.1 and Free Statistics software versions 2.1, 
and a P value less than 0.05 was considered statistically 
significant.

Results
Characteristics of the included and excluded patients
On the basis of the study design, a total of 78,741 par-
ticipants were excluded because of missing data on key 
variables (the exposure TyG-WWI and the outcome 
HF) from the initial 101,316 participants in NHANES 
1999–2018 (Fig. 1). Given the high proportion of exclu-
sions due to missing data, we compared baseline char-
acteristics between the included cohort (n = 22,575) 
and the excluded group (n = 78,741) (Supplementary 
Table S1). Significant differences were observed in mul-
tiple variables: the excluded group was older (65.54 vs. 
46.70  years), had a higher BMI (30.96 vs. 28.63  kg/m2), 
waist circumference (107.87 vs. 98.19 cm), TyG (8.96 vs. 
8.62), and TyG-WWI (104.30 vs. 94.14), and a higher 
Charlson comorbidity index (3.56 vs. 0.81) (all p < 0.001). 
Additionally, the excluded group had a greater propor-
tion of males (55.26% vs. 48.11%), non-Hispanic White 
individuals (54.55% vs. 44.46%), former drinkers (37.26% 
vs. 17.07%), and individuals with metabolic syndrome 
(71.23% vs. 34.99%) or coronary heart disease (39.26% 
vs. 2.91%) (all p < 0.001). In contrast, no significant differ-
ences were noted in height, fasting blood glucose, eGFR, 
education level, marital status, ACEI/ARB use, or other 
variables (p > 0.05).

Baseline characteristics of the study participants
The baseline characteristics of the participants stratified 
by HF status are presented in Table  1. Among 22,575 
participants, 704 (3.1%) had HF. Compared with non-HF 

participants, those with HF were significantly older 
(65.54 vs. 46.70), heavier (87.39 vs. 82.01), and had larger 
waist circumferences (107.87 vs. 98.19) and higher BMIs 
(30.96 vs. 28.63  kg/m2, p < 0.001). Metabolic parameters 
revealed that HF participants had higher TyG (8.96 vs. 
8.62) and TyG-WWI (104.30 vs. 94.14) values, whereas 
fasting blood glucose (6.11 vs. 5.85) and eGFR (101.99 
vs. 103.05) did not differ significantly. Sex and ethnicity 
distributions differed significantly (both p < 0.001). Car-
diovascular risk profiles revealed that HF participants 
had a greater Charlson Comorbidity Index, with a sig-
nificantly greater incidence of coronary heart disease, 
hypertension, metabolic syndrome, and diabetes melli-
tus (all p < 0.05). Medication use differed significantly for 
β-blockers (p < 0.001) but not for ACEIs/ARBs (p = 0.310). 
Lifestyle factor data revealed that HF participants had 
lower physical activity scores and were more likely to 
be former smokers and drinkers (all p < 0.05). Socioeco-
nomic indicators revealed marginal differences in the 
poverty income ratio (p = 0.015) but no significant varia-
tion in education level or marital status (p > 0.05). These 
results indicate significant differences in baseline char-
acteristics between HF and non-HF individuals across 
demographic, clinical, and behavioral domains.

Associations between the TyG-WWI and HF risk
Table 2 presents the results of logistic regression analyses 
examining the association between the TyG-WWI and 
HF across progressively adjusted models. In the crude 
model, each standard deviation increase in the TyG-
WWI was associated with 2.17-fold greater odds of HF 
(95% CI 2.00–2.35). This association remained statisti-
cally significant after adjustment for demographic fac-
tors in Model I (OR 1.76, 95% CI 1.56–1.99) and further 
attenuated but persisted after comprehensive multivari-
able adjustment in Model II (OR 1.47, 95% CI 1.16–1.87). 
When analyzed by quartiles, a clear dose‒response rela-
tionship was observed (p-trend < 0.01 in all models). In 
the fully adjusted Model II, compared with those in the 
lowest quartile (Q1), the odds ratios for HF in Q2, Q3, 
and Q4 were 2.36 (95% CI 1.15–4.83), 2.21 (95% CI 1.01–
4.79), and 3.97 (95% CI 1.85–8.54), respectively. These 
findings confirm that the TyG-WWI has an independent, 
graded association with HF risk, with the strength of the 
association decreasing but remaining significant with 
increasing covariate adjustment, particularly in the high-
est quartile.

Dose‒response relationship between the TyG-WWI and HF
The dose‒response relationship between the TyG-WWI 
and HF risk is illustrated in Fig. 2 (after excluding outli-
ers with a TyG-WWI > 140). This RCS analysis, adjusted 
for all variables in Model II and incorporating NHANES 
sampling weights, stratification, and clustering, 
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Non-HF HF P value
Participants 21,871 704
Age, years 46.70 (0.22) 65.54 (0.65) < 0.001
Weight, kg 82.01 (0.22) 87.39 (1.25) < 0.001
Height, m 168.99 (0.09) 167.66 (0.54) 0.075
WC, cm 98.19 (0.20) 107.87 (0.93) < 0.001
BMI, kg/m2 28.63 (0.08) 30.96 (0.40) < 0.001
FBG, mmol/L 5.85 (0.03) 6.11 (0.19) 0.166
eGFR 103.05 (0.28) 101.99 (1.94) 0.588
PA-Scores 3400.63 (70.69) 2575.11 (352.84) 0.021
CCI 0.81 (0.01) 3.56 (0.09) < 0.001
TyG 8.62 (0.66) 8.96 (0.73) < 0.001
TyG-WWI 94.14 (0.15) 104.30 (0.59) < 0.001
Sex < 0.001
Female 11,348 (51.89%) 315 (44.74%)
Male 10,523 (48.11%) 389 (55.26%)
Ethnicity < 0.001
Non-Hispanic White 9723 (44.46%) 384 (54.55%)
Non-Hispanic Black 4291 (19.62%) 153 (21.73%)
Mexican American 3969 (18.15%) 79 (11.22%)
Other races 3888 (17.78%) 88 (12.50%)
Education 0.365
Below high school 5256 (28.84%) 151 (26.54%)
High school or equivalent 6365 (34.92%) 213 (37.43%)
Above high school 6606 (36.24%) 205 (36.03%)
Marital status 0.712
Married/cohabiting 7077 (53.57%) 233 (55.61%)
Widowed/divorced/separated 2683 (20.31%) 81 (19.33%)
Never married 3450 (26.12%) 105 (25.06%)
PIR 0.015
Low 7842 (39.49%) 231 (36.26%)
Medium 5862 (29.52%) 222 (34.85%)
High 6153 (30.99%) 184 (28.89%)
Smoking status < 0.001
Never 11,873 (54.34%) 287 (40.77%)
Former 5433 (24.86%) 275 (39.06%)
Now 4544 (20.80%) 142 (20.17%)
Drinking status < 0.001
Never 2817 (14.07%) 92 (14.47%)
Former 3417 (17.07%) 237 (37.26%)
Mild 6757 (33.75%) 199 (31.29%)
Moderate 2986 (14.91%) 45 (7.08%)
Heavy 4044 (20.20%) 63 (9.91%)
Metabolic syndrome < 0.001
No 13,800 (65.01%) 202 (28.77%)
Yes 7428 (34.99%) 500 (71.23%)
β-blockers use < 0.001
No 20,691 (94.67%) 622 (88.48%)
Yes 1165 (5.33%) 81 (11.52%)
ACEI/ARB use 0.310
No 21,222 (97.10%) 678 (96.44%)
Yes 634 (2.90%) 25 (3.56%)
Hypertension history 0.036
No 11,838 (70.33%) 353 (66.10%)

Table 1  Baseline characteristics of participants stratified by the presence of HF
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revealed a significant positive association (P for over-
all effect = 0.003). The trend was nearly linear with no 
evidence of significant nonlinearity (P for nonlinear-
ity = 0.522), indicating that HF risk increases continu-
ously as TyG-WWI levels rise within the physiological 
range, without distinct threshold effects. This pattern 
aligns with the quartile-based findings, reinforcing that 
the TyG-WWI acts as a graded risk indicator for HF in 
the study population after extreme values are excluded. 
On the basis of the RCS analysis of the original data (Sup-
plementary Figure S1), which included all participants 
regardless of TyG-WWI values, the overall association 
between the TyG-WWI and HF risk remained significant 
(P for overall effect = 0.004). Although the confidence 
intervals widened for TyG-WWI values > 140, suggesting 
potential instability in the fit for extreme values, the non-
linear test still showed no strong evidence of deviation 
from linearity (P for nonlinearity = 0.228). This consis-
tency between the original and outlier-excluded analyses 
supports the robustness of the positive dose‒response 
relationship between the TyG-WWI and HF risk  .

Subgroup analysis of the association between the TyG-
WWI and HF
Subgroup analyses revealed significant interactions for 
sex, β-blocker use, and blood glucose status (all P-inter-
action < 0.05), whereas no significant interaction was 
detected for age (P-interaction = 0.30). In terms of sex, 
the association between the TyG-WWI and HF risk was 
significant in males (OR 1.61, 95% CI 1.25–2.07) but not 
in females (OR 1.11, 95% CI 0.84–1.47). For β-blocker 
use, the association was evident in participants not 
using β-blockers (OR 1.43, 95% CI 1.16–1.76) but not 
in those using β-blockers (OR 0.67, 95% CI 0.34–1.32). 
With respect to blood glucose status, the association was 
strongest in participants with normal blood glucose (OR 
2.07, 95% CI 1.45–2.95), followed by prediabetes (OR 
1.64, 95% CI 0.95–2.82), and was not significant in those 
with diabetes mellitus (OR 1.05, 95% CI 0.80–1.37). No 
significant interactions were observed in ethnicity, edu-
cation, marital status, PIR, drinking status, smoking sta-
tus, metabolic syndrome, ACEI/ARB use, CHD history, 
or hypertension history (all P-interaction > 0.05), with 
consistent positive associations between TyG-WWI and 
HF risk across these subgroups (Table 3).

Comparison of the TyG-WWI with conventional TyG-related 
parameters and traditional prognostic factors for heart 
failure diagnosis
ROC curve analysis (Fig. 3) revealed that the TyG-WWI 
has diagnostic value for HF, with an area under the curve 
(AUC) of 0.696 (95% CI 0.678–0.715) and an optimal 
diagnostic threshold of 98.93. Further comparative ROC 
analyses (Table  4 and Fig.  4) confirmed that the TyG-
WWI had the highest AUC (0.697, 95% CI 0.678–0.715) 
for heart failure diagnosis among all evaluated indices. 
Compared with conventional TyG-related parameters, 
the TyG-WWI exhibited significantly superior discrimi-
native performance (all DeLong-P < 0.001 after Bonfer-
roni correction), with AUC values of 0.616 for TyG, 0.665 
for TyG-WC, and 0.673 for TyG-WHtR. Moreover, NRI 

Table 2  Logistic regression analyses for the associations 
between the TyG-WWI and HF in different models
Exposure OR (95%CI)

Crude model Model I Model II
TyG-WWI (per SD) 2.17 (2.00, 2.35) 1.76 (1.56, 1.99) 1.47 (1.16, 1.87)
TyG-WWI
 Q1 1.0(Ref ) 1.0(Ref ) 1.0(Ref )
 Q2 2.78 (1.78, 4.37) 1.45 (0.86, 2.44) 2.36 (1.15, 4.83)
 Q3 4.58 (3.12, 6.73) 1.89 (1.18, 3.04) 2.21 (1.01, 4.79)
 Q4 11.03 (7.42, 16.42) 3.77 (2.32, 6.12) 3.97 (1.85, 8.54)
p-trend < 0.01 < 0.01 < 0.01
OR, odds ratio; SD, standard deviation. Other abbreviations are listed in Table 1

Crude model adjusted for: none

Model I adjusts for age, sex, ethnicity, education, marital status and PIR

The Model II model adjusts for age, sex, ethnicity, education, marital status, PIR, 
drinking status, smoking status, eGFR, PA, β-blocker use, ACEI/ARB use, CHD, 
hypertension and blood glucose status

Non-HF HF P value
Yes 4994 (29.67%) 181 (33.90%)
CHD history < 0.001
No 21,188 (97.09%) 413 (60.74%)
Yes 636 (2.91%) 267 (39.26%)
Blood glucose status < 0.001
Normal 14,155 (66.68%) 241 (34.33%)
DM 3862 (18.19%) 355 (50.57%)
IFG 1983 (9.34%) 67 (9.54%)
IGT 1228 (5.78%) 39 (5.56%)
HF, heart failure; WC, waist circumference; BMI, body mass index; FBG, fasting blood glucose; eGFR, estimated glomerular filtration rate; PA, physical activity; CCI, 
Charlson comorbidity index; TyG, triglyceride glucose; TyG-WWI, triglyceride glucose weight adjusted waist index; PIR, poverty income ratio; ACEI, angiotensin-
converting enzyme inhibitors; ARB, angiotensin II receptor blocker; CHD, coronary heart disease; DM, diabetes mellitus; IFG, impaired fasting glucose; IGT, Impaired 
glucose tolerance

Table 1  (continued) 
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analysis revealed that the TyG-WWI provided an 11.41% 
NRI over TyG, a 4.20% NRI over TyG-WC, and a 2.99% 
NRI over TyG-WHtR. Additionally, supplementary anal-
yses compared with traditional heart failure prognostic 
factors (Table S4) revealed that the TyG-WWI outper-
formed obesity-related indices (BMI: 0.592; WC: 0.654; 
WHtR: 0.604), glucose metabolism markers (fasting 
plasma glucose: 0.524; HbA1c: 0.518), lipid profiles (TG: 
0.497; LDL-C: 0.510), and inflammatory markers (CRP: 
0.505), with all DeLong-P values < 0.0001 after Bonferroni 
correction (0.00625).

Sensitivity analysis
Sensitivity analyses confirmed the robustness of the asso-
ciation between the TyG-WWI and HF risk across mul-
tiple scenarios (Table 5). For missing data handling, three 
imputed datasets (sensitivity-1 to sensitivity-3) gener-
ated by MICE consistently showed significant positive 

associations. Each standard deviation increase in the 
TyG-WWI was associated with 44–45% increased odds 
of HF (OR range: 1.44–1.45, all 95% CIs excluding 1). The 
dose‒response relationship remained statistically sig-
nificant (all p values < 0.01), with participants in the high-
est quartile (Q4) having approximately 2.46–2.47 times 
greater HF risk than those in the lowest quartile (Q1). 
Additional sensitivity analyses further supported the sta-
bility of the findings. After excluding extreme values of 
TyG-WWI (> 140) (sensitivity-4), each standard deviation 
increase in TyG-WWI was associated with 40% higher 
odds of HF (OR 1.40, 95% CI 1.16–1.70), and the high-
est quartile still showed a significant 3.30-fold elevated 
risk (95% CI 1.62–6.72, p-trend < 0.01). When further 
adjusting for sleep apnea syndrome and atrial fibrilla-
tion history (sensitivity-5), the association remained sig-
nificant: each standard deviation increase in TyG-WWI 
corresponded to a 36% higher odds of HF (OR 1.36, 95% 

Fig. 2  Dose‒response relationship between the TyG-WWI and HF. Restricted cubic spline adjusted for age, sex, ethnicity, education, marital status, PIR, 
drinking status, smoking status, eGFR, PA, β-blocker use, ACEI/ARB use, CHD, hypertension and blood glucose status. Abbreviations: OR: odds ratio. Other 
abbreviations are listed in Table 1

 



Page 11 of 19Fan et al. Cardiovascular Diabetology          (2025) 24:329 

CI 1.13–1.64), and the highest quartile had a 3.33-fold 
greater risk than the lowest quartile did (95% CI 1.62–
6.81, p-trend < 0.01). These results collectively indicate 
that the positive association between the TyG-WWI and 
HF risk is robust to missing data patterns, extreme val-
ues, and additional confounding factors, reinforcing the 
reliability of the primary findings.

Discussion
In this retrospective cross-sectional study, using nation-
ally representative survey data, we investigated—for the 
first time—a positive linear correlation between the TyG-
WWI score and the risk of heart failure. Further sub-
group analyses revealed that this association was more 
pronounced in men, patients not using β-blockers, and 
nondiabetic individuals, whereas sensitivity analyses con-
sistently confirmed the robustness of our core findings. 
Notably, our results demonstrated that the TyG-WWI 
not only exhibited superior diagnostic performance for 
heart failure than traditional TyG-related parameters 
but also, more importantly, NRI analyses indicated that 
the TyG-WWI provides incremental value over these 
conventional TyG-derived indices. These observations 
underscore that the TyG-WWI is a promising simple 
marker that serves as a valuable complement to current 
TyG-related parameters in assessing heart failure risk.

Despite encouraging advancements in extensive heart 
failure research in recent years, the prognosis for heart 
failure patients has remained unchanged [1, 2]. Iden-
tifying valuable risk assessment tools is paramount 
for improving heart failure outcomes. The association 
between IR and heart failure risk has garnered significant 
attention. Although accurately assessing IR can be chal-
lenging, surrogate markers of IR developed on the basis 
of routine blood biochemical indicators, such as TyG, 
have demonstrated good agreement with gold-standard 
IR assessments [57]. This significantly enhances the prac-
ticality of these surrogate markers as disease risk screen-
ing and stratification tools. In fact, in addition to IR, 
several anthropometric parameters used to evaluate obe-
sity have also been proven to be significantly correlated 
with heart failure risk [31–35]. In particular, on the basis 
of the widespread discussion of the “obesity paradox,” 
combining indicators that reflect central obesity and 
overall obesity is considered a more valuable new anthro-
pometric parameter [36, 37]. Consequently, in recent 
years, an increasing number of risk assessment tools that 
combine IR with anthropometric measurements have 
been developed and proven to have good disease pre-
dictive value. The combination of the TyG index and the 
optimized anthropometric parameter WWI is a recently 
developed index. Previous studies have indicated a signif-
icant correlation between this index and the overall risk 
of cardiovascular disease and stroke [46, 47]. However, 

Table 3  Association between the TyG-WWI and HF stratified by 
age, sex, ethnicity, education, marital status, PIR, drinking status, 
smoking status, metabolic syndrome, β-blocker use, ACEI/ARB 
use, CHD, hypertension and blood glucose status
Subgroup Adjusted OR (95%CI) P-interaction
Age 0.30
 < 60 years 1.57 (1.20, 2.07)
 ≥ 60 years 1.30 (1.02, 1.66)
Sex 0.04
 Female 1.11 (0.84, 1.47)
 Male 1.61 (1.25, 2.07)
Ethnicity 0.74
Non-Hispanic White 1.45 (1.11, 1.89)
Non-Hispanic Black 1.32 (0.93, 1.88)
Mexican American 1.04 (0.61, 1.79)
Other races 1.40 (0.82, 2.38)
Education 0.38
Below high school 1.14 (0.73, 1.80)
High school or equivalent 1.25 (0.93, 1.68)
Above high school 1.54 (1.17, 2.03)
Marital status 0.82
Married/cohabiting 1.42 (1.10, 1.83)
Widowed/divorced/separated 1.37 (0.90, 2.08)
Never married 1.25 (0.89, 1.75)
PIR 0.58
Low 1.30 (0.93, 1.82)
Medium 1.51 (1.14, 2.02)
High 1.24 (0.90, 1.71)
Drinking status 0.26
Current 1.49 (1.16, 1.90)
Never/past 1.22 (0.92, 1.62)
Smoking status 0.82
Current 1.40 (0.96, 2.04)
Never/past 1.34 (1.07, 1.66)
Metabolic syndrome 0.18
No 1.53 (1.02, 2.30)
Yes 1.11 (0.85, 1.44)
β-blockers use 0.03
No 1.43 (1.16, 1.76)
Yes 0.67 (0.34, 1.32)
ACEI/ARB use 0.85
No 1.38 (1.14, 1.68)
Yes 1.26 (0.47, 3.34)
CHD history 0.72
 No 1.39 (1.11, 1.73)
 Yes 1.29 (0.90, 1.85)
Hypertension history 0.65
 No 1.41 (1.09, 1.82)
 Yes 1.31 (0.99, 1.71)
Blood glucose status < 0.01
Normal 2.07 (1.45, 2.95)
DM 1.05 (0.80, 1.37)
Prediabetes 1.64 (0.95, 2.82)
All abbreviations are listed in Table 1
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the value of the TyG-WWI in heart failure remains to be 
further elucidated.

In this study, we evaluated the association between the 
combination of the TyG score and WWI and the risk of 
heart failure and reported that high TyG-WWI values 
are associated with an increased risk of heart failure. Our 
findings align with previous research examining the rela-
tionships among the TyG index, WWI, and heart failure 

outcomes. The association between TyG and heart fail-
ure risk has been widely studied [58], with most research 
highlighting a positive correlation [28–30, 59–62]. Nota-
bly, recent studies have focused specifically on the link 
between TyG and heart failure with preserved ejection 
fraction (HFpEF), a subtype characterized by distinct 
pathophysiological features. One study investigating insu-
lin resistance indices (including TyG) in HFpEF patients 

Table 4  ROC analysis comparing the TyG-WWI and conventional TyG-related parameters for the diagnosis of heart failure
Test AUC (95%CI) Delong-P NRI (%) Best threshold Specificity Sensitivity
TyG-WWI 0.697 (0.678–0.715) – – 98.9341 0.6241 0.6619
TyG 0.616 (0.595–0.637) < 0.001 11.41% 8.6429 0.5228 0.6491
TyG-WC 0.665 (0.645–0.685) < 0.001 4.20% 871.3319 0.5623 0.6818
TyG-WHtR 0.673 (0.653–0.692) < 0.001 2.99% 5.4764 0.6580 0.601
For Delong-P, the Bonferroni-corrected p value (0.0167) was used as the significance level

ROC, receiver operating characteristic; AUC, area under the curve; NRI, net reclassification improvement. Other abbreviations are listed in Table 1

Fig. 3  ROC curve of the TyG-WWI for the diagnosis of HF. Abbreviations: ROC: receiver operating characteristic; AUC: area under the curve. Other ab-
breviations are listed in Table 1
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revealed that elevated TyG levels correlate with increased 
adverse events [28], whereas another study demonstrated 
that a high TyG index is linked to poor prognosis in 
HFpEF patients, supporting its potential as a prognos-
tic marker [29]. These findings underscore the relevance 
of TyG-related metabolic perturbations in heart failure 
subsets, and despite our inability to stratify by ejection 
fraction owing to dataset limitations, the associations 
observed in the current study are consistent with these 
subtype-specific links.​Beyond subtype-specific analyses, 
cumulative evidence from broader populations reinforces 
the relevance of TyG in heart failure. A meta-analysis 
revealed a significant association between the TyG index 
and the incidence of heart failure and adverse outcomes 
[27], whereas two large cohorts (over 100,000 individu-
als) and Mendelian randomization studies confirmed that 
a higher TyG index is an independent, causal risk factor 

for new-onset heart failure in the general population [63]. 
However, conflicting evidence exists: one study reported 
no significant association between TyG and heart failure 
risk in nonobese individuals (BMI < 30  kg/m2) [64], and 
another in a nonalcoholic fatty liver disease population 
showed no association [65], likely due to differences in 
study design and population selection.​ Regarding WWI, 
although research is less extensive than for TyG, limited 
evidence suggests a significant positive correlation with 
heart failure risk [43, 66–68]. Our results emphasize that 
combining the TyG score and WWI into a new param-
eter strengthens the association with increased heart 
failure risk: each standard deviation increase in the TyG-
WWI was linked to elevated risk, suggesting its promise 
as a risk assessment tool.

Multiple studies have investigated the diagnostic and 
predictive value of TyG-related parameters for heart 

Fig. 4  TyG-WWI and TyG correlation index for the diagnosis of HF ROC curves. Abbreviations: ROC: receiver operating characteristic; AUC: area under the 
curve. Other abbreviations are listed in Table 1
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failure. A meta-analysis by Khalaji A et al. [27] demon-
strated that the TyG has good discriminatory ability 
between heart failure and nonheart failure individuals, 
highlighting its potential as a simple and effective risk 
stratification and assessment tool for heart failure. In 
another meta-analysis, the predictive value of TyG-WC 
for heart failure was also confirmed [69]. Additionally, 
three cross-sectional studies [19, 60, 65] and one cohort 
study [70] indicated that the TyG-WHtR has good diag-
nostic and predictive value for heart failure. A compari-
son of the three indicators by Dang et al. [60] and Zheng 
et al. [19] revealed that the TyG-WHtR has greater diag-
nostic value for heart failure than the TyG and TyG-WC 
indices do. Similarly, when combined with a basic model, 
Zhang Y et al.’s study demonstrated that the diagnos-
tic performance of TyG-WHtR combined with the basic 
model for heart failure is greater than that of TyG [66]. 
These findings emphasize that the TyG-WHtR is a better 
diagnostic and predictive indicator for heart failure than 
the TyG and TyG-WC ratios are. In the present study, 
for the first time, we assessed the diagnostic value of the 
TyG-WWI for heart failure. Importantly, compared with 
the three traditional TyG indicators mentioned above, 
the TyG-WWI has superior diagnostic value for heart 
failure (all DeLong test P values < 0.05). Importantly, the 
results of the NRI analysis indicate that the TyG-WWI 
has greater predictive value in the diagnosis of heart fail-
ure than traditional TyG-related parameters do, as con-
firmed by positive NRI values: 11.41% compared with 

TyG, 4.20% compared with TyG-WC, and 2.99% com-
pared with TyG-WHtR. These results suggest that the 
TyG-WWI can serve as a useful supplement to existing 
TyG-related parameters in the diagnosis of heart failure, 
thereby enhancing the accuracy of risk stratification.

The association between the TyG-WWI and heart 
failure is likely mediated by the synergistic interplay of 
metabolic dysfunction and obesity-related pathways. In 
fact, the TyG-WWI was designed to integrate two com-
plementary domains—insulin resistance and central obe-
sity—to overcome the limitations of traditional metabolic 
risk markers, which often assess these factors in isolation. 
Its mathematical formulation combines the triglyceride‒
glucose (TyG) index and the weight‒adjusted waist index 
(WWI), with each component having a distinct physi-
ological rationale and calibration background. First, the 
TyG index, which is composed of triglycerides and glu-
cose, serves as a reliable marker of insulin resistance. Its 
physiological validity stems from the close link between 
triglycerides and insulin-resistant states, and its efficacy 
has been extensively validated against gold-standard 
methods such as the hyperinsulinemic-euglycemic clamp 
and HOMA-IR [15]. In insulin resistance, impaired insu-
lin-mediated suppression of lipolysis leads to increased 
release of free fatty acids, stimulating hepatic synthesis 
and secretion of triglycerides and increasing circulating 
triglyceride levels [71]. By combining triglycerides with 
glucose, the TyG index captures the synergistic effects of 
dyslipidemia and hyperglycemia—core features of insu-
lin resistance syndrome—thereby enhancing its ability 
to reflect systemic metabolic dysfunction [72]. Insulin 
resistance, as indicated by elevated TyG levels, contrib-
utes to heart failure pathogenesis through multiple path-
ways: (1) inducing systemic metabolic disturbances that 
promote myocardial lipid accumulation and oxidative 
stress, impairing cardiac structure and function; (2) exac-
erbating endothelial dysfunction and arterial stiffness 
to increase cardiac afterload; and (3) triggering chronic 
low-grade inflammation (via upregulation of proinflam-
matory cytokines such as TNF-α and IL-6) and activat-
ing the renin‒angiotensin‒aldosterone system (RAAS), 
accelerating myocardial fibrosis, ventricular remodeling, 
and diastolic dysfunction [73–77]. Additionally, insulin 
resistance impairs myocardial insulin signaling, reduc-
ing myocardial glucose uptake and utilization while 
shifting substrate preference toward excessive free fatty 
acid oxidation, which induces mitochondrial dysfunc-
tion, lipotoxicity, and lipoapoptosis in cardiomyocytes, 
directly damaging cardiac structure and function [78, 79]. 
The WWI component of the TyG-WWI reflects central 
obesity relative to total body weight and independently 
increases heart failure risk through multiple mecha-
nisms. First, WWI is calculated as waist circumference 
(cm) divided by the square root of body weight (kg) and 

Table 5  Sensitivity analysis of the association between the TyG-
WWI and HF incidence

OR (95% CI)
Sensitivity-1 Sensitivity-2 Sensi-

tivity-3
Sensi-
tivity-4

Sensi-
tivity-5

TyG-
WWI 
(per 
SD)

1.45 (1.25, 1.68) 1.45 (1.26, 1.68) 1.44 
(1.24, 
1.67)

1.40 
(1.16, 
1.70)

1.36 
(1.13, 
1.64)

TyG-WWI
 Q1 1.0(Ref ) 1.0(Ref ) 1.0(Ref ) 1.0(Ref ) 1.0(Ref )
 Q2 1.41 (0.85, 2.32) 1.41 (0.85, 2.33) 1.41 

(0.85, 
2.33)

2.27 
(1.13, 
4.57)

2.27 
(1.12, 
4.59)

 Q3 1.70 (1.04, 2.78) 1.70 (1.04, 2.77) 1.71 
(1.05, 
2.79)

2.08 
(1.03, 
4.21)

2.05 
(1.01, 
4.16)

 Q4 2.47 (1.52, 4.01) 2.47 (1.51, 4.04) 2.46 
(1.51, 
4.02)

3.30 
(1.62, 
6.72)

3.33 
(1.62, 
6.81)

p-
trend

< 0.01 < 0.01 < 0.01 < 0.01 < 0.01

Sensitivity-1 to sensitivity‐3 were repeated analyses using data after multiple 
imputations of missing covariates. Sensitivity analysis-4 was repeated after 
removing the extreme values (greater than 140) of the TYG-WWI. Sensitivity 
analysis-5 further adjusted for sleep apnea syndrome and atrial fibrillation 
history on the basis of Model II
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is designed to overcome the limitations of BMI in cap-
turing fat distribution. Derived from regression analyses 
showing that waist circumference scales with the square 
root of body weight (β ≈ 0.5), WWI calibrates waist cir-
cumference by body weight, optimizing stability across 
diverse populations and enhancing its ability to reflect 
visceral adiposity independently of total body mass [38]. 
Indeed, assessing obesity and related HF risk via BMI 
and WC alone is complicated by the “obesity paradox” 
[80], whereas weight-adjusted waist circumference bet-
ter reflects central obesity. This promotes visceral fat 
accumulation, which releases proinflammatory cytokines 
(e.g., TNF-α and IL-6) and adipokines (e.g., leptin and 
resistin), inducing a state of chronic low-grade inflam-
mation [81] that drives myocardial fibrosis and extracel-
lular matrix remodeling. Furthermore, prior studies have 
indicated that it increases blood pressure, exacerbates 
the hemodynamic load, and contributes to ventricular 
remodeling and diastolic dysfunction [82, 83]. Addition-
ally, abdominal obesity correlates with left ventricular 
hypertrophy and impaired diastolic relaxation, partly 
via increased hemodynamic load and sympathetic acti-
vation, while also exacerbating dyslipidemia and endo-
thelial dysfunction to accelerate atherosclerotic and 
nonatherosclerotic cardiac damage [31–33, 84, 85]. By 
integrating the TyG and WWI, the TyG-WWI amplifies 
heart failure risk through the synergistic convergence of 
these pathways. Insulin resistance mediated by the TyG 
component impairs myocardial substrate utilization 
and promotes oxidative stress, whereas central obesity 
captured by WWI induces inflammatory and hemody-
namic stress, resulting in a “double hit” to cardiac struc-
ture and function. This synergistic integration addresses 
the limitations of isolated markers in comprehensively 
assessing combined metabolic and obesity-related risks, 
which may explain why the TyG-WWI demonstrates 
superior diagnostic performance for heart failure com-
pared with the traditional TyG index alone, as supported 
by our comparative analyses of discriminative ability. As 
a novel composite index, the current calibration of the 
TyG-WWI relies on indirect validation through its com-
ponents’ established relationships with cardiometabolic 
endpoints. Future studies are needed to directly validate 
these findings against gold-standard measures of meta-
bolic health and obesity-related pathologies.

The TyG-WWI, as a composite indicator integrat-
ing metabolic and anthropometric parameters, holds 
distinct clinical value in HF risk assessment, although 
its utility must be interpreted within clear boundar-
ies. First, in terms of risk stratification, the TyG-WWI 
demonstrates incremental value beyond traditional 
TyG-related indices. With an AUC of 0.697, while lower 
than the 0.8 threshold required for independent diagno-
sis, the NRI is meaningful compared with conventional 

parameters: 11.41% versus the basic TyG index, 4.20% 
versus TyG-WC, and 2.99% versus TyG-WHtR. These 
NRI values indicate that the TyG-WWI can correctly 
reclassify 2.99–11.41% more individuals into their appro-
priate risk categories, reducing misclassification rates in 
clinical practice. This is particularly valuable for identi-
fying individuals with mild metabolic‒anthropometric 
abnormalities who might be missed by traditional risk 
scores, thereby enhancing the comprehensiveness of risk 
assessment. Second, as a preliminary screening tool, the 
TyG-WWI has practical utility in resource-constrained 
settings. On the basis of the basis of the Youden index 
maximization principle, its optimal cutoff value for iden-
tifying HF is 98.93, balancing a sensitivity of 66.2% and 
specificity of 62.4%. In regions where advanced diagnos-
tic modalities such as echocardiography or BNP testing 
are limited, TyG-WWI can efficiently triage high-risk 
populations using easily measurable parameters (tri-
glycerides, glucose, waist circumference, and weight). 
Individuals exceeding the cutoff should be prioritized 
for further comprehensive evaluations via gold-standard 
methods, aligning with hierarchical healthcare models to 
optimize resource allocation and minimize missed diag-
noses. Third, in guiding clinical management, the TyG-
WWI serves as a prompt for metabolic assessment and 
intervention. An elevated TyG-WWI indicates poten-
tial metabolic disturbances linked to insulin resistance, 
prompting clinicians to conduct thorough evaluations of 
fasting glucose levels, lipid profiles, and obesity param-
eters. For patients with elevated TyG-WWI (with or 
without overt diabetes), lifestyle interventions—includ-
ing dietary adjustments (e.g., reducing refined carbo-
hydrate intake), regular physical activity, and weight 
management—may lower TyG-WWI levels by improv-
ing insulin sensitivity and lipid metabolism. However, it 
is crucial to note that direct evidence supporting TyG-
WWI-guided pharmacological interventions for improv-
ing HF outcomes remains limited; treatment decisions 
should be individualized on the basis of comorbidities, 
current guidelines, and patient-specific conditions. Nota-
bly, the TyG-WWI should never be used alone for HF 
diagnosis or clinical decision-making. Its role is strictly 
complementary, enhancing rather than replacing existing 
risk assessment tools and standard diagnostic protocols. 
Future prospective studies are needed to establish defini-
tive clinical decision thresholds and validate whether tar-
geted reduction of TyG-WWI through specific therapies 
can improve HF prognosis, which will further strengthen 
its clinical utility in treatment planning.

Our study has several compelling strengths that 
enhance the reliability and relevance of its findings. First, 
we utilized data from the NHANES, a large-scale, nation-
ally representative sample, which ensures that our results 
are generalizable to the U.S. civilian noninstitutionalized 
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population and strengthens the external validity of 
the associations observed between the TyG-WWI and 
heart failure. Second, the methodological rigor is a key 
strength. We employed comprehensive adjustment for 
a wide range of potential confounding factors, includ-
ing demographic characteristics, lifestyle factors, clinical 
indicators, and comorbidities, to minimize the impact 
of confounding factors on the observed associations. 
Additionally, rigorous sensitivity analyses—incorporat-
ing multiple imputation for missing data, exclusion of 
extreme values, and further adjustment for additional 
confounding factors—confirmed the robustness of our 
findings, ensuring that missing data and potential outli-
ers were unlikely to bias the conclusions. Third, the iden-
tification of a clinically actionable optimal cutoff point 
(98.93) for the TyG-WWI enhances its practical appli-
cability. This threshold, derived from maximizing the 
Youden index to balance sensitivity and specificity, pro-
vides a clear reference for potential clinical use, where 
individuals with TyG-WWI values above this level may 
warrant closer monitoring for heart failure risk. Finally, 
the TyG-WWI itself offers inherent advantages as a 
screening tool. Composed of easily obtainable parameters 
(triglycerides, glucose, waist circumference, and weight), 
it is simple to calculate and applicable in primary care 
settings, especially in resource-constrained environments 
where advanced diagnostic tools are limited. When used 
in combination with other established risk factors, it can 
serve as a valuable supplementary screening tool to iden-
tify individuals at elevated risk of heart failure, facilitat-
ing early intervention and risk stratification.

However, several limitations must be acknowledged. 
First, the cross-sectional design of this study precludes 
the establishment of a causal relationship between the 
TyG-WWI and heart failure, which only demonstrated 
an association. This inherent limitation means that we 
cannot determine the direction of the relationship, high-
lighting the need for prospective longitudinal studies to 
validate the predictive value of the TyG-WWI for inci-
dent heart failure and clarify its clinical utility. Second, 
there is potential for reverse causality. Chronic heart 
failure can induce metabolic disturbances such as insulin 
resistance, dyslipidemia, and altered adiposity through 
mechanisms including neurohormonal activation and 
chronic inflammation. These changes may increase 
the TyG-WWI, implying that the observed association 
could partially reflect metabolic adaptations to preexist-
ing heart failure rather than the TyG-WWI driving the 
pathogenesis of heart failure. Prospective studies are thus 
needed to clarify the temporal relationship between the 
two. Third, the diagnosis of heart failure in this study 
relied solely on self-reported physician diagnoses, with-
out validation against international criteria (such as 
Framingham or ESC guidelines) or objective indicators 

such as echocardiography, BNP, or medical records. This 
may introduce diagnostic bias, including misclassifica-
tion of undiagnosed asymptomatic or subclinical cases 
and recall bias affecting reporting accuracy. Addition-
ally, owing to the constraints of the NHANES dataset, 
we were unable to obtain detailed subtype information 
on the basis of the ejection fraction, limiting analysis 
of the associations between the TyG-WWI and specific 
heart failure phenotypes. While the NHANES employs 
standardized survey procedures to reduce reporting vari-
ability and sampling weights to enhance population rep-
resentativeness, these methods cannot fully eliminate the 
uncertainties introduced by the lack of objective diagnos-
tic validation.

Fourth, a high proportion of participants were excluded 
because of missing data on key variables, with significant 
differences in age, comorbidities, and metabolic indi-
ces between the included and excluded groups. Despite 
the use of multiple imputation by chained equations to 
address missingness, residual bias from these baseline 
disparities cannot be completely eliminated, potentially 
restricting the generalizability of our findings. Finally, 
residual confounding may persist despite extensive 
covariate adjustment. Furthermore, the modest AUC of 
the TyG-WWI, while statistically significant, indicates 
that it should complement rather than replace exist-
ing risk assessment tools. Our findings are exploratory, 
and any discussion of TyG-WWI-guided interventions 
remains speculative, given the unresolved challenges in 
targeting insulin resistance for clinical benefit.

Conclusion
In this cross-sectional study, we demonstrated that the 
TyG-WWI is strongly, independently, and dose-depend-
ently associated with HF risk in the general population. 
Notably, its diagnostic performance for HFs surpasses 
that of traditional TyG-related indices, and NRI analyses 
further confirm its incremental value as a supplementary 
parameter to existing TyG-derived metrics. These find-
ings position the TyG-WWI as a promising metabolic 
biomarker for HF risk stratification, with its simplicity—
rooted in easily measurable parameters (triglycerides, 
glucose, waist circumference, and weight)—rendering it 
particularly valuable in resource-limited settings where 
advanced diagnostic tools are scarce. Given its clinical 
utility, the TyG-WWI could serve as a practical tool for 
HF risk assessment in primary care, facilitating more 
precise identification of high-risk individuals. Future lon-
gitudinal studies are warranted to investigate whether 
monitoring the TyG-WWI can enable earlier targeted 
interventions, potentially mitigating HF incidence and 
improving patient outcomes.
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