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Background

Insulin resistance (IR) contributes substantially to the development of cardiovascular disease (CVD) and metabolic disorders, particularly obesity. The homeostatic model assessment of IR is a prevalent IR indicator, but insulin measurement is quite impractical for widely use. Given its convenience and accessibility, the triglyceride−glucose (TyG) index, along with modified indices such as the triglyceride−glucose−waist circumference (TyG−WC) and triglyceride−glucose−waist−height ratio (TyG−WHtR), are gaining recognition as practical tools for assessing IR. This study aimed to investigate the specific correlation between the TyG index and its modified indices with arterial stiffness in an overweight or obese population and to explore novel, self-defined modified TyG indices for identifying individuals at elevated risk for such conditions.





Methods

This retrospective study included 1,143 overweight or obese individuals from 2021 to 2023. Medical data, including brachial-ankle pulse wave velocity (baPWV), were collected. Two novel modified TyG indices, TyG-1h and TyG-2h, were defined by substituting the fasting glucose level in the TyG formula with 1-hour and 2-hour post-load plasma glucose levels, respectively. Multivariate logistic regression analyses were conducted to identify parameters that demonstrated a statistically significant correlation with arterial stiffness, defined as a baPWV threshold of ≥ 1400 cm/s. Additionally, restricted cubic spline (RCS) modelling was employed to further explore these relationships in a visually interpretable manner. To evaluate and compare the diagnostic accuracy of the conventional TyG index and its novel modified versions, receiver operating characteristic (ROC) curve analyses were performed.





Results

Our findings revealed that individuals with arterial stiffness presented significantly elevated TyG index and all its modified versions (P< 0.05). By utilizing a binary logistic regression model and adjusting for potential confounders, we determined that all TyG-related parameters independently correlated with an increased risk of developing arterial stiffness. Moreover, TyG-WHtR displayed the best correlation (OR 3.071, 95% CI 1.496-6.303) when stratified by quartiles, followed by TyG-1h (OR 2.298, 95% CI 1.248-4.234) and TyG-2h (OR 2.115, 95% CI 1.175-3.807). ROC curves suggested that TyG-1h and TyG-2h demonstrated superior diagnostic performance compared to TyG, with AUCs of 0.685, 0.679 and 0.673, respectively.





Conclusions

The modified TyG indices exhibited strong effectiveness in identifying arterial stiffness in Chinese overweight or obese individuals.
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1 Introduction

Insulin resistance (IR) is a condition characterized by the diminished ability of insulin to elicit its normal physiological effects in its target tissues, primarily muscle, adipose, and liver (1). IR is a significant contributing factor to arterial stiffness and the development of cardiovascular diseases (CVD) due to its role in promoting inflammation and subsequent endothelial damage (2).

It is widely recognized that the hyperinsulinemic-euglycemic glucose clamp serves as the definitive method for assessing IR, yet its practical use in clinical settings is constrained by its lengthy duration and significant expense (3). Alternatively, the homeostatic model assessment of IR (HOMA-IR), derived from fasting blood glucose (FBG) and insulin concentrations, is the most prevalent and validated indicator of IR in clinical practice (3). However, insulin levels in the blood are typically measured in the context of diabetes mellitus, making them impractical for general use. Consequently, various alternative markers of IR have been introduced recently, among which is the triglyceride-glucose (TyG) index (4).

The TyG index, a metric derived from fasting triglyceride (TG) and FBG concentrations, is strongly correlated with IR (5). Prior investigations have consistently shown a positive link between the TyG index and cardiovascular disease (CVD), as well as a heightened risk of arterial stiffness, as evaluated by brachial-ankle pulse wave velocity (baPWV) (4). Recent studies have further indicated the potential of the modified TyG indices, such as the triglyceride−glucose−waist circumference (TyG−WC) and the triglyceride−glucose−waist−height ratio (TyG−WHtR), as simple and cost-effective markers for identifying individuals who may be predisposed to cardiovascular events or metabolic disorders (6–9).

Obesity, a major health risk factor, is closely linked to the development of IR (10). However, it remains unclear whether the TyG index or its modified versions continue to serve as reliable predictors of arterial stiffness in overweight or obese individuals. Therefore, our study aims to investigate the correlation of the TyG index and TyG-related parameters with arterial stiffness in overweight or obese individuals, as well as to explore novel modified TyG indices that could aid in identifying subjects at high risk.




2 Methods



2.1 Study population

This retrospective study included patients admitted to the First Affiliated Hospital of Ningbo University from May 2021 to December 2023, primarily presenting with complaints of excessive weight gain. A total of 1,143 patients were selected based on specific inclusion criteria: aged between 18 and 75 years, had a body mass index (BMI) of 24 kg/m² or higher, had undergone an oral glucose tolerance test (OGTT), and had available data on peripheral arterial sclerosis. However, patients were excluded if they had a prior diagnosis of diabetes, were currently using lipid-lowering medications, had a history of coronary atherosclerotic heart disease or stroke, suffered from severe liver or kidney dysfunction, or presented with hematological disorders, chronic infectious diseases, or malignant tumors. The study adhered to the Helsinki Declaration and received approval from the Ethics Committee of The First Affiliated Hospital of Ningbo University (2024-158RS). And informed consent was waived owing to the retrospective nature of the study.




2.2 Demographic, medical, and laboratory data

For all patients enrolled in the study, demographic details such as sex, age, and prior medical history were collected. Trained nurses subsequently conducted anthropometric evaluations, adhering to standardized protocols, to measure height, weight, waist circumference (WC), systolic blood pressure (SBP), and diastolic blood pressure (DBP). The baPWV was measured via an arterial sclerosis detector (BP-203RPE III, Omron Corporation, Japan) according to the manufacturer’s instructions (11). An average baPWV ≥1400 cm/s of both sides was considered indicative of arterial stiffness (12).

Following an overnight fast, venous blood samples were obtained from the participants. The analysis included measurements of glycated haemoglobin (HbA1c), FBG, fasting insulin levels, triglyceride (TG), total cholesterol (TC), low density lipoprotein-cholesterol (LDL-C), high density lipoprotein-cholesterol (HDL-C), serum creatinine, uric acid, and routine blood tests. The OGTT was conducted according to standard procedures as described previously (13), and 1-hour and 2-hour post-load plasma glucose (PG) levels and insulin levels were recorded.




2.3 Calculations

BMI was derived by dividing an individual’s weight (in kilograms) by the square of their height (in meters). The HOMA-IR index was computed via the standard formula, which involves multiplying FBG (in mmol/L) by fasting insulin levels (in uIU/mL) and then dividing the result by 22.5 (13). For the calculation of the TyG index and its modified versions, the following formulas were applied (14, 15):

	

	

	

	

	




2.4 Statistical analysis

Patients were grouped based on baPWV to describe their basic characteristics. Independent-samples t-test was used to compare normally distributed continuous variables, presented as mean ± standard deviation (SD). Non-normally distributed continuous variables were expressed as median and interquartile range, and the Mann-Whitney U test was used. Categorical variables, expressed as frequencies (percentages), were compared via the chi-square test.

Multiple logistic regression analysis was performed to assess the odds ratios (ORs) for the risk of arterial stiffness as IR indicators increased, analyzed both as continuous variables and stratified by quartiles. The analyses were first conducted without adjustment, followed by adjustments for age and sex (Model 1), ad further adjusted for SBP, DBP, BMI, HbA1c, creatinine, uric acid, TG, HDL-C, and LDL-C (Model 2). The selection of confounders for inclusion in the multivariate model was guided by both the literature review and the results from univariate analyses. The variables were checked for multicollinearity, and none were found. Moreover, to further explore the dose−response relationship between IR indicators and baPWV, we performed a restricted cubic spline (RCS) analysis, adjusting for the same confounders as in Model 2. This analysis featured three knots positioned at the 10th, 50th, and 90th percentiles, with the median serving as the point of reference. Additionally, we conducted a receiver operating characteristic (ROC) curve analysis to assess the predictive capability of IR indicators, which were treated as continuous variables. Statistical significance was set at a P value of<0.05 (two-tailed). All data analyses were carried out via IBM SPSS Statistics for Windows (version 27.0) and R software (version 4.4.1).





3 Results



3.1 Basic characteristics

A total of 1143 overweight or obese individuals, comprising 409 (35.8%) males and 734 (64.2%) females, were included in this retrospective cross-sectional study. Table 1 presents the baseline characteristics of the study population, stratified based on baPWV. The mean age of the individuals was 33.6 ± 9.7 years, and 321 individuals (28.1%) were identified as having arterial stiffness.


Table 1 | Clinical characteristics of patients stratified by baPWV.



Individuals with arterial stiffness were generally older and had higher levels of SBP, DBP, BMI, WC, and WHtR. These individuals also had elevated HbA1c levels and higher results on the OGTT, including FBG, 1-hour, and 2-hour PG levels. Additionally, other biochemical markers related to metabolic disorders, such as higher serum creatinine, uric acid, TG, TC, and LDL-C levels, were observed in the high baPWV group. They also exhibited significantly elevated levels of fasting insulin, HOMA-IR and TyG-related parameters, as compared to the other group (P< 0.05). However, no statistically significant difference was observed in the levels of HDL-C between the two groups.




3.2 Associations between TyG indices and arterial stiffness

In the binary logistic regression model, all IR indicators, including HOMA-IR and TyG-related parameters, were independently correlated with an elevated risk of arterial stiffness after adjusting for sex and age (Model 1, Table 2). Furthermore, even after adjusting for additional confounders (SBP, DBP, BMI, HbA1c, creatinine, uric acid, TG, HDL-C, and LDL-C), all of the TyG-related parameters remained independent risk factors for elevated baPWV (Model 2, Table 2). When each IR indicator was stratified by quartiles, the maximum OR was observed for TyG-WHtR, which was as high as 3.071 (95% CI 1.496–6.303) in the maximal quartile (Q4) compared with the minimal quartile (Q1) (P = 0.002) in Model 2 (Figure 1). The OR was second highest for TyG-1h, reaching 2.298 (95% CI 1.248–4.234, P = 0.008), followed by TyG-2h with 2.115 (95% CI 1.175-3.807, P = 0.012).


Table 2 | Association of the insulin resistance indicators with arterial stiffness.






Figure 1 | Association of the six parameters with arterial stiffness in Model 2. Each insulin-resistance indicator was stratified by quartiles. HOMA-IR quartiles: Q1 ≤ 3.11, 3.11< Q2 ≤ 4.60, 4.60< Q3 ≤6.78, Q4 > 6.78; TyG quartiles: Q1 ≤ 8.45, 8.45< Q2 ≤8.81, 8.81< Q3 ≤9.21, Q4 > 9.21; TyG-1h quartiles: Q1 ≤8.95, 8.95< Q2 ≤9.41, 9.41< Q3 ≤9.87, Q4 > 9.87; TyG-2h quartiles: Q1 ≤8.74, 8.74< Q2 ≤9.19, 9.19< Q3 ≤9.68, Q4 > 9.68; TyG-WC quartiles: Q1 ≤774.77, 774.77< Q2 ≤863.00, 863.00< Q3 ≤ 952.32, Q4 > 952.32; TyG-WHtR quartiles: Q1 ≤4.78, 4.78< Q2 ≤5.21, 5.21< Q3 ≤5.74, Q4 > 5.74. *P<0.05.



By utilizing the RCS methodology, we crafted a flexible model to capture and visually represent the associations between various IR indicators and arterial stiffness. After adjusting for all confounders in Model 2, TyG-1h, TyG-WC and TyG-WHtR displayed linear correlations with arterial stiffness, whereas TyG-2h displayed a nonlinear correlation (Figure 2).




Figure 2 | Restricted cubic splines analysis of IR indicators with arterial stiffness after adjustment for age, gender, SBP, DBP, BMI, HbA1c, Cr, UA, TG, HDL-C, and LDL-C. Data are shown as odd ratios (ORs, the solid lines) with 95% confidence intervals (CIs, the shaded regions).






3.3 Predictive value analysis

All parameters reflecting IR were found to be statistically significant predictors of arterial stiffness (P< 0.05, Figure 3). Among these, the top three parameters with the highest AUC values were TyG-1h, TyG-2h, and TyG, with AUCs of 0.685, 0.679, and 0.673, respectively. The optimal cut-off value for TyG-1h in predicting arterial stiffness was determined to be 9.59, with a sensitivity of 62.0% and a specificity of 70.0%. The detailed results of this analysis are provided in Supplementary Table 1.




Figure 3 | Receiver operating characteristic (ROC) curves and the area under the ROC curve (AUC) values of the six indicators (HOMA-IR, TyG, TyG-1h, TyG-2h, TyG-WC and TyG-WHtR) in diagnosing arterial stiffness.







4 Discussion

In this study, a significant positive correlation between the risk of arterial stiffness and TyG-related indices, including TyG, TyG-1h, TyG-2h, TyG-WC and TyG-WHtR, was detected in overweight or obese individuals. When stratified by quartiles, TyG-WHtR displayed the best correlation, followed by TyG-1h and TyG-2h. ROC curve analyses demonstrated that all these parameters were significantly predictive of arterial stiffness. The modified indices, especially TyG-1h and TyG-2h, exhibited superior diagnostic capabilities compared with both HOMA-IR and the traditional TyG index in predicting high baPWV.

The TyG index, initially introduced as an alternative marker for IR, has been considered strongly correlated with IR determined through the hyperinsulinaemic-euglycaemic clamp method (14, 16). Multiple cross-sectional investigations have consistently reported a positive association between the TyG index and arterial stiffness, as measured by the baPWV (17–20). Upon further investigation, longitudinal studies have also yielded positive findings, reinforcing the association between the TyG index and the risk of arterial stiffness progression over time (21). The above studies involved different groups of individuals, including the general population and patients with hypertension or type 2 diabetes. Our work has expanded the scope of the research subjects. Regardless of various study subjects as mentioned above and the distinct definitions of arterial stiffness used in diverse research works, the results of the correlation between the TyG index and arterial stiffness were consistent with those of the above studies in multivariate and confounder-adjusted models.

Most recent investigations have revealed that the combination of the TyG index with obesity indicators, such as TyG-WC and TyG-WHtR, exhibits a significant and positive correlation with cardiovascular disease (CVD) and its associated mortality (22). Furthermore, both TyG-WC and TyG-WHtR demonstrated significantly greater diagnostic accuracy in predicting CVD and CVD-related mortality than did TyG (22). Other studies have suggested that TyG-WC and TyG- WHtR not only significantly correlate with the onset of hypertension (7) but also outperform the TyG index alone in predicting nonalcoholic or metabolic-associated fatty liver disease (23, 24). In accordance with most previous studies, our results revealed that TyG-WHtR displayed the best correlation with arterial stiffness in overweight or obese individuals. Obesity, independent of other cardiovascular risk factors, plays a pivotal role in both initiating and exacerbating cardiovascular disease, particularly when the distribution of body fat is considered (25). Consequently, incorporating obesity indicators into the TyG index offers a more precise assessment of insulin resistance compared to using either the HOMA-IR or the TyG index alone (26).

Despite the mounting research works surrounding the TyG index and its associated parameters, compelling suggestions among researchers to delve deeper into the potential clinical relevance of a postprandial TyG index have emerged (27). This inquiry stems from the fact that elevated postprandial levels of TG and glucose are recognized as metabolic abnormalities indicative of IR (27). Consequently, a heightened postprandial TyG index may serve as a marker for an increased predisposition to diabetes or cardiovascular events, underscoring its potential significance in clinical assessment and management. In this retrospective study, we replaced fasting glucose with 1-hour or 2-hour PG in the TyG formula to obtain a modified TyG index and compared the efficiency of arterial stiffness prediction among these parameters. Our study suggested that TyG-1h and TyG-2h remained independent risk factors for high baPWV after adjusting for confounders and achieved greater AUC values than did HOMA-IR and TyG, as well as TyG-WC and TyG-WHtR. A previous study involving subjects with different glucose tolerances indicated that the 1-hour PG level from the OGTT maintained an independent association with baPWV in a multiple regression analysis (28). Recently, the International Diabetes Federation issued a position statement highlighting the 1-hour PG as a crucial tool for diagnosing intermediate hyperglycemia and type 2 diabetes (29). This statement underscores the importance of the 1-hour PG in facilitating the early identification of individuals who are at heightened risk for abnormal glucose metabolism. With a combination of 1-hour PG and fasting TG, the novel modified TyG index, TyG-1h and TyG-2h, displayed better diagnostic efficacy for arterial stiffness than the TyG index and might be a potential marker for various metabolic disorders and related cardiovascular events. Moreover, future studies on a postprandial TyG index that integrates postprandial TG and PG levels would be an interesting topic to explore.

Insulin serves as a pivotal hormone that orchestrates cellular metabolism across various tissues in the human body. Insulin resistance arises when tissues become less responsive to insulin signaling, which is characterized by impaired glucose uptake and oxidation, diminished glycogen synthesis, and a weakened capacity to suppress lipid oxidation (30). This condition precipitates numerous metabolic shifts that contribute to the onset of cardiovascular disease (31). One such consequence is the disruption of glucose metabolism, leading to chronic hyperglycemia, which sparks oxidative stress and an inflammatory cascade, ultimately damaging cells (32). Furthermore, insulin resistance alters systemic lipid metabolism, fostering the development of dyslipidemia and contributing to atherosclerotic plaque formation (33). Obesity is correlated with an elevated risk of CVD, with central obesity specifically linked to insulin resistance (34). Nevertheless, the precise molecular pathway through which fat triggers insulin resistance remains unclear. Exploring practical and convenient measurements based on these mechanisms can aid in identifying overweight or obese individuals with elevated IR and high risks of arterial stiffness.

Obesity does not encompass a uniform group of individuals. Research has classified metabolic obesity phenotypes according to their metabolic dysfunction (35). Metabolically healthy obesity (MHO) typically refers to individuals with a BMI in the obese range but who do not meet the criteria for metabolic syndrome (MetS) or its individual components (36). MHO is associated with more favorable health outcomes compared to metabolically unhealthy obesity (MUO). MHO patients exhibit insulin sensitivity comparable to that of healthy individuals with normal weight and possess a lower amount of visceral fat, as well as reduced cardiovascular risks, in comparison to the majority of MUO patients (37). However, at present, there is a lack of reliable biomarkers that can differentiate between the two conditions. The IR indicators suggested in this study hold the promise of aiding in distinguishing MHO from MUO, as well as recognizing those with elevated risk for CVD. More large-scale prospective cohort studies are needed to confirm this in the future, and our results provide a foundation for further research.

Importantly, this study has several limitations that need to be considered. First, the cross-sectional design could not lead to a conclusion on a causal relationship between the IR indicators and arterial stiffness. Second, the absence of data on exercise patterns, dietary habits, and alcohol consumption of the participants constitutes a gap in our understanding, as these factors can influence circulating TG levels. In particular, the absence of data on smoking status, which is considered a conventional risk factor for arterial stiffness, might influence the reliability of the conclusion. Furthermore, as a retrospective real-world study, the 1-hour post load TG was not measured as a regular biochemical marker. Finally, the study’s sample population, being confined to a single healthcare center, might limit the generalizability of the findings to broader populations. To verify the deeper association between TyG-related parameters and arterial stiffness, further prospective studies should be conducted with a larger number of participants.




5 Conclusion

In conclusion, this study introduced two novel TyG parameters that combine the traditional TyG index and post-load plasma glucose from the OGTT. Our work demonstrated that the TyG index and the modified TyG indices, including TyG-1h, TyG-2h, TyG-WC and TyG-WHtR were independently associated with arterial stiffness measured through baPWV in overweight or obese individuals. The TyG-WHtR displayed the best correlation with arterial stiffness, followed by TyG-1h and TyG-2h. Furthermore, TyG-1h and TyG-2h emerged as the most reliable indicators for the early detection of elevated baPWV among the IR parameters. These outcomes have broadened the limited scope of available knowledge regarding the link between the TyG index and arterial stiffness, offering potential benefits for the early recognition of individuals at elevated risk for this condition. By enabling earlier detection, appropriate preventative measures can be implemented to mitigate the risk of cardiovascular disease.
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