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Editorial on the Research Topic
The cardiovascular continuum between hypertension, diabetes and cardiovascular disease


Hypertension, type 2 diabetes mellitus (T2DM) and cardiovascular disease (CVD) share pathophysiological pathways, mutually enhance each other and together define the cardiovascular continuum. This research topic brings together eleven original and review articles that collectively explore this continuum from a global epidemiological perspective to molecular mechanisms, while addressing the persistent clinical challenges of therapeutic inertia, residual risk and cardiometabolic multimorbidity.


A growing global burden

The epidemiological scale of the cardiometabolic continuum is established by two large-scale analyses anchored to the Global Burden of Disease 2021 dataset. Peng et al. quantify the fraction of hypertensive heart disease (HHD) mortality attributable to metabolic risk factors across 204 countries between 1990 and 2021, documenting a rise from 13.4% to 16.9% over three decades and identifying elevated systolic blood pressure and high BMI as the dominant drivers, with an excess burden concentrated in older women. Mapping the arterial periphery, Li et al. apply time-series modelling to GBD 2021 incidence data for lower-extremity peripheral arterial disease, projecting continued growth especially in lower-middle-income regions of South Asia and sub-Saharan Africa — precisely where diabetes and hypertension prevalence is accelerating. Together, these studies define the epidemiological urgency that frames the entire Research Topic.



Pathophysiological mechanisms: from insulin resistance to organ damage

A coherent mechanistic thread links three of the contributions. Zhong et al. demonstrate, in non-diabetic STEMI patients undergoing PCI, that subclinical insulin resistance — regardless the presence of T2DM — independently predicts impaired coronary microcirculatory function and increased major adverse cardiovascular events (MACE) during follow-up. This finding confirms the hypothesis that insulin resistance is a cardiovascular risk factor, independent of T2DM. Chen et al. reinforce this perspective with a systematic review of T2DM-mediated heart failure, tracing the cascade from chronic hyperglycaemia and advanced glycation end-product accumulation to diabetic cardiomyopathy and heart failure with preserved ejection fraction (HFpEF) — a phenotype that frequently eludes conventional diagnostic algorithms. Complementing these mechanistic insights, Song et al. analyse a randomised trial using hierarchical composite endpoints to evaluate intensive glycaemic control and kidney disease risk, illustrating the complex trade-off between microvascular protection and hypoglycaemia hazard that clinicians must navigate when individualising glucose targets.



Multimorbidity and the accumulation of sub-threshold risk

The non-linear amplification of risk when multiple cardiometabolic conditions coexist is examined from complementary angles. Wu et al. present a systematic review and meta-analysis confirming that the relationship between BMI and cardiometabolic multimorbidity begins in the overweight range (25–30 kg/m2), well before obesity thresholds are reached, with each incremental BMI unit carrying additional risk. Chehal et al. extend this observation to a socially vulnerable population, documenting rising multimorbidity prevalence among non-elderly enrolled between 2018 and 2022, highlighting equity dimensions that aggregate statistics often obscure. At the other end of the age spectrum, Fangman et al. report that Type D personality — characterised by negative affectivity and social inhibition — is associated with early markers of vascular dysfunction in adolescents, underscoring that the cardiovascular continuum begins to take shape long before clinical risk factors manifest. The conceptual apex of this section is the perspective by López-Gil et al., who introduce the Gulliver syndrome: a framework to capture the clinically significant yet systematically overlooked risk conferred by the simultaneous presence of at least four borderline risk factors — each sub-threshold by conventional guidelines, yet collectively imposing a cardiovascular burden analogous to established disease. The metaphor, drawn from Swift's protagonist restrained by countless small threads, elegantly frames the problem of therapeutic inertia in patients who fall below every single action threshold. Unlike the metabolic syndrome, the Gulliver syndrome does not require central obesity as a defining feature, making it applicable to a wider range of phenotypes.



Risk stratification, endpoints, and the evidence base

Two methodologically oriented contributions address the tools we use to measure and act upon cardiovascular risk in T2DM. Guo and Wu compare cardiovascular risk stratification protocols in a real-world diabetic cohort, finding that protocol choice substantially alters patient classification and that simultaneous attainment of blood pressure, HbA1c, and LDL-cholesterol targets remains the exception rather than the rule — a stark reminder of the implementation gap between guidelines and practice. Van Bruggen and Luijendijk raise an important methodological concern: the use of type 2 myocardial infarction (demand-supply mismatch rather than plaque rupture) as an efficacy endpoint in cardiovascular trials may conflate mechanistically distinct events and distort treatment effect estimates, with downstream consequences for guideline recommendations.



Conclusion

Taken as a whole, the eleven articles assembled in this Research Topic articulate a compelling and consistent message: hypertension, T2DM, and CVD are facets of a single, temporally extended pathological process. Acting on this continuum requires moving beyond single-disease, single-threshold logic — integrating psychosocial determinants, early-life exposures, and cumulative sub-threshold risk into a genuinely unified clinical approach. The Editors hope that these contributions will stimulate both further research and the translation of this integrative framework into everyday cardiovascular prevention practice.
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Background: Lower extremity peripheral arterial disease (LEPAD) significantly affects quality of life and is associated with severe cardiovascular risks. Studies on its long-term incidence trends are limited.
Objective: This study aims to analyze global trends in LEPAD incidence from 1990 to 2021 using the Global Burden of Disease (GBD) 2021 database and to forecast future trends between 2022 and 2030, providing insights for healthcare planning and resource allocation.
Methods: Data were extracted from the GBD 2021 database by genders, age groups, continents, and sociodemographic index (SDI) levels. Using Joinpoint regression analysis, annual percentage changes (APC) and average annual percentage changes (AAPC) were calculated to assess age-standardized incidence rates (ASIR) historical trends. Autoregressive integrated moving average (ARIMA) model was applied to predict ASIR between 2022 and 2030.
Results: The global ASIR of LEPAD showed a slight decrease from 1990 to 2021, though regional differences were notable. In 2021, the highest ASIR was in the Americas, while Africa had the lowest. Gender and age disparities were significant, and females and older populations were at higher risk. ARIMA predictions indicate a stable ASIR trend from 2025 onward.
Conclusion: This study provides a comprehensive analysis of LEPAD incidence trends and a forecast through 2030. While global incidence may stabilize, the rising burden in lower-income countries calls for prioritizing early intervention and health education in high-risk regions. These findings emphasize the importance of targeted resource allocation and strategic prevention efforts.

Keywords
 autoregressive integrated moving average model; Global Burden of Disease; incidence; Joinpoint regression analysis; lower extremity peripheral arterial disease; time series


Background

Lower extremity peripheral arterial disease (LEPAD) is caused by plaque buildup in the peripheral vessels, of which the gold standard definition is having an ankle-brachial index (ABI) of less than 0.90, with leg pain on exertion called intermittent claudication in those with an ABI below that threshold (1), ranking as the 10th leading cause of mortality and the 11th leading cause of disability among cardiovascular diseases (2). The global prevalence of LEPAD has risen sharply, with an estimated 113.4 million people affected worldwide in 2019, and 10.5 million new cases annually (3). Despite some regions experiencing a declining age-standardized incidence rate (ASIR), the absolute number of cases continues to increase due to population aging and growing burden of metabolic risk factors, like diabetes, hypertension, and hyperlipidemia (4, 5). Disability-adjusted life years (DALYs) due to LEPAD also have increased significantly, with a 98% rise between 1990 and 2019 in the United States alone (2). Additionally, the economic burden of LEPAD is substantial, with estimated healthcare costs exceeding 21 billion USD annually, primarily due to hospitalizations, revascularization procedures, and long-term management of critical limb ischemia (6). Given its rising burden, LEPAD represents a critical challenge for public health systems worldwide, necessitating improved screening, early intervention, and targeted management strategies to reduce its long-term impact.

Global Burden of Disease (GBD) is a comprehensive global health assessment program initiative aimed at quantifying the impact of various diseases, injuries, and risk factors on global population health (7). This database encompasses data on disease burden from 1990 to 2021, including metrics such as incidence, prevalence, mortality, and DALYs, systematically providing insights into the global trends of various diseases and health risks. The GBD data are extensively applied in health policy development, resource allocation, and public health research. Among these metrics, incidence serves as a key measure of disease burden, reflecting the number of new cases per 100,000 population and helping to evaluate the current spread and trends of diseases, particularly in regions with significant shifts in population and age structures. Compared to prevalence and mortality, incidence offers unique value in assessing the effectiveness of health interventions, setting priorities for resource allocation, and formulating early prevention strategies. The ASIR, defined as the number of new cases per 100,000 people after age adjustment (8), removes the confounding effect of age structure, providing a clearer reflection of disease risk. ASIR is thus ideal for evaluating temporal trends of diseases at global or regional levels.

Currently, there is limited research on the long-term incidence trends of LEPAD and the application of predictive models (9). Accordingly, this study utilizes the latest data from the GBD 2021 to conduct a comprehensive analysis of LEPAD incidence over a 32-year period from 1990 to 2021. Metrics used include incidence and ASIR, describing the current distribution of LEPAD across different regions and populations, employing Joinpoint analysis to interpret the temporal trends of LEPAD’s ASIR from 1990 to 2021, and applying an autoregressive integrated moving average (ARIMA) model to predict changes in ASIR over the next 29 years. This study not only fills the knowledge gap regarding long-term LEPAD trends and regional disparities but also provides data-driven forecasts that can aid in prioritizing global health interventions and resource allocation in the future.



Materials and methods


Data source

The GBD 2021 database, led by the Institute for Health Metrics and Evaluation (IHME) at the University of Washington, is a comprehensive database that evaluates the global incidence, prevalence, years lived with disability (YLDs), DALYs, and healthy life expectancy (HALE) for 371 diseases and injuries across 204 countries and territories (10, 11). Given the heterogeneity in data availability across countries, particularly in low-resource settings, GBD employs multiple adjustment mechanisms to enhance reliability. These include DisMod-MR 2.1/3.0, a Bayesian meta-regression tool for integrating diverse data sources (12), hierarchical modeling and geospatial interpolation for imputing missing data (10), and cause-of-death ensemble modeling (CODEm) to correct for underreporting and misclassification (13). These rigorous adjustments improve data consistency and comparability across regions.

In this study, we extracted LEPAD ASIR data from GBD for 204 countries and territories in 2021, stratified by gender (male, female) and age groups (40–44 years, 45–49 years, 50–54 years, 55–59 years, 60–64 years, 65–69 years, 70+ years). Additionally, ASIR data from 1990 to 2021 were extracted at the global level, by gender (female, male), by continent (Africa, America, Asia, Europe), and by sociodemographic index (SDI) regions (low SDI, low-middle SDI, middle SDI, high-middle SDI, high SDI) with corresponding 95% uncertainty intervals (UI).



Statistical analysis


Burden description

Using R Software (version 4.4.1) with packages including ggmap (14), sf (15), terra (16), maps (17), dplyr (18), and ggplot2 (19), we first described the distribution of LEPAD ASIR across regions in 2021. Subsequently, a bar chart was used to depict LEPAD incidence by age group within each gender group in 2021.



Joinpoint regression analysis

Joinpoint regression analysis was used to examine temporal trends, employing Joinpoint Regression Software (version 5.2.0), developed by the U.S. National Cancer Institute. The grid search method (GSM) was employed to detect the optimal number and locations of joinpoints, and the Monte Carlo permutation test was applied to statistically assess the significance of detected joinpoints, estimating their number, locations, and p values (20). The model selection was guided by the Bayesian Information Criterion (BIC), which balances model complexity and goodness-of-fit (21). To facilitate direct comparisons, we pre-specified the number of joinpoints as 3 in all regression analyses, ensuring that temporal trend variations were evaluated under standardized conditions. Log-linear models are particularly suitable for small sample sizes and can reduce estimation bias (22). Therefore, this study analyzed LEPAD incidence trends from 1990 to 2021 by establishing a log-linear model for ASIR. To verify the log-linearity assumption, we examined the relationship between ln (ASIR) and Year, of which the scatter plot (Supplementary Figure 1) exhibited a linear trend. The annual percentage change (APC) and average annual percentage change (AAPC) with corresponding 95% confidence intervals (CI) were calculated for each time trend of LEPAD’s ASIR. Subgroup analyses were conducted by gender, continent, and SDI to evaluate differences across groups.



ARIMA analysis

R Software (version 4.4.1) was used with packages including forestcast (23), tseries (24), and aTSA (25). We used ARIMA model to forecast ASIR between 2022 and 2030. The ARIMA model was constructed based on ASIR data reported from 1990 to 2021. The auto.arima() function (26) was employed to automatically select the autoregression order (AR (p = 0)), moving average order (MA (q = 2)), and the degree of difference (I (d = 2)) of the ARIMA model, which compares the combinatorial spectrum of parameters according to rule of the minimum Akaike’s Information Criterion (AIC) or BIC (27). Only the optimal model is available as an output, hence no other models were available to be recorded in the results. Residual analysis was performed using checkresiduals() function, which generated residuals plot, corresponding autocorrelation function (ACF) and histogram (Supplementary Figure 2). Additionally, Box-Ljung test confirmed that the residuals followed a white noise process ([image: Mathematical expression showing the chi-squared statistic, chi squared equals one point two six.], p = 0.999), indicting no significant autocorrelation.

Given that smoking is the most significant behavioral risk factor for LEPAD (28) and WHO’s Framework Convention on Tobacco Control (FCTC) (29) was introduced in 2003, a sensitivity analysis was performed by excluding data from 1990 to 2003.

To further validate the robustness of our findings, considering ARIMA’s limitations in capturing external risk factors, we conducted subgroup analyses by gender, continent, and SDI, which allowed us to assess whether forecasted ASIR trends exhibited variations across different demographic and economic contexts.

All tests were two-sided, with a significance level of α = 0.05.





Results


Burden of LEPAD in 2021

In 2021, the global ASIR for LEPAD was 115.44 (95% UI: 100.04 to 132.72), with the highest ASIR observed in the America at 133.70 (95% UI: 115.15 to 154.43) and the lowest in Africa at 83.60 (95% UI: 71.72 to 97.00). ASIR varied considerably across countries (Figure 1), with the United States reporting the highest ASIR at 211.78 (95% UI: 189.72 to 235.81) and Ethiopia the lowest at 65.93 (95% UI: 56.53 to 76.75).

[image: Choropleth world map showing LEPAD ASIR rates by country using a gradient of blue shades, with darker blue indicating higher rates and gray for countries with no available data. North America and parts of Europe display the highest rates, while other regions exhibit moderate to low rates. A legend on the left provides rate categories in increments from sixty to two hundred twenty.]

FIGURE 1
 World map of ASIR of LEPAD in 2021.


Figure 2 illustrated the age distribution of LEPAD incidence by gender in 2021. Both gender groups showed an increasing trend in incidence with advancing age. For males, the lowest incidence was observed in the 40–44 age group (54.86, 95% UI: 44.09 to 67.69), while the highest was in those aged 70 and above (600.08, 95% UI: 475.97 to 735.53). Similarly, for females, the lowest incidence occurred in the 40–44 age group (102.51, 95% UI: 83.39 to 125.45), with the highest in those aged 70 and above (971.27, 95% UI: 776.80 to 1199.12). At each age level, the incidence for males was consistently lower than that for females.

[image: Horizontal bar chart comparing incidence rates for males and females in different age groups from forty to seventy-plus years, showing higher rates for females in all groups, increasing with age.]

FIGURE 2
 Age distribution of incidence of LEPAD of different genders.




Joinpoint regression analysis for ASIR of LEPAD

The overall analysis showed a decreasing trend in LEPAD ASIR from 1990 to 2021, with an AAPC of −0.40 (95% CI: −0.43 to −0.37) (Figure 3A; Table 1). Subsequently, subgroup analyses were conducted by gender, continent, and SDI, with the results as follows.

[image: Panel A line chart shows a steady global decline in LEPAD ASIR rates from 1990 to 2020. Panel B line chart compares LEPAD ASIR by sex, with higher rates consistently in females than males, both declining over time. Panel C line chart displays LEPAD ASIR trends by continent, with Asia and Europe showing marked decreases, while America and Africa remain lower and stable. Panel D line chart illustrates trends by sociodemographic index, where low SDI regions have the highest LEPAD ASIR rates that decrease over time, and higher SDI groups show lower, more stable rates.]

FIGURE 3
 Trends in ASIR of LEPAD between 1990 and 2021 (A) Global; (B) Different Genders; (C) Different Continents; (D) Different SDI Regions.




TABLE 1 Joinpoint analysis for ASIR in 204 countries for years 1990–2021.
[image: Data table summarizing trends in age-period-cohort (APC) analysis and average annual percent change (AAPC) for global, gender, continent, and sociodemographic index regions from 1990 to 2021, including years of trend changes, confidence intervals, and p-values.]

First, the gender subgroup analysis revealed that ASIR was consistently lower in males than in females across all years, with both groups showing an overall decline (Male’s AAPC: -0.37, 95% CI: −0.39 to −0.35; Female’s AAPC: -0.38, 95% CI: −0.39 to −0.36) (Figure 3B; Table 1).

Second, the continental subgroup analysis indicated a consistent ranking of ASIR among the four continents each year: the Americas had the highest ASIR, followed by Europe, Asia, and Africa with the lowest. Over the 32-year period, ASIR in Africa showed an overall increase (AAPC: 0.28, 95% CI: 0.28 to 0.29), while the other continents showed an overall decrease (Asia’s AAPC: -0.08, 95% CI: −0.10 to −0.07; America’s AAPC: -0.57, 95% CI: −0.67 to −0.47; Europe’s AAPC: -0.55, 95% CI: −0.61 to −0.48) (Figure 3C; Table 1).

Lastly, the SDI-based subgroup analysis demonstrated an increasing trend in ASIR with rising SDI levels each year. High-SDI regions consistently had the highest ASIR, followed by high-middle SDI, middle SDI, low-middle SDI, and low SDI regions with the lowest rates. The ASIR in middle SDI regions showed no significant change over the 32 years (AAPC: 0.02, 95% CI: 0.00 to 0.03), while ASIR in low SDI (AAPC: 0.20, 95% CI: 0.19 to 0.21) and low-middle SDI regions (AAPC: 0.19, 95% CI: 0.18 to 0.20) increased. In contrast, high-middle SDI (AAPC: -0.21, 95% CI: −0.25 to −0.17) and high SDI regions (AAPC: -0.68, 95% CI: −0.77 to −0.59) showed a decreasing ASIR trend (Figure 3D; Table 1).



Forecast analysis for ASIR of LEPAD

Results of the ARIMA model were shown in Figure 4. The study forecasted that the ASIR of LEPAD would be 115.01 (95% CI: 114.48 to 115.54) in 2022, and would decrease to 114.50 (95% CI: 111.50 to 117.49) in 2030.

[image: Line graph showing age-standardized incidence rates (ASIR) with 95 percent confidence intervals on the y-axis from 1990 to 2030 on the x-axis. Yellow line with dots represents observed ASIR from 1990 to 2020, showing a gradual decline. Pink line shows forecasted ASIR for 2021 to 2030, appearing stable. Error bars illustrate confidence intervals for both observed and forecasted values.]

FIGURE 4
 ASIR of LEPAD assessed from 1990 to 2021 alongside forecasted values for the period between 2022 and 2030.


Sensitivity analysis of ARIMA model were shown in Supplementary Figure 3, which were not changed significantly compared to the main analysis. The study forecasted that the ASIR of LEPAD would be 115.00 (95% CI: 114.28 to 115.72) in 2022 and would decrease to 114.52 (95% CI: 110.76 to 118.28) in 2030.

Subsequently, subgroup analyses were conducted by gender, continent, and SDI, with the results as follows. First, gender difference was shown in Figure 5. From 1990 to 2030 the ASIR for females remained consistently higher than for males. Both genders showed a declining trend, with a steeper decrease observed in males. The projected ASIR differences between genders persisted throughout the study period, indicating a stable yet distinct gender-based trend in LEPAD’s ASIR. Second, continent difference was shown in Figure 6. ASIR trends varied across continents. America has the highest ASIR, followed by Europe, Asia and Africa. All continents showed a general declining trend, with the steepest decrease in America and Europe. Third, SDI difference was shown in Figure 7. High SDI regions had the highest ASIR, while low SDI regions had the lowest. A general declining trend was observed across all groups, with the steepest reduction in high SDI regions. The ASIR differences among SDI groups persisted over time.

[image: Line graph comparing age-standardized incidence rates (ASIR) with 95 percent confidence intervals for females and males from 1990 to 2030. Observed ASIR is shown from 1990 to around 2020, while forecasted ASIR extends to 2030. Both sexes exhibit a declining trend in ASIR over time, with females consistently having higher rates than males.]

FIGURE 5
 Gender subgroup analyses of ASIR of LEPAD Assessed from 1990 to 2021 alongside forecasted values for the period between 2022 and 2030.


[image: Line graph divided into four panels titled Africa, America, Asia, and Europe, showing age-standardized incidence rates (ASIR) with observed values in green and forecasted values in red from 1990 to 2030, with vertical error bars representing 95 percent confidence intervals.]

FIGURE 6
 Continent subgroup analyses of ASIR of LEPAD assessed from 1990 to 2021 alongside forecasted values for the period between 2022 and 2030.


[image: Line chart showing observed and forecasted ASIR trends from 1990 to 2030 across five panels: Low SDI, Low-middle SDI, Middle SDI, High-middle SDI, and High SDI. Each panel displays ASIR values with confidence intervals. Observed ASIR is shown in green, while forecasted ASIR is in red. ASIR values generally increase in lower SDI categories and decrease or stabilize in higher SDI categories.]

FIGURE 7
 SDI subgroup analyses of ASIR of LEPAD assessed from 1990 to 2021 alongside forecasted values for the period between 2022 and 2030.





Discussion

Although several studies have explored the epidemiological trends of LEPAD, limited research focused on the long-term incidence trends and the application of predictive models. For example, Fowkes et al. conducted a systematic review to analyze the burden of LEPAD across various socioeconomic and regional contexts, highlighting that existing data are insufficient for systematic future predictions, particularly regarding the disease burden in low-income and middle-income countries (30). Maheswaran et al. assessed the impact of national guidelines on LEPAD revascularization rate, focused on the treatment interventions and healthcare policies within National Healthcare System (NHS England) and indicated that the polices led to a reduction in revascularization rates, with a more pronounced impact in socioeconomically deprived areas (31). Compared with previous researches, this study conducted a comprehensive analysis of global LEPAD incidence trends from 1990 to 2021 using data from the GBD 2021 database and to predict future trends through the application of ARIMA models. This research has notable advantages in terms of data source and analytical approach, First, GBD 2021 dataset offered broad coverage and a long-time span. Second, this study employed an ARIMA model to forecast LEPAD ASIR, with the advantage of stabilizing time-series data and adjusting parameters to achieve precise future trend predictions, addressing gaps in predictive capabilities found in other studies. This study enhances the accuracy and broad applicability of LEPAD incidence trend analysis in terms of methodology and sample selection, thereby providing reliable support for the formulation of global public health strategies.

Our findings revealed substantial demographic differences in LEPAD incidence, with both gender and age playing crucial roles in disease burden and progression. LEPAD was more prevalent in females than in males, a trend that aligned with recent findings from the American Heart Association (AHA), which reported that women are more likely to develop LEPAD despite historically being underdiagnosed and undertreated (32). First, biological mechanisms largely account for this disparity. Estrogen plays an essential role in vascular homeostasis by enhancing nitric oxide bioavailability, reducing arterial stiffness, and suppressing inflammatory responses. Following menopause, estrogen deficiency leads to endothelial dysfunction, increased arterial calcification, and heightened oxidative stress, accelerating atherosclerosis progression (32). Smoking is a major modifiable risk factor that promotes oxidative stress, endothelial dysfunction, and inflammatory activation, leading to faster disease progression and worse post-procedural outcomes (28), which also amplifies this disparity, as women exhibit a stronger dose–response relationship between smoking and LEPAD than men (33). Additionally, women often exhibit atypical symptoms, such as leg fatigue, leading to underdiagnosis and treatment delays (31, 34). Disparities in healthcare access further compound these issues, with women being less likely to receive timely vascular assessments, optimal pharmacologic therapy, or revascularization procedures compared to men (35). Age is a key driver of LEPAD progression (36). Age-related arterial stiffness, endothelial dysfunction, and chronic low-grade inflammation further accelerate vascular deterioration (37). These findings underscore the importance of integrating demographic strategies into LEPAD management, including early screening for at-risk women, aggressive risk factor modification, and tailored rehabilitation programs to mitigate functional decline in older adult patients.

Despite the global decline in LEPAD incidence over the past 30 years, substantial regional disparities persist. Our study highlighted that while ASIR has decreased in high SDI regions, it has increased in Africa and other low SDI regions. This pattern aligns with a recent epidemiological study (9), which has shown a decline in LEPAD-related mortality in high-income countries since 2000, particularly among Black Americans and individuals in lower socioeconomic groups (38). Low SDI regions, particularly in Africa, are driven by multiple factors, including high smoking prevalence and inadequate tobacco control policies (39), which contributes to LEPAD progression. Strengthening tobacco control measures, such as higher excise taxes, public smoking bans, and stronger health education campaigns. Limited healthcare infrastructure further exacerbates the burden, leading to underdiagnosis and delayed intervention, as many patients lack access to primary care services and vascular specialists (40). To address this gap, ABI screening into primary care settings and developing mobile vascular screening units in underserved areas could facilitate earlier detection and timely management. Moreover, socioeconomic and racial disparities further amplify the LEPAD burden in resource-limited settings. Grant et al. showed that lower socioeconomic status is associated with worse LEPAD outcomes, with individuals in poverty-stricken areas experiencing higher rates of critical limb ischemia and increased mortality (41). Addressing these disparities requires expanding universal healthcare coverage, like cardiovascular medications and revascularization procedures, as well as community-based health education to improve disease awareness. These findings emphasize the urgent need for tailored regional strategies to reduce LEPAD burden. High SDI regions should continue investing in preventive strategies and early screening, while low SDI regions require enhanced healthcare accessibility and targeted risk factor modification programs.

The ARIMA model revealed gender and regional disparities in LEPAD incidence, underscoring the need for targeted intervention strategies. Women are projected to bear a greater LEPAD burden, reinforcing the necessity for earlier screening, targeted pharmacotherapy, and improved access to revascularization procedures (34). Additionally, low SDI regions continued to experience increasing ASIR, highlighting the urgent need for expanded screening, primary care and subsidized medication access (42). In high SDI regions, lipid control and structured rehabilitation should remain priorities. Given the projected future burden, LEPAD is expected to exert substantial pressure on healthcare resources (43). To effectively reduce the long-term impact, it is essential to prioritize early screening, public health education, and resource allocation in high-risk areas. Systematic screening and early prevention for high-risk populations, such as older individuals, smokers, and those with metabolic syndrome, can significantly reduce LEPAD incidence and disease progression (9). Lifestyle modifications, such as smoking cessation, increased physical activity, and blood glucose and pressure management, as preventive measures for high-risk individuals to lower their risk of developing LEPAD (44). Furthermore, establishing a management system for high-risk populations that provides long-term monitoring, follow-up, and health education may help reduce the incidence risk and alleviate the burden on healthcare systems (45).

This study still has several limitations. First, inherent limitations in the GBD database and the ARIMA forecasting approach restrict the ability to incorporate critical external variables, such as tobacco control policies. Since GBD data relies on modeled estimates rather than primary surveillance data, potential underreporting or misclassification biases may exist, particularly in low resource setting, like Somalia. Additionally, the ARIMA model relies on the stability and linear trend of time-series data, which may not fully capture the impact of sudden changes in public health policies and advancements in medical interventions (46). Although this study employed auto.arima() function to enhance data stability, limitations may still arise when analyzing long-term data (47, 48). Lastly, variations in data quality across regions within the GBD database may lead to biases in global incidence estimates (10, 49, 50).



Conclusion

In conclusion, this study conducted an in-depth analysis of global LEPAD incidence trends using data from the GBD and employed an ARIMA model to forecast future trends, providing a scientific basis for public health management of LEPAD across different regions. The findings indicate that although the overall incidence of LEPAD is gradually decreasing, the burden continues to rise in low- and middle-income countries, necessitating prioritized attention and intervention. Based on these results, this study recommends prioritizing resource allocation in high-risk areas to strengthen screening, early intervention, and health education efforts to address the potential future burden of LEPAD. By integrating the latest mechanistic research and improvements in predictive models, future LEPAD management and prevention efforts will likely advance further, providing critical support for optimizing the global public health system.

The increasing LEPAD burden in low- and middle-income countries necessitates long-term cross-regional studies. Future efforts should focus on establishing global collaborative projects that improve data quality and regional trend validation. Moreover, future studies should focus on integrating real-world data from electronic health records, national registries, and large-scale cohort studies to validate and refine forecasting models. Enhancing the availability and accuracy of LEPAD epidemiological data in low resource areas will provide a stronger evidence base for tailored health policies and targeted prevention strategies. Additionally, refining forecasting methodologies is crucial for improving predictive accuracy, especially with constraints of data (48). Future research should explore hybrid forecasting approaches, including machine learning-enhanced time-series models and Bayesian frameworks.
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Background: Metabolic factors have an increasing impact on hypertensive heart disease (HHD). This study analyzes the global burden trends of HHD from 1990–2021, focusing on the contributions of high systolic blood pressure (HSBP) and high body mass index (BMI).



Methods: This study, based on the 2021 GBD database, analyzes the trends in deaths, disability-adjusted life-years (DALYs), age-standardized mortality rate (ASMR), and age-standardized DALY rate (ASDR) attributable to HSBP and high BMI from 1990–2021 at global, regional, and national levels. The estimated annual percentage change (EAPC) is used to assess the temporal dynamics of the disease burden, and the relationship between the disease burden and the sociodemographic index (SDI) is explored.



Results: In 2021, deaths and DALYs due to HSBP and high BMI significantly increased compared to 1990. However, the ASMR for HSBP-related HHD [EAPC: −0.68; 95% confidence interval (CI): −0.77 to −0.58] and ASDR (EAPC: −0.90; 95% CI: −0.99 to −0.80) showed a decreasing trend, while the ASMR for BMI-related HHD (EAPC: 0.33; 95% CI: 0.27–0.39) and ASDR (EAPC: 0.15; 95% CI: 0.10–0.21) exhibited an increasing trend. From 1990–2021, the regions with the largest increases in ASMR and ASDR for HSBP-related HHD were Eastern Europe and High-income North America, while the largest increases for BMI-related HHD were seen in High-income North America. Moreover, most of the top 10 countries with the largest increases in ASMR and ASDR due to HSBP and BMI were from Eastern Europe. Additionally, in 2021, China had the highest number of deaths and DALYs globally due to HSBP and high BMI-related HHD. At the SDI level, Low SDI regions had the highest ASMR and ASDR for both HSBP and BMI-related HHD in 2021, with a negative correlation to overall SDI. Furthermore, deaths, DALYs, ASMR, and ASDR due to HSBP and BMI in females were generally higher than in males after the ages of 64 and 54, respectively, with the disease burden mainly concentrated in middle-aged and elderly populations.



Conclusions: Metabolic factors are major risk contributors to HHD, with a disproportionately higher burden of mortality and DALYs observed among older adults, particularly women in later life stages. Given these trends, early identification and intervention in key populations should be prioritized through targeted public health strategies and multilayered interventions to mitigate the global burden of HHD and alleviate its growing strain on healthcare systems.
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Introduction

Hypertensive Heart Disease (HHD) refers to a group of structural and functional cardiac abnormalities caused by sustained elevated blood pressure (1–3). Its clinical manifestations range from asymptomatic or mild chest discomfort and palpitations to severe heart failure and sudden cardiac death, making it one of the leading causes of cardiovascular-related mortality and disability worldwide (4, 5). In recent years, the incidence and mortality of HHD have continued to rise, driven by accelerating population aging, rapid urbanization, and widespread adoption of unhealthy lifestyles. This trend poses a major challenge to public health systems and healthcare resource allocation, particularly in low- and middle-income countries (6–8). Recognizing this growing burden, the World Health Organization has designated HHD as a global priority for cardiovascular disease control, highlighting the urgent need for targeted epidemiological research on its key risk factors.

Among the various contributing factors, metabolic risks—especially high systolic blood pressure (HSBP) and high body-mass index (BMI)—are considered principal drivers of the onset and progression of HHD (9–11). HSBP increases left ventricular afterload, promotes myocardial remodeling, and leads to fibrosis (12), while elevated BMI contributes to metabolic cardiac damage and functional decline through chronic low-grade inflammation, insulin resistance, and dysregulated lipid metabolism (13–15). However, most existing studies have focused on isolated risk factors or limited geographical regions. To date, there remains a lack of comprehensive and multidimensional assessments of HHD burden attributable to HSBP and high BMI, particularly stratified by sex, age group, and sociodemographic index (SDI) at global, regional, and national levels.

To address this gap, the present study utilizes data from the Global Burden of Disease Study (GBD) 2021 (16) to systematically examine the trends in HHD burden attributable to HSBP and high BMI from 1990–2021 across global, regional, and national contexts. By evaluating key metrics including the number of deaths, disability-adjusted life years (DALYs), age-standardized mortality rate (ASMR), and age-standardized DALYs rate (ASDR), and further stratifying results by SDI, this study aims to elucidate the influence of metabolic factors on HHD burden across diverse demographic and socioeconomic profiles. The findings seek to fill a critical gap in the literature and provide an evidence base to inform targeted interventions and data-driven public health strategies.



Methods


Data source

The data for this study comes from the GBD 2021 database. The GBD, led by a global health research collaboration network, is a continuous epidemiological study that covers data from 204 countries and regions between 1990 and 2021, evaluating 371 diseases and injuries and 88 risk factors (9, 16). The primary goal is to quantify the burden of diseases, injuries, and risk factors at the global, regional, and national levels, providing standardized scientific data and theoretical foundations for public health policy-making. The GBD database collects data from a variety of sources, including national health statistics, death registration systems, hospital records, disease surveillance, health surveys, and peer-reviewed literature. GBD uses standardized processes, Bayesian hierarchical models to clean and adjust data from multiple sources, overcoming data heterogeneity and potential biases. Furthermore, GBD estimates mortality rates and disease burden through the Cause of Death Ensemble Model, and adjusts for different diseases and risk factors, generating high-precision estimates. In risk factor attribution analysis, GBD uses the Population Attributable Fraction method to assess the contribution of specific risk factors to disease burden.

This study extracts disease burden data related to HHD caused by HSBP and high BMI from 1990–2021, covering 21 global regions, 5 SDI regions, and 204 countries. The primary analysis indicators include deaths, DALYs, ASMR, and ASDR. The study aims to systematically assess the differences in HHD burden across different socio-economic development levels, gender, and age groups, revealing the multidimensional impact of metabolic risk factors on HHD burden and providing scientific evidence for targeted public health policies and interventions. All data were retrieved and extracted through the Global Health Data Exchange (GHDx) platform (https://ghdx.healthdata.org/gbd-2021). Data extraction strictly followed GBD's standardized definitions and analytical processes to ensure consistency in time span, geographic coverage, and data quality. This study is based on publicly available anonymized data and adheres to the Guidelines for Accurate and Transparent Health Estimates Reporting, therefore ethical approval is not required. The standardized research methods and scientific rigor ensure reliable assessment of the HHD burden (17).



Definitions

In the GBD 2021 classification system, HHD is categorized as a Level 3 disease, with its parent categories being cardiovascular diseases (Level 2) and non-communicable diseases (Level 1) (18). HHD, as a severe cardiovascular disease, holds a prominent position in the cardiovascular disease classification due to its unique pathological mechanisms and clinical manifestations (1). The primary pathological features include left ventricular hypertrophy, myocardial fibrosis, and heart failure, which, in severe cases, can lead to sudden cardiac death. In the International Classification of Diseases (ICD) system, HHD is assigned specific codes, with ICD-9 codes ranging from 402.0–402.91 and ICD-10 codes from I11.0 to I11.9 (19).

In GBD 2021, the two main metabolic risk factors for HHD are explicitly identified as HSBP and high BMI. To evaluate the specific contributions of these risk factors to the HHD burden, GBD uses the theoretical minimum risk exposure level (TMREL) as a framework for risk attribution analysis. According to GBD definitions, the TMREL for HSBP is a systolic blood pressure of 110–115 mmHg, while the TMREL for high BMI is between 20 and 23 kg/m2 (9). These thresholds provide a scientific basis for assessing the impact of risk factors on disease burden and lay the foundation for quantifying the attributable portion of the HHD burden.

Deaths are a core indicator of disease severity, representing the number of deaths directly caused by a specific disease or risk factor. It reflects the direct threat of the disease to population health and is a fundamental basis for evaluating the effectiveness of public health policies and the prioritization of resource allocation. DALYs is a composite indicator that combines the years of life lost due to premature death (YLL) and the years lived with disability (YLD) due to the disease. It accounts for both mortality and non-fatal health losses, providing a comprehensive measurement of the overall health burden on individuals and society. DALYs serve as a scientific basis for public health policy and resource allocation.

ASMR is the age-standardized mortality rate, adjusted for the age structure differences across populations, making the mortality rates comparable across different regions or countries. ASMR is usually expressed per 100,000 population and is a commonly used metric for comparing disease burden across regions or over time. ASDR is the age-standardized DALY rate, also typically expressed per 100,000 population. By adjusting for age structure differences, ASDR more objectively and accurately reflects the overall health impact of diseases or risk factors on populations, serving as a key indicator for comparing disease burden across different regions, countries, or time points (20).

SDI is an index that comprehensively measures socio-economic development, consisting of per capita income, average years of schooling for individuals aged 15 and above, and total fertility rate for women aged 15–49. The SDI ranges from 0–1, with higher values indicating higher levels of socio-economic development. Based on SDI scores, GBD classifies global regions into five levels: low, low-middle, middle, middle-high, and high, to analyze the impact of socio-economic development on disease burden (16).



Statistical analysis

This study is based on the GBD 2021 database and uses key indicators such as deaths, DALYs, ASMR, and ASDR to assess the disease burden of HHD caused by HSBP and high BMI from 1990–2021. To eliminate potential biases from population age structure differences, disease burden data were generated using 95% uncertainty intervals (UI) to ensure accuracy and reliability. We estimated the trend of changes in ASMR and ASDR caused by HSBP and high BMI from 1990–2021 using linear regression models and calculated the EAPC and its 95% confidence intervals (CI). The regression model expression is:

In(ASR)=α+βX+e

Where In (ASR) is the natural logarithm of age-standardized rates, α is the constant term, X is the year, β is the regression coefficient representing the trend over time, and e is the error term. Based on the EAPC and its 95% CI, if the EAPC and its lower limit are positive, it indicates an upward trend; if the EAPC and its upper limit are negative, it indicates a downward trend; if both are not significantly different from zero, the trend is considered stable (21). Spearman rank correlation tests were also conducted to explore the relationship between the HHD disease burden and the SDI. All data analyses and visualizations were conducted using R software (version 4.2.2) and the JD_GBDR platform (V2.37) developed by Jingding Medical, with statistical significance set at a p-value of <0.05.




Results


Global deaths and DALYs

At the global level, the number of deaths from HHD caused by HSBP increased from 713,631.34 in 1990 (95% UI: 576,619.22–794,964.31) to 1,331,780.05 in 2021 (95% UI: 1,120,983.96–1,469,554.44), an increase of 86.62%. Among these, male deaths increased from 298,189.70 (95% UI: 233,306.17–337,161.79) to 557,616.18 (95% UI: 434,698.07–643,407.42), an increase of 87.00%, while female deaths increased from 415,441.64 (95% UI: 318,290.64–478,418.06) to 774,163.86 (95% UI: 618,791.55–878,334.00), an increase of 86.35%. Additionally, DALYs caused by HSBP increased from 15,467,045.95 (95% UI: 12,328,710.33–17,298,409.79) in 1990–25,456,396.75 (95% UI: 21,518,930.89–28,032,522.00) in 2021, an increase of 64.58%. For males, DALYs increased from 7,006,919.92 (95% UI: 5,476,020.35–7,980,659.84) to 11,638,017.78 (95% UI: 9,291,017.73–13,387,788.65), an increase of 66.09%, while for females, DALYs increased from 8,460,126.02 (95% UI: 6,326,289.37–9,914,538.77) to 13,818,378.97 (95% UI: 10,901,617.54–15,512,983.80), an increase of 63.34%. By 2021, the ASMR and ASDR for HSBP-related HHD were 16.31 per 100,000 (95% UI: 13.77–18.01 per 100,000) and 301.51 per 100,000 (95% UI: 255.39–331.84 per 100,000), respectively. From 1990–2021, both showed a downward trend, with EAPC of −0.68 (95% CI: −0.77, −0.58) for ASMR and −0.90 (95% CI: −0.99, −0.80) for ASDR. Notably, in both 1990 and 2021, female deaths and DALYs due to HSBP-related HHD were higher than those for males, but the gender differences in ASMR and ASDR were relatively small.

Deaths from HHD caused by high BMI increased from 240,095.95 (95% UI: 168,850.61–313,373.98) in 1990–594,899.05 (95% UI: 362,924.21–804,913.65) in 2021, an increase of 147.78%. Among these, male deaths increased from 93,612.78 (95% UI: 66,086.33–120,397.78) to 243,060.39 (95% UI: 159,714.60–323,101.44), an increase of 159.64%, while female deaths increased from 146,483.17 (95% UI: 97,562.11–196,209.61) to 351,838.67 (95% UI: 201,115.85–494,197.17), an increase of 140.19%. Furthermore, DALYs from high BMI-related HHD increased from 5,666,016.79 (95% UI: 4,251,059.02–7,069,737.58) in 1990–12,551,752.03 (95% UI: 9,489,123.61–15,451,016.13) in 2021, an increase of 121.53%. Male DALYs increased from 2,414,649.44 (95% UI: 1,794,252.02–3,011,391.35) to 5,646,139.70 (95% UI: 4,247,052.19–6,976,634.91), an increase of 133.83%, while female DALYs increased from 3,251,367.35 (95% UI: 2,294,580.51–4,161,209.41) to 6,905,612.33 (95% UI: 5,009,097.33–8,756,180.55), an increase of 112.39%. By 2021, the ASMR and ASDR for high BMI-related HHD were 7.21 per 100,000 (95% UI: 4.23–9.94 per 100,000) and 147.33 per 100,000 (95% UI: 109.06–183.45 per 100,000), respectively. From 1990–2021, both showed an upward trend, with EAPC of 0.33 (95% CI: 0.27, 0.39) for ASMR and 0.15 (95% CI: 0.10, 0.21) for ASDR. Although the ASMR and ASDR for males were lower than those for females, the growth rate was significantly higher for males than for females (Table 1).


TABLE 1 Global burden of metabolic-related hypertensive heart disease: mortality, DALYs, age-standardized rates, and EAPC, 1990–2021.

[image: Comparative data table presents disability-adjusted life years (DALYs) and deaths attributable to high systolic blood pressure and high body-mass index in 1990 and 2021, disaggregated by sex, with age-standardized rates and estimated annual percentage change, including uncertainty intervals and confidence intervals.]



Regional deaths and DALYs

At the regional level, in 2021, East Asia had the highest number of deaths [340,459.47 (95% UI: 235,390.26–437,522.23)] and DALYs [5,815,785.04 (95% UI: 4,183,000.54–7,412,101.31)] from HHD caused by HSBP, while Central Sub-Saharan Africa had the highest ASMR [66.27 (95% UI: 42.16–91.54)] and ASDR [1,212.96 (95% UI: 768.85–1,676.91)]. From 1990–2021, 7 regions saw an increase in ASMR, and 14 regions saw a decrease, while 6 regions had an increase in ASDR, and 15 regions saw a decrease. Among these, Eastern Europe had the largest increase in ASMR [EAPC: 1.71 (95% CI: 0.78–2.66)], and High-income North America had the largest increase in ASDR [EAPC: 2.31 (95% CI: 2.17–2.46)]. In contrast, High-income Asia Pacific showed the largest decrease in both ASMR [EAPC: −3.66 (95% CI: −4.41–−2.89)] and ASDR [EAPC: −3.63 (95% CI: −4.33–−2.92)] (Supplementary Table S1, Figure 1).


[image: Four-panel grouped bar chart comparing EAPC values across different categories. Panels A and C use brown bars, while panels B and D use blue bars. Each panel contains two bar plots displaying EAPC values with error bars for various categories labeled on the x-axes, including groups such as "High SDI," "Low SDI," and geographic regions. Each plot highlights positive and negative trends for the categories shown.]
FIGURE 1
1990–2021 EAPC of the age-standardized rates for metabolic factors causing HHD. (A) EAPC of ASMR for HHD caused by HSBP in 21 regions and 5 SDI regions. (B) EAPC of ASDR for HHD caused by HSBP in 21 regions and 5 SDI regions. (C) EAPC of ASMR for HHD caused by high BMI in 21 regions and 5 SDI regions. (D) EAPC of ASDR for HHD caused by high BMI in 21 regions and 5 SDI regions.


In 2021, East Asia also had the highest number of deaths [129,830.87 (95% UI: 67,188.11–204,255.03)] and DALYs [2,468,556.03 (95% UI: 1,553,649.60–3,558,544.21)] from HHD caused by high BMI, while Southern Sub-Saharan Africa had the highest ASMR [28.40 (95% UI: 17.52–37.54)] and ASDR [578.12 (95% UI: 437.99–722.53)]. From 1990–2021, 11 regions saw an increase in ASMR, and 10 regions saw a decrease, while 12 regions experienced an increase in ASDR, and 9 regions saw a decrease. Among these, High-income North America had the largest increase in both ASMR [EAPC: 2.04 (95% CI: 1.88–2.20)] and ASDR [EAPC: 2.31 (95% CI: 2.17–2.46)], whereas High-income Asia Pacific showed the largest decrease in both ASMR [EAPC: −2.93 (95% CI: −3.70–−2.16)] and ASDR [EAPC: −2.84 (95% CI: −3.54–−2.13)] (Supplementary Table S1, Figure 1). Notably, in 2021, the highest ASMR and ASDR due to HSBP and high BMI among females were observed in Central Sub-Saharan Africa, while for males, the highest ASMR and ASDR were observed in North Africa and the Middle East, and Southern Sub-Saharan Africa, respectively (Figure 2).


[image: Four grouped bar charts labeled A, B, C, and D, each showing global regions on the y-axis. Panels A and C display deaths by sex, while panels B and D show disability-adjusted life years (DALYs) by sex. Red bars represent females and blue bars represent males, with error bars indicating uncertainty. Data highlights large regional variations and consistent male-female differences, particularly in lower-income regions at the bottom of each panel.]
FIGURE 2
Gender differences in age-standardized rates of HHD caused by metabolic factors in 2021. (A) Gender differences in ASMR of HHD caused by HSBP in 21 regions. (B) Gender differences in ASDR of HHD caused by HSBP in 21 regions. (C) Gender differences in ASMR of HHD caused by high BMI in 21 regions. (D) Gender differences in ASDR of HHD caused by high BMI in 21 regions.




National deaths and DALYs

At the national level, in 2021, China had the highest number of deaths [328,079.61 (95% UI: 224,196.25–424,637.69)] and DALYs [5,588,976.70 (95% UI: 3,974,289.38–7,176,387.41)] due to HHD caused by HSBP. On the other hand, Bulgaria had the highest age-standardized mortality rate (ASMR) [103.42 (95% UI: 89.56–117.24)] and age-standardized disability-adjusted life years rate (ASDR) [1,739.46 (95% UI: 1,489.32–1,992.26)]. From 1990–2021, the ASMR and ASDR for HHD caused by HSBP showed an increasing trend in 70 and 60 countries, respectively. In contrast, 134 countries experienced a decrease in ASMR, and 144 countries saw a decline in ASDR. Among them, Latvia showed the greatest increase in both ASMR [EAPC: 8.60 (95% CI: 7.31–9.92)] and ASDR [EAPC: 6.97 (95% CI: 5.77–8.18)], while Belarus had the greatest decrease in both ASMR [EAPC: −5.67 (95% CI: −6.78– −4.55)] and ASDR [EAPC: −5.80 (95% CI: −6.95– −4.63)] (Supplementary Table S2, Figures 3A,B).
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FIGURE 3
1990–2021 EAPC of the age-standardized rates for metabolic risk factors causing HHD are shown for 204 countries and regions. (A) EAPC of ASMR for HHD caused by HSBP in 204 countries and regions. (B) EAPC of ASDR for HHD caused by HSBP in 204 countries and regions. (C) EAPC of ASMR for HHD caused by high BMI in 204 countries and regions. (D) EAPC of ASDR for HHD caused by high BMI in 204 countries and regions.


In 2021, China also had the highest number of deaths [124,763.89 (95% UI: 63,333.52–198,270.70)] and DALYs [2,373,039.87 (95% UI: 1,485,461.40–3,462,005.03)] due to HHD caused by high BMI. The country with the highest ASMR was Botswana [59.71 (95% UI: 34.53–83.60)], while Bulgaria had the highest ASDR [1,083.92 (95% UI: 779.93–1,396.41)]. From 1990–2021, the ASMR and ASDR for HHD caused by high BMI showed an increasing trend in 115 and 100 countries, respectively. In contrast, 89 countries experienced a decrease in ASMR, and 104 countries saw a decrease in ASDR. Among them, Latvia again showed the greatest increase in both ASMR [EAPC: 8.46 (95% CI: 7.18–9.76)] and ASDR [EAPC: 6.79 (95% CI: 5.60–7.99)], while Belarus had the greatest decrease in both ASMR [EAPC: −5.33 (95% CI: −6.50– −4.15)] and ASDR [EAPC: −5.40 (95% CI: −6.59– −4.19)] (Supplementary Table S2, Figures 3C,D).



Burden of HHD caused by metabolic factors based on age and sex

In 2021, the age groups with the highest number of deaths and DALYs for HSBP-related HHD were 85–89 years for women and 70–74 years for men. Additionally, both women and men showed an increasing trend in ASMR and ASDR with advancing age. Notably, from age 64 onward, women had higher numbers of deaths, DALYs, ASMR, and ASDR than men, indicating that women may face higher cardiovascular risks during aging.

For High BMI-related HHD, the age groups with the highest number of deaths and DALYs for women were again 85–89 years and 70–74 years, while for men, the highest burden was observed in the 70–74 years and 65–69 years age groups. Both women and men showed increasing ASMR and ASDR as age increased due to high BMI. Particularly, after age 54, women consistently had higher numbers of deaths, DALYs, ASMR, and ASDR than men, further highlighting the unique cardiovascular risks women face with higher BMI-related diseases (Figure 4).
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FIGURE 4
The age-specific numbers and rates of deaths and DALYs from HHD caused by HSBP and high BMI in 2021, stratified by sex. (A) The age-specific numbers and rates of deaths from HHD caused by HSBP. (B) The age-specific numbers and rates of DALYs from HHD caused by HSBP. (C) The age-specific numbers and rates of deaths from HHD caused by high BMI. (D) The age-specific numbers and rates of DALYs from HHD caused by high BMI.




Burden of HHD caused by metabolic factors based on SDI

In 2021, Middle SDI regions had the highest number of deaths [461,701.61 (95% UI: 348,619.59, 545,738.73)] and DALYs [8,930,223.42 (95% UI: 6,899,892.63, 10,419,863.71)] for HSBP-related HHD. Conversely, Low SDI regions had the highest ASMR [33.56 (95% UI: 24.63, 40.51)] and ASDR [640.45 (95% UI: 449.91, 784.43)] for HSBP-related HHD. From 1990–2021, the ASMR for High SDI regions showed an upward trend (EAPC: 0.11, 95% CI: −0.07, 0.29), while ASMR and ASDR in other SDI regions generally showed a downward trend, with Middle SDI regions showing the largest decline in both ASMR (EAPC: −1.76, 95% CI: −1.98, −1.53) and ASDR (EAPC: −1.92, 95% CI: −2.15, −1.70) (Supplementary Table S1, Figure 1).

For High BMI-related HHD, in 2021, Middle SDI regions again had the highest number of deaths [196,804.87 (95% UI: 122,493.59, 276,060.94)] and DALYs [4,255,946.72 (95% UI: 3,088,318.19, 5,431,403.13)]. Low SDI regions also had the highest ASMR [11.27 (95% UI: 6.94, 15.88)] and ASDR [249.65 (95% UI: 164.84, 328.72)] for High BMI-related HHD. From 1990–2021, Middle SDI regions showed a downward trend in ASMR (EAPC: −0.44, 95% CI: −0.64, −0.25), while other SDI regions had an increasing trend in ASMR. Among these, High SDI regions showed the most significant increase in ASMR (EAPC: 0.44, 95% CI: −0.64, −0.25). Additionally, High-middle SDI and Middle SDI regions saw a decline in ASDR, while other regions experienced an increase. The regions with the largest decline in ASDR were Middle SDI, and the highest increase was in High SDI (Supplementary Table S1, Figure 1).

From 1990–2021, in Low SDI regions, the ASMR and ASDR caused by HSBP showed a significant negative correlation with SDI, while the ASMR and ASDR caused by High BMI showed a generally positive correlation with SDI. In Middle SDI regions, with some exceptions (such as Southern Sub-Saharan Africa, Central Asia, Central Europe, Eastern Europe, and Caribbean), the ASMR and ASDR caused by HSBP showed a negative correlation with SDI, while those caused by High BMI showed a positive correlation in most regions (such as Andean Latin America, Central Latin America, Tropical Latin America, North Africa and the Middle East, East Asia, and Oceania). In High SDI regions, except for High-income North America, the ASMR and ASDR caused by both HSBP and High BMI had a significant negative correlation with SDI (Figure 5). At the national level in 2021, there was a significant negative correlation between ASMR and ASDR caused by HSBP and SDI, while in Low and Middle SDI regions, the ASMR and ASDR caused by High BMI generally showed a positive correlation with SDI. In High SDI regions, however, the correlation was negative (Figure 6, Supplementary Figure S1).
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FIGURE 5
The age-standardized rates of HHD caused by HSBP and high BMI across 21 global regions from 1990 to 2021, stratified by the SDI. (A) ASMR for HHD caused by HSBP. (B) ASDR for HHD caused by HSBP. (C) ASMR for HHD caused by high BMI. (D) ASDR for HHD caused by high BMI.
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FIGURE 6
The age-standardized rates of HHD caused by HSBP and across 204 countries and territories from 1990 to 2021, stratified by the SDI. (A) ASMR for HHD caused by HSBP. (B) ASDR for HHD caused by HSBP.





Discussion

This study systematically evaluated the evolving burden of HHD attributable to HSBP and BMI from 1990–2021, with a focus on the central role of metabolic risk factors in HHD progression and their heterogeneous distribution across global regions. The findings show that the proportion of HHD deaths attributable to metabolic factors increased from 13.38% in 1990 to 16.88% in 2021, indicating that the metabolic burden is continuously driving up the disease burden related to HHD (Supplementary Figure S2). Among various metabolic risk factors, HSBP and high BMI were identified as the primary contributors to HHD (11). HSBP increases cardiac afterload, inducing left ventricular hypertrophy, myocardial remodeling, and arteriosclerosis, which can further lead to myocardial ischemia and heart failure (11). High BMI, on the other hand, promotes chronic low-grade inflammation, insulin resistance, and dysregulated lipid metabolism, accelerating metabolic injury and functional decline of the myocardium (13–15). More importantly, the interaction between hypertension and obesity may form a pathological positive feedback loop, mutually exacerbating cardiovascular stress and significantly increasing the risk of HHD (22, 23). Previous studies have shown that the burden of cardiovascular disease due to metabolic factors exhibits significant temporal and spatial heterogeneity, closely linked to urbanization, westernization of dietary patterns, reduced physical activity, and disparities in healthcare coverage and access (24–26). Therefore, targeted interventions addressing these two major metabolic risk factors—especially strengthening early screening, lifestyle modification, and pharmacological control in high-burden populations—will be critical strategies for alleviating the global burden of HHD and reducing cardiovascular mortality in the future.

The study found that from 1990–2021, deaths from HHD attributable to HSBP and BMI increased by 86.62% and 147.78%, respectively, while DALYs rose by 64.58% and 121.53%. Despite these increases, the ASMR and ASDR associated with HSBP showed a downward trend globally, reflecting significant achievements in hypertension control in certain countries. For example, the Million Hearts initiative in the United States, led by the CDC and CMS, implemented evidence-based strategies—including optimized hypertension screening, enhanced primary care services, and integration of clinical decision support into electronic health records. The initiative has significantly improved blood pressure control rates and contributed to the reduction of HHD and associated cardiovascular events (27). Similarly, Finland implemented the comprehensive North Karelia Project, which included nutritional interventions, smoking and salt reduction campaigns, and community-based health education, successfully lowering population blood pressure levels and cardiovascular mortality (28, 29). In contrast, ASMR and ASDR related to high BMI have continued to rise, highlighting the escalating global obesity epidemic, particularly in low- and middle-income countries. The rapid spread of obesity is offsetting some of the gains made in hypertension prevention and is amplifying the overall cardiovascular disease burden. Among individuals with both hypertension and obesity, this risk is further compounded. Alarmingly, if current trends persist, obesity may surpass hypertension as the leading driver of HHD in the future. Effective weight management, increased physical activity, and dietary optimization are essential strategies to reduce the burden of obesity-related HHD (30, 31). For example, several U.S. states have enacted legislation to limit sugary beverage consumption, implemented school-based nutrition programs, and strengthened physical education, which have collectively helped curb the rise in adolescent obesity rates (32, 33). Therefore, future public health efforts should prioritize early identification and intervention for obesity, establish more systematic weight control frameworks at the policy level, and promote multi-level, comprehensive global interventions. These measures are especially crucial in resource-limited developing regions where obesity is rising rapidly, in order to effectively mitigate the health and socioeconomic burden posed by HHD.

In 2021, the burden of HHD attributable to HSBP and high BMI varied significantly across global regions and countries. For instance, East Asia recorded the highest number of deaths and DALYs related to HSBP-induced HHD worldwide, reflecting the considerable challenges in hypertension management within the region. Despite progress in public health policy, rapid urbanization and lifestyle changes have led to a continued rise in hypertension, severely impacting cardiovascular health (34). In contrast, Central Sub-Saharan Africa reported the highest ASMR and ASDR, highlighting severe issues linked to inadequate healthcare resources and insufficient hypertension control. Between 1990 and 2021, ASMR increased in seven regions and ASDR in six, with Eastern Europe and High-income North America experiencing the most pronounced rises. These trends may be associated with poor dietary habits, increased psychosocial stress, and a rise in sedentary behavior. In contrast, the High-income Asia Pacific region saw significant declines in both ASMR and ASDR, reflecting the positive impact of early interventions and adequate healthcare resources. Regarding HHD burden related to high BMI, East Asia again ranked first in terms of deaths and DALYs, primarily due to the rapid spread of obesity. This trend is particularly alarming in low- and middle-income countries, where obesity has emerged as a major public health challenge (35). Southern Sub-Saharan Africa reported the highest ASMR and ASDR for BMI-related HHD, underscoring the urgency of obesity prevention in this region. Although High-income North America has abundant healthcare resources, its high obesity prevalence has led to marked increases in ASMR and ASDR, further exacerbating the burden of HHD.

In 2021, China recorded the highest number of deaths and DALYs from HHD attributable to HSBP and high BMI, highlighting a severe public health challenge under the dual pressure of accelerating urbanization and population aging. Although recent progress has been made in blood pressure and weight control through health education, the establishment of tiered healthcare systems, and improved access to antihypertensive medications, the nationwide prevalence of hypertension and obesity remains high, continuing to burden the national healthcare system (36). Currently, China faces three core challenges in HHD prevention and control (36): First, the uneven distribution of healthcare resources between urban and rural areas means that primary care systems are not yet equipped to conduct widespread early screening and long-term management of chronic diseases. Second, unhealthy lifestyles, including high-salt and high-fat diets combined with sedentary behavior, are accelerating the development of metabolic disorders. Third, the impact of individual genetic differences on treatment response has not been fully integrated into current management strategies. Previous studies have suggested that certain genetic polymorphisms related to blood pressure regulation—such as PHACTR1 (37) and PTGER3 (38)—may affect the efficacy of antihypertensive drugs, underscoring the urgent need for personalized interventions based on genetic background. By contrast, Bulgaria had the highest ASMR and ASDR for HHD attributable to HSBP, as well as the highest ASDR for BMI-related HHD globally in 2021. This reflects structural weaknesses in its healthcare system during economic transition, including high unemployment, low income levels, and inadequate access to medical resources (39). Between 1990 and 2021, seven of the ten countries with the greatest increases in ASMR and ASDR were located in Eastern Europe. The rising burden of HHD in the region has been driven by population aging, excessive sodium intake, poor dietary patterns, physical inactivity, and insufficient chronic disease management (40–42). Furthermore, epigenetic studies have shown that populations under long-term socioeconomic stress are more likely to develop abnormal DNA methylation (43, 44) and histone modifications (45, 46), which can induce chronic inflammation and exacerbate cardiometabolic disorders. Although some Eastern European countries have implemented public health measures such as family doctor systems and salt reduction campaigns, inconsistent policy implementation and widening urban-rural disparities remain key barriers. Moving forward, the region should prioritize early screening and comprehensive intervention for hypertension and obesity, enhance health behavior modification and chronic disease literacy, and integrate genetic and epigenetic profiling into risk stratification and precision management. These efforts will be vital to curbing the rising burden of HHD and advancing global cardiovascular health governance.

In 2021, middle-SDI regions reported the highest number of deaths and DALYs due to HHD attributable to HSBP and high BMI, indicating substantial challenges in cardiovascular disease prevention and control in these areas. Meanwhile, low-SDI regions exhibited the highest ASMR and ASDR, reflecting more severe issues in disease management due to limited medical resources and inadequate healthcare services. Between 1990 and 2021, ASMR and ASDR showed an upward trend in high-SDI regions, whereas most other SDI regions experienced declines. The most notable decreases in ASMR and ASDR occurred in middle-SDI regions, likely due to recent improvements in hypertension and obesity management. Interestingly, in low-SDI regions, ASMR and ASDR associated with HHD due to HSBP were significantly negatively correlated with SDI, whereas the burden related to BMI showed an overall positive correlation. This suggests that insufficient hypertension management in low-SDI areas has greatly aggravated the disease burden, while BMI-related burden tends to increase as SDI rises. In middle-SDI regions, the HHD burden from HSBP was generally negatively correlated with SDI, whereas the burden from high BMI was positively correlated, reflecting regional disparities in cardiovascular risk factor management and levels of economic development. In high-SDI regions, except for high-income North America, both HSBP- and BMI-related ASMR and ASDR were significantly negatively correlated with SDI. At the national level, data showed a negative correlation between SDI and the HHD burden attributable to HSBP, while BMI-related burden was positively correlated with SDI in low- and middle-SDI countries and negatively correlated in high-SDI countries. This indicates that high-income regions are relatively more effective in obesity control, whereas low- and middle-SDI countries continue to face serious challenges in addressing the obesity epidemic.

In 2021, the burden of HHD attributable to HSBP and high BMI exhibited significant heterogeneity across sex and age groups. Overall, with increasing age, both males and females showed a consistent upward trend in the number of deaths, DALYs, ASMR, and ASDR. However, it is noteworthy that although ASMR and ASDR were similar between sexes, women consistently exhibited higher absolute numbers of deaths and DALYs than men, suggesting that older women may face more complex and severe health challenges related to HHD outcomes. This gender difference likely results from a combination of biological, metabolic, and social factors. On one hand, postmenopausal women experience a marked decline in estrogen levels, leading to the loss of cardiovascular protective effects (47). On the other hand, older women are more prone to visceral fat accumulation, insulin resistance, and metabolic syndrome (48), all of which intensify metabolic stress on the cardiovascular system. Furthermore, women may face structural barriers in chronic disease management, such as limited access to healthcare, poor adherence to medical treatment, lower health awareness, and insufficient coverage of lifestyle interventions (49, 50), all of which may contribute to a sustained disadvantage in disease burden. By contrast, in some regions, the ASMR for men has increased at a faster rate, likely linked to a higher prevalence of unhealthy behaviors. Men are generally more exposed than women to high-salt and high-fat diets, tobacco and alcohol use, and lack of regular physical activity—factors that play key roles in the onset and progression of cardiovascular diseases (51, 52). In addition, in certain cultural contexts, men tend to be more passive in seeking medical care, and delayed healthcare utilization may worsen disease progression and outcomes. Therefore, the development of sex-specific intervention strategies is essential. For women, particularly those in the menopausal and postmenopausal stages, early identification and comprehensive management of metabolic risk factors should be strengthened. Integrated strategies that include screening for hypertension and obesity, personalized health education, and lifestyle interventions should be promoted. For men, increasing health awareness, improving lifestyle habits, and encouraging proactive healthcare-seeking behaviors are crucial. Interventions should focus on modifiable risk factors such as smoking, alcohol consumption, diet, and physical inactivity to reduce HHD-related mortality and disability among men.


Policy recommendations

This study systematically analyzed the global burden trends of HHD attributable to HSBP and high BMI from 1990–2021, and based on the findings, the following policy recommendations are proposed: First, strengthen hypertension prevention and control systems, with a particular focus on low- and middle-income countries and high-burden regions such as sub-Saharan Africa. Efforts should center on improving early screening rates and the standardization of diagnosis and treatment through primary healthcare systems, ensuring stable and affordable access to essential antihypertensive medications. At the same time, community-based health education should be enhanced to raise public awareness of risk factors and improve self-management capabilities to prevent the early accumulation of hypertension-related risks. Second, address the global obesity epidemic in a systematic manner, particularly in high-income and rapidly urbanizing areas. A structured, multi-level intervention strategy is needed, including restrictions on the availability and consumption of high-energy foods, strengthening of nutritional labeling and food policy regulations, promotion of adolescent nutrition and physical activity, and the implementation of tiered weight management services, all aimed at reducing cardiovascular risk linked to elevated BMI. Third, promote gender- and age-sensitive interventions to reduce health inequalities. It is recommended to strengthen early screening for metabolic syndrome and implement combined interventions targeting blood pressure and weight in postmenopausal women, while intensifying integrated interventions in young and middle-aged men to address high-risk behaviors such as high salt intake, tobacco and alcohol use, and sedentary lifestyles, thereby promoting the adoption of healthy habits. Fourth, optimize the allocation of global health resources to enhance chronic disease prevention and control capacity in low-SDI regions. This should be achieved through multilateral cooperation mechanisms that provide financial aid and technical support to address critical gaps in screening, diagnosis, and management of hypertension and obesity, ensuring more equitable and efficient distribution of global public health resources. Fifth, recognize the preventive and therapeutic potential of traditional medicine and promote its standardized integration into chronic disease management. Drawing on practical experience with traditional Chinese medicine (TCM) in HHD intervention, herbal medicines such as Salvia miltiorrhiza (Danshen) (53), Pueraria lobata (Gegen) (54), Scutellaria baicalensis (Huangqin) (55), and Prunella vulgaris (Xiakucao) (56) have shown certain benefits in regulating blood pressure and body weight. These effects may be mediated through anti-inflammatory, antioxidant, endothelial function-regulating, and lipid metabolism-modulating mechanisms, achieving multi-target synergistic intervention. Although current evidence mainly comes from small-sample studies, in resource-limited settings with poor patient adherence, TCM holds promise as a valuable supplement for high-risk population management. Moving forward, large-scale, multi-center, high-quality clinical studies should be encouraged to facilitate the scientific integration and standardized application of TCM within comprehensive HHD intervention systems.



Limitations and future research directions

This study, based on the GBD 2021 database, comprehensively assessed the gender, age, and SDI-related changes in the burden of HHD but has several limitations. Firstly, the GBD model relies on the integration of multiple data sources, which may be subject to bias and uncertainty, especially in low- and middle-income countries where data quality control may be inadequate. Secondly, this study did not include the synergistic effects of other metabolic risk factors (such as diabetes and hyperlipidemia) on the burden of HHD, which may lead to an underestimation of the complex interactions of multiple factors. Therefore, future research should explore the combined effects of multiple metabolic risk factors on the burden of HHD, particularly in high-risk regions and populations, to better understand the interactions between risk factors. This will provide crucial support for the development of more effective public health policies.




Conclusions

This study revealed the changing global burden of HHD caused by HSBP and high BMI, highlighting the persistent impact of metabolic risk factors on the burden of HHD. To address the global challenge of HHD, it is essential to strengthen the prevention and management of hypertension and obesity, particularly in low- and middle-income countries. Additionally, attention must be given to gender and regional differences, and targeted health intervention strategies should be developed for different groups to reduce the disease risks caused by metabolic factors.
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This study aimed to systematically evaluate the association between body mass index (BMI) and cardiovascular metabolic multimorbidity (CMM). Cochrane Library, CINAHL, EMBASE, Web of Science, and PubMed were searched for observational studies examining the relationship between BMI and CMM, with a search timeframe from database inception to May 16, 2024. The Newcastle-Ottawa Scale (NOS) and the Agency for Healthcare Research and Quality (AHRQ) criteria were used to evaluate the quality of included studies. The meta package in R was used to perform a meta-analysis. Subsequently, pooled odds ratios (OR) and their 95% confidence intervals (CIs) were computed. Eleven (11) studies involving 1,771,748 patients were included in this review, and the meta-analysis was conducted based on 10 studies. The meta-analysis revealed that when BMI was analyzed as a categorical variable, both overweight (pooled OR = 3.52, 95% CI: 1.23–10.05) and obesity (pooled OR = 3.68, 95% CI: 2.60–5.20) were significantly associated with CMM. When BMI was treated as a continuous variable, it was also significantly related to CMM (pooled OR = 2.90, 95% CI: 1.99–3.81). Furthermore, obesity was associated with an increased risk of CMM [hazard ratio (HR) = 3.27, 95% CI: 2.44–3.39]. This study highlighted a positive correlation between overweight/obesity and CMM. Consequently, it is essential to enhance health awareness among high-risk populations, such as older adults and those with obesity. Proactive screening for high-risk individuals and increased public education on CMM are recommended. Weight management strategies should be integrated into CMM management plans for obese patients to reduce the incidence of these conditions.

Systematic Review Registration: https://www.crd.york.ac.uk/PROSPERO/, PROSPERO CRD42024602835.



KEYWORDS
cardiovascular metabolic multimorbidity, BMI, prevalence rate, meta-analysis, correlation






1 Introduction

As the population ages and life expectancy increases, multimorbidity has become increasingly prevalent among older adults, posing a growing public health burden (1). The World Health Organization (WHO) defines “multimorbidity” as the simultaneous occurrence of at least two chronic diseases in an individual. Cardiovascular metabolic multimorbidity (CMM) has emerged as a focus of research in recent years. It is defined as the presence of two or more cardiovascular metabolic diseases simultaneously, including diabetes mellitus (DM), coronary artery disease, and stroke (2). Studies have indicated that the synergistic effects of these multiple diseases significantly exceed the impact of individual diseases, increasing the risk of various adverse health outcomes (3). An epidemiological survey in the United States revealed a CMM prevalence of 14.4% (4). A recent cohort study revealed that the all-cause mortality for individuals with CMM is 3.7 to 6.9 times higher compared to those without cardiovascular metabolic diseases. Additionally, individuals aged 60 years with one cardiovascular metabolic disease have a life expectancy shortened by 6 to 10 years compared to those without such diseases, while individuals with CMM can experience a life expectancy reduction of up to 15 years (5). Clearly, CMM not only affects patient recovery but also adversely impacts disease prognosis, increases healthcare burdens, severely affects quality of life, and raises mortality. Therefore, understanding the underlying pathophysiological mechanisms of CMM and strengthening appropriate health management is becoming increasingly important.

Various studies have explored potential factors associated with CMM. Variables included age, sex, lifestyle (6, 7), cognitive impairment (8), frailty (9, 10), depression (11), obesity (12), and chronic pain (13). Among these factors, we have noted a close relationship between obesity and CMM. Research has indicated that higher BMI is associated with an increased incidence of CMM. Obesity raises the risk of dyslipidemia and systemic inflammation, serving as a significant risk factor for the development of cardiovascular metabolic diseases and DM. There is a link between CMM and BMI, but this link needs to be studied in more detail. In order to investigate the relationship between BMI and CMM, we carried out this systematic review and meta-analysis.



2 Methods


2.1 Search strategy

Following the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) standards (PROSPERO: CRD42024602835), we carried out this systematic review. A computer-based search was performed across five databases (Cochrane Library, CINAHL, EMBASE, Web of Science, and PubMed), covering the timeframe from database inception to May 16, 2024. The literature search employed a combination of MeSH and free-text words to identify relevant studies in each database. The keywords used for the literature search included: (“cardio metabol*” OR “cardio-metabol*” OR “cardiometabol*”) AND (“multimorbidity” OR “multimorbidit*” OR “multi-morbidit*” OR “comorbidit*” OR “co-morbidit*” OR “multiple chronic diseases*”) AND (“body mass index” OR “obesity” OR “obese” OR “overweight” OR “body weight” OR “BMI”), with Supplementary Appendix S1 providing an example of the search strategy used for the search in PubMed (Supplementary Material S1). The manuscript does not contain clinical studies or patient data.



2.2 Inclusion criteria

Inclusion criteria: (1) The study population consisted of patients with CMM; (2) Study designs were limited to observational studies, including case-control studies, cross-sectional studies, longitudinal studies, and cohort studies; (3) The exposure factor was obesity, measured by BMI; (4) The outcome was CMM, defined as the simultaneous presence of two or more cardiovascular metabolic diseases, including DM, coronary artery disease, stroke, and hypertension. Relevant patient history was obtained through clinical diagnosis or self-report. It should be noted that one included study defined CMM as the presence of at least one cardiovascular metabolic disease (diabetes, coronary artery disease, or stroke) alongside hypertension (14).

According to the World Health Organization (WHO) definitions, BMI categories were classified as follows: obesity (≥30.0 kg/m2), overweight (25.0–29.9 kg/m2), healthy weight (18.5–24.9 kg/m2), and underweight (<18.5 kg/m2). Exclusion criteria: (1) Non-English literature; (2) Case reports; (3) Conference papers or abstracts; (4) Qualitative studies or reviews; (5) Meeting proceedings, comments, editorials, newsletters, and study protocols.



2.3 Literature screening

The retrieved studies were imported into Endnote X9, a reference management program. The remaining articles' titles were examined separately by two authors (WM and LQY) to determine their applicability to the review topic after duplicates were eliminated using Endnote X9. The entire texts of studies that either fully or partially satisfied the inclusion criteria were retained, and the same two authors independently assessed and screened them to decide if they should be included. For disagreements between the two, a third author (HYY) was consulted until a consensus was reached. Every study that was retained was examined by every author, and each study's inclusion decisions were made by consensus.



2.4 Data extraction and quality assessment

A standardized data table was created to extract and summarize pertinent information about the included studies. The extracted data included the author, country, publication year, study type, age of the study population, sample size, BMI, and definition of CMM. The Newcastle-Ottawa Scale (NOS), which consists of eight elements addressing exposure/outcome, comparability, and selection, was used to evaluate the quality of cohort studies. A study can be awarded up to nine stars based on the criteria, with more stars indicating higher methodological quality. In addition, cross-sectional studies were evaluated via a checklist recommended by the Agency for Healthcare Research and Quality (AHRQ), which includes 11 items with “yes”, “no”, or “unclear” options. Two authors (WM and LQY) independently assessed the methodological quality of the included studies, and any disagreements were discussed with a third author (HYY) until an agreement was reached.



2.5 Statistical analysis

Data management, effect size conversion, and calculation of pooled mean effect sizes were completed using the “meta” package in R. When BMI was treated as a categorical variable, patients with normal body weight were used as the reference group, and the odds ratios (ORs) for underweight, overweight, and obese CMM patients were combined. The pooled OR was calculated either from reported OR values or from converted OR values based on published data. A forest plot was then generated. When BMI was treated as a continuous variable, the mean difference was chosen as the effect measure, and its 95% confidence interval (CI) was calculated. A P of <0.05 was considered statistically significant. Using the I-squared statistic (I2), heterogeneity was appraised. I2 = 0% indicated no heterogeneity between studies, I2 < 25% indicated low heterogeneity, 25% ≤ I2 < 50% indicated moderate heterogeneity, and 50% ≤ I2 < 75% indicated high heterogeneity. A fixed-effects model was adopted for meta-analysis if no statistical heterogeneity was noted between studies (P > 0.10 and I2 < 50%). Otherwise, a random-effects model was applied. To confirm the robustness of the findings, sensitivity analyses were performed by excluding studies with large effect sizes or a high risk of bias. For studies where relevant data could not be extracted or where standardized effect sizes could not be calculated from the available data, the eligible studies were described.




3 Results


3.1 Search results

A total of 2,293 articles were identified through the search, of which 1,047 were duplicates and removed. After reviewing the titles and abstracts, an additional 1,087 articles were excluded. We further examined 57 articles in detail, and 11 studies published between 2011 and 2024 met the inclusion criteria. Of these, 10 studies were included in the meta-analysis. One cross-sectional study (7) was excluded from the final meta-analysis as it only reported the overall prevalence of CMM without detailing the prevalence among the obese population. The PRISMA flow diagram illustrating the article selection process is provided in Figure 1 below.


[image: PRISMA flow diagram showing the systematic review process. Two thousand two hundred ninety-three records screened after duplicates removed; one thousand two hundred forty-six screened, fifty-seven full-text articles assessed, eleven studies included in both qualitative and quantitative synthesis. Exclusions and database details provided.]
FIGURE 1
Article selection strategy for the meta-analysis.




3.2 Characteristics of the included studies

The characteristics of the included 11 studies (5, 7, 14–22) are summarized in Table 1. These studies were carried out in multiple countries, including China (n = 8), the United Kingdom (n = 1), South Africa (n = 1), and South Korea (n = 1). Six studies employed a cross-sectional design, while 5 were cohort studies investigating the association between obesity and CMM. The total sample size across the included studies was 1,759,592 patients, of whom 45,046 were CMM patients, yielding an overall morbidity of 2.56%. Notably, one of the included studies focused on a hypertensive population (14), and 2 studies enrolled patients under the age of 35, while the remaining studies included populations aged ≥35 years.



TABLE 1 Characteristics of the studies included (n = 11).



	No.
	Author
	Country
	Study type
	Research time
	Sample source/study population
	Age
	Sample size
	CMM patients
	CMM prevalence
	Definition of CMM





	1
	Dong et al, (14)
	China
	cross-sectional study
	2020
	the National Basic Public Health ServiceProject (NBPHS),hypertensive patients
	≥35
	229,287
	9,267
	4.04%
	At least one cardiometabolic disease with high blood pressure: diabetes, coronary heart disease, or stroke.



	2
	Chen et al, (15)
	China
	cross-sectional study
	2021
	the Electronic Health Management Center in Xin zheng, Henan Province, Central China
	≥60
	81,532
	5,767
	7.07%
	CM is defined as having two or more of the following three diseases: diabetes, stroke, and coronary heart disease.



	3
	Lu et al, (16)
	China
	cohort study
	2011–2012
	the China Health and RetirementLongitudinal Study (CHARLS)
	≥45
	10,521
	325
	3.09%
	CM is defined as having two or more of the following three diseases: diabetes, stroke, and heart problems.



	4
	Qin et al, (17)
	China
	cross-sectional study
	2016
	The China Patient-Centered Evaluative Assessment of Cardiac Events Million Persons Project (China-PEACE MPP)
	35–75
	101,973
	11,758
	11.53%
	The primary outcome of the study was CMM, which was defined as the presence of at least two of the following medical conditions: CHD, stroke, hypertension, and diabetes.



	5
	Sewpaul et al, (18)
	South Africa
	cross-sectional study
	2011–2012
	the South African National Health and Nutrition Examination Survey (SANHANES),
	≥15
	3,832
	500
	13.05%
	The primary outcome was CM, defined as having any two or more of the following conditions: hypertension, diabetes, stroke and angina.



	6
	Xia et al, (19)
	China
	cohort study
	2020
	The Kailuan cohort
	≥ 18
	87,512
	2,232
	2.55%
	Cardiometabolic multimorbidity was defined as the coexistence of 2 or 3 CMD events (including the first incidence of myocardial infarction, stroke, and type 2 diabetes).



	7
	Zhang et al, (20)
	China
	cohort study
	2002–2018
	the Chinese Longitudinal HealthyLongevity Survey (CLHLS)
	≥60
	13,933
	975
	7.00%
	Cardiometabolic multimorbidity was identified as having at least two of the four diseases(hypertension,diabetes, heart disease, stroke).



	8
	Zhao et al, (21)
	China
	cohort study
	1999–2018
	NHANES
	≥36
	25,994
	1,251
	4.81%
	CMM was defined as two or three of CMDs.



	9
	Di (1) et al, 2015
	England
	cohort study
	1960–2007
	the Emerging Risk Factors Collaboration (general population)
	/
	689,300
	6,931
	1.01%
	A history of 2 or more of the following: diabetes mellitus, stroke, myocardial infarction (MI).



	10
	Di (2) et al, 2015
	England
	cohort study
	2006–2010
	UK Biobank (general population)
	/
	4,99,808
	3,900
	0.78%
	A history of 2 or more of the following: diabetes mellitus, stroke, myocardial infarction (MI).



	11
	Kim et al, (22)
	South Korea
	cross-sectional study
	2014
	rural residents in Gyeongju, South Korea,
	≥65
	932
	466
	50.00%
	CMM pattern included diabetes, dyslipidemia, hypertension, and angina (or myocardial infarction).



	12
	Zheng et al, (7)
	China
	cross-sectional study
	2020–2022
	the Health Management Center of the First Affiliated Hospital of Chongqing Medical University in China
	≥45
	14,968
	1,674
	11.18%
	we defined CMM as the coexistence of two or more cardiometabolic diseases.







BMI was the primary indicator of overweight or obesity across all studies; although the specific criteria for classifying overweight or obesity varied between studies. For overweight, only one study adhered to the WHO definition (BMI 25.0–29.9 kg/m2), while other studies used different thresholds: BMI >24 kg/m2 (14), 25–30 kg/m2 (20), 24–28 kg/m2, 24.0–27.9 kg/m2 (19), and 23.0–27.4 kg/m2 (23). Regarding the definition of obesity, two studies classified obesity as BMI ≥28 kg/m2 (19, 20), two studies used BMI ≥30 kg/m2 (18, 21), and one study defined obesity as BMI ≥27.5 kg/m2. In addition, the categories “transitioned from non-obese to obese” and “stable obesity” in one study (21) were also combined into the obesity group for statistical analysis (Supplementary Material S2).



3.3 Quality assessment of included studies

The quality assessment results of the 6 cross-sectional studies are summarized in Table 2. Of these, 5 studies scored ≥6 points. Five studies did not describe how they assessed or controlled for confounding factors. None of the six studies provided descriptions for item 9 (if applicable, explaining how missing data were handled in the analysis) or item 11 (specifying anticipated follow-up, if any, and the percentage of patients with incomplete data or follow-up). The quality assessment results of the 5 longitudinal studies are summarized in Table 3. All studies scored above 7 points, indicating high quality.



TABLE 2 Agency for research and health quality, AHRQ.



	Studies
	Item1
	Item2
	Item3
	Item4
	Item5
	Item6
	Item7
	Item8
	Item9
	Item10
	Item11
	Total score





	Dong et al. (14);China
	yes
	yes
	yes
	yes
	no
	yes
	yes
	yes
	unclear
	yes
	unclear
	8



	Chen et al. (15); China
	yes
	yes
	yes
	yes
	no
	yes
	unclear
	unclear
	unclear
	yes
	unclear
	6



	Qin et al. (17); China
	yes
	yes
	yes
	yes
	no
	yes
	unclear
	unclear
	unclear
	yes
	unclear
	6



	Sewpaul et al. (18); South Africa
	yes
	yes
	yes
	yes
	no
	yes
	unclear
	unclear
	unclear
	yes
	unclear
	6



	Kim et al. (22); South Korea
	yes
	yes
	yes
	yes
	no
	unclear
	unclear
	unclear
	unclear
	yes
	unclear
	6



	Zheng et al. (7); China
	yes
	yes
	yes
	yes
	unclear
	unclear
	unclear
	unclear
	unclear
	yes
	unclear
	5









TABLE 3 Newcastle-Ottawa scale, NOS.



	Studies
	Item1
	Item2
	Item3
	Item4
	Item5
	Item6
	Item7
	Item8
	Total score





	Lu et al. (16); China
	a
	a
	a
	a
	a, b
	b
	a
	a
	9



	Xia et al. (19); China
	a
	a
	a
	a
	a, b
	b
	a
	a
	9



	Zhang et al. (20); China
	a
	a
	a
	b
	a, b
	c
	a
	a
	7



	Zhao et al. (21); China
	a
	a
	a
	a
	a, b
	c
	a
	a
	8



	Di Angelantonio et al. (5); England
	a
	a
	a
	a
	a, b
	b
	a
	a
	9









3.4 Meta-analysis results


3.4.1 Relationship between overweight (BMI: 25.0–29.9 kg/m2) and CMM

Five studies reported the relationship between overweight and CMM. The heterogeneity of the included studies was significant (I2 = 100%, P = 0). Thereby, a random-effects model was applied. The pooled results showed that compared to individuals with normal weight, those who were overweight had a higher likelihood of developing CMM (OR: 3.52, 95% CI: 1.23–10.05), as illustrated in Figure 2.


[image: Forest plot showing risk ratios with ninety-five percent confidence intervals for four studies comparing experimental and control events. The pooled risk ratio is three point six eight with confidence interval two point six zero to five point two zero. Individual study risk ratios range from two point seven three to four point five two. Study weights range from twenty-one percent to twenty-nine percent. Heterogeneity statistics are provided below the table.]
FIGURE 2
Forest plot comparing the OR of CMM between overweight and healthy weight individuals using a random-effects model.




3.4.2 Relationship between obesity (BMI ≥ 30 kg/m2) and CMM

Four studies reported the relationship between obesity and CMM. The heterogeneity of the studies was significant (I2 = 76%, P < 0.01). Hence, a random-effects model was used. The pooled results showed that individuals with obesity had a higher likelihood of developing CMM compared to those with normal weight, and this risk was slightly higher than that for overweight individuals (OR: 3.68, 95% CI: 1.23–10.05), as shown in Figure 3.


[image: Forest plot summarizing five studies comparing experimental and control groups, showing risk ratios and confidence intervals, with an overall pooled risk ratio of 3.52 (confidence interval 1.23 to 10.05) and high heterogeneity, I-squared equals 100 percent.]
FIGURE 3
Forest plot comparing the OR of CMM between obese and healthy weight individuals using a random-effects model.




3.4.3 Relationship between BMI and CMM

Five studies reported the relationship between BMI and CMM. One study by Di included populations from two sample databases, the Emerging Risk Factors Collaboration and the UK Biobank, forming four groups: DM with myocardial infarction, DM with stroke, stroke with myocardial infarction, and individuals with concurrent myocardial infarction, stroke, and DM. The heterogeneity of the included studies was significant (I2 = 100%, P = 0), so a random-effects model was applied. The pooled results showed that the BMI of the CMM population was higher than that of the non-CMM population (MD: 2.90, 95% CI: 1.99–3.81), as illustrated in Figure 4.


[image: Forest plot summarizing a meta-analysis of twelve studies comparing mean differences between experimental and control groups, with green squares representing individual study effects, horizontal lines for confidence intervals, and a diamond at the bottom indicating an overall mean difference of 2.90 with a confidence interval of 1.99 to 3.81.]
FIGURE 4
Forest plot comparing the correlation between BMI and CMM using a random-effects model.




3.4.4 Relationship between obesity (BMI ≥ 30 kg/m2) and CMM

Three studies reported the association between CMM and obesity. However, Xia and Zhao extracted two risk ratios related to obesity and CMM. The included studies exhibited significant heterogeneity (I2 = 100%, P = 0), and therefore a random-effects model was applied. The pooled results revealed that the prevalence of CMM in the obese population was 3.27 times that of the normal population (OR: 3.27, 95% CI: 2.44–4.39), as presented in Figure 5.


[image: Forest plot summarizing five studies on hazard ratios with logHR, standard error, weight, and confidence intervals. All studies report hazard ratios above one, and the overall pooled hazard ratio is 3.27 with a 95 percent confidence interval from 2.44 to 4.39, indicated by a diamond. Red squares represent individual effect sizes with confidence intervals, all showing significant positive associations.]
FIGURE 5
Forest plot comparing the HR of obesity and CMM based on the random-effects model.




3.4.5 Sensitivity analysis and subgroup analysis

The sensitivity analysis, which excluded studies with large effect sizes or a high risk of bias, showed no changes in the meta-analysis results, indicating the robustness of the findings. Additionally, a subgroup analysis based on age was conducted, but the heterogeneity remained similar to that of the overall analysis (see Supplementary Materials in the attachment).



3.4.6 Publication bias analysis

Since fewer than 10 studies were included for each outcome, a formal publication bias analysis was not performed.





4 Discussion

CMM is becoming a significant public health concern, as it reduces patients' quality of life, increases healthcare costs, and is closely associated with a higher risk of cognitive impairment, frailty, and mortality, imposing substantial economic burdens on individuals, families, and communities (5, 10, 24). The development of CMM is attributed to the direct or indirect interactions between diseases. Studies have shown that having one of ischemic heart disease, stroke, or DM increases the risk of developing the other two diseases (25). Previous research has identified DM as a major risk factor for cardiovascular disease (CVD) (26). Hyperglycemia can disrupt the balance between nitric oxide bioavailability and the accumulation of reactive oxygen species, resulting in endothelial dysfunction, disruption of vascular homeostasis, promotion of inflammatory responses, and thrombus formation, ultimately increasing the risk of CVD (27). On the other hand, prior prospective cohort studies have suggested that CVD can also increase the risk of impaired fasting glucose and DM (28). A well-established cause is that statins, used for lowering cholesterol, can increase the risk of new-onset DM. The possible mechanism is that statins reduce blood lipid levels, affecting the function of voltage-gated calcium channels in pancreatic β-cells, thereby impairing insulin secretion. Additionally, statins can reduce insulin sensitivity in peripheral tissues and impair glucose metabolism, further increasing the risk of DM (29).

To the best of our knowledge, our study is the first to estimate the association between BMI and the risk of CMM. The meta-analysis revealed that when BMI was analyzed as a categorical variable, being overweight (BMI: 25.0–29.9 kg/m2) increased the risk of CMM by 3.52 times compared to individuals with a healthy weight, while obesity (BMI ≥ 30 kg/m2) increased the risk by 3.68 times. Furthermore, we extracted the risk ratios for CMM in obese populations in three studies, with a pooled result showing that the prevalence of CMM in obese individuals was 3.27 times higher than in those of normal weight. The findings indicated a strong association between both overweight and obesity and the development of CMM, with a higher prevalence of CMM observed in obese individuals compared to those who are overweight. When BMI was analyzed as a continuous variable, the results showed that individuals with CMM had higher BMI levels compared to non-CMM individuals, suggesting that the likelihood of developing CMM increases with BMI. The underlying mechanism may be that early-stage obesity induces a series of metabolic abnormalities, including reduced peripheral glucose uptake, insulin resistance, and glucotoxicity, ultimately leading to elevated blood glucose levels (30). Similarly, obesity can activate the renin-angiotensin system, and alter adipokine and pro-inflammatory cytokine levels, causing hemodynamic changes, microvascular dysfunction, myocardial metabolic abnormalities, atherosclerosis, and calcification, all of which contribute to CVD (31). Obesity is often associated with unhealthy lifestyles, such as sedentary behavior, physical inactivity, unhealthy diets, smoking, and alcohol consumption. Studies have shown that a lack of physical activity can more than double the risk of developing CMM, while unhealthy behaviors like smoking and insufficient sleep also contribute to an increased risk of CMM. A cohort study based on UK Biobank found that, compared to the “very unhealthy” group (characterized by smoking, drinking, poor diet, and lack of physical exercise), the “very healthy” group had a 41% lower risk of CMM among hypertensive patients and a 32%–50% lower risk of specific cardiovascular metabolic diseases, such as metabolic syndrome, stroke, and DM. Among various lifestyle factors, no smoking provided the most protection against CMM. Adopting a combination of healthy lifestyle factors prolonged the life expectancy free of CMM (participants in the “very healthy” group gained up to 6 additional years at age 45). Thus, maintaining a comprehensive healthy lifestyle can help reduce the risk of CMM.

This review has some limitations. Firstly, the majority of the studies employed cross-sectional designs, which do not permit the establishment of a causal relationship between overweight/obesity and CMM. Secondly, 8 of the 11 included studies were conducted in China, and the classification criteria for overweight or obesity differ significantly for Western populations, therefore, caution is needed when generalizing the results. Thirdly, this review does not clarify the biological pathways linking obesity to CMM. To better understand this connection and inform targeted weight management strategies, additional research is essential to uncover the underlying mechanisms. Fourthly, although a comprehensive search was conducted in five English-language databases, some relevant studies may have been missed. Finally, due to the limited number of the included studies, subgroup analyses of predictive factors were not performed. Future studies with more comprehensive data are needed to validate our findings.



5 Conclusion

In conclusion, this systematic review and meta-analysis highlights a positive correlation between overweight/obesity and CMM. Therefore, it is essential to raise health awareness among high-risk populations such as older adults and individuals with obesity, actively screen these populations, and enhance education on CMM to help reduce the incidence of the disease.
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Introduction

Myocardial infarction (MI) is a critical endpoint in cardiovascular clinical outcomes trials, representing a diverse entity with distinct subtypes. The classification introduced in 2007 includes five MI subtypes: type 1 (spontaneous atherosclerotic), type 2 (oxygen supply-demand mismatch), type 3 (cardiac death without biomarker elevation), type 4 (percutaneous intervention-related), and type 5 (surgery-related) (1). Type 2 MI is caused by an imbalance between myocardial oxygen supply and demand in the absence of acute atherothrombotic plaque disruption, but it often occurs in the presence of underlying atherosclerotic coronary artery disease. This cause distinguishes it from type 1 MI, which is typically caused by coronary artery disease and acute thrombosis. Type 2 MI carries a higher mortality risk than type 1 MI (2).

The prevalence and incidence of type 2 MI are increasing. Studies have reported its prevalence among emergency department patients with suspected MI to range from 26% to 58% (3). The reported incidence of type 2 MI varies between 7% and 35%, depending on heterogeneity in populations and diagnostic criteria (4). With an aging population and rising comorbidities, its incidence is expected to grow exponentially (5–7).

The growing incidence of type 2 MI underscores the need for effective preventive therapies. Several recent clinical outcomes trials testing cholesterol- and glucose-lowering drugs have reported the effects on type 2 MI (8–11). Type 2 MIs were found to substantially contribute to the primary endpoints in these trials. These results necessitate a careful evaluation of the suitability of type 2 MI as a primary efficacy endpoint in clinical trials, particularly for medications aimed at reducing atherosclerosis-related events. In this paper, we examine the incidence of type 2 MI in these trials, evaluate proposed pathophysiological mechanisms, and explore the implications of including type 2 MI in primary endpoints.



Risk factors for type 2 MI

Type 2 MI shares many cardiovascular risk factors with type 1 MI (12). Atherosclerosis has been reported to be present in about 30%–50% of type 2 MI cases (13, 14) and affects the prognosis negatively (15). Also, many patients with type 2 MI may have hyperlipidemia (12) or hypertension (16). Tachyarrhythmia may also precipitate type 2 MI through increased myocardial oxygen demand (16). Nonetheless, type 2 MI also has non-cardiovascular risk factors including operative stress, sepsis, anaemia, and respiratory failure (12). Viral and bacterial infections are also associated with an increased risk of type 2 MI (17, 18). Moreover, it is more common in females, older adults, and those with multiple comorbidities (18). Given its complex risk profile, a plausible mechanism linking lipid- and glucose-lowering therapies to type 2 MI is essential for including it as an efficacy endpoint (19, 20). Such a mechanism would strengthen the validity of the reported effects on composite endpoints.



PCSK9-inhibitors and type 2 MI

Recent trials involving PCSK9 inhibitors have included type 2 MI in their primary endpoints (Table 1). The ODYSSEY OUTCOMES trial compared alirocumab to placebo in post-acute coronary syndrome patients on high-intensity or maximum-tolerated statin therapy. The primary endpoint included coronary heart disease death, nonfatal MI, fatal and nonfatal ischemic stroke, and unstable angina requiring hospitalization (8). MI itself was a composite outcome that included the various types of MI. In ODYSSEY OUTCOMES, 287 of 1,692 MIs (17.0%) were type 2, among 1,955 (14.7%) primary endpoints (8, 21). Alirocumab reduced the risk of type 2 MI (HR 0.77; 95% CI 0.61–0.97) (21).



TABLE 1 Contribution of type 2 MI to primary outcomes in cardiovascular clinical trials.



	Trial name
	Participants
	Compared treatments
	Primary outcomea
	Observed number of primary endpoints
	Number of MI (% of primary endpoints)
	Number of type 2 MI (% of primary endpoints)





	EMPA-REG OUTCOME, NEJM 2015
	7,020 patients with T2DM and established CV disease of atherosclerotic origin
	Empagliflozin 10 mg/day, 25 mg/day, or placebo
	CV death, non-fatal MI, or non-fatal stroke
	772
	421 (54.5)
	86 (11.1)



	FOURIER, NEJM 2017
	27,564 patients with ASCVD and LDL-C ≥ 70 mg/dl who were receiving statin therapy
	Evolocumab vs. placebo (background statin therapy)
	CV death, MI, stroke, hospitalization for unstable angina, or coronary revascularization
	1,829a
	1,107 (60.5)
	176 (9.6)



	ODYSSEY OUTCOMES, NEJM 2018
	18,924 patients who had ACS 1–12 months earlier
	Alirocumab vs. placebo (background statin at high-intensity or maximum tolerated dose)
	Death from coronary heart disease, nonfatal MI, (non)fatal ischemic stroke, or unstable angina requiring hospitalization
	1,955
	1,692 (86.5)
	287 (14.7)



	Harmony Outcomes, Lancet 2018
	9,463 patients >40 years of age with T2DM and established ASCVD
	Albiglutide (30–50 mg) vs. placebo
	CV death, MI, or stroke.
	766
	421 (54.9)
	54 (7.0)




	ACS, acute coronary syndrome; ASCVD, atherosclerotic cardiovascular disease; CV, cardiovascular; LDL-C, low-density lipoprotein cholesterol; MI, myocardial infarction; NEJM, New England Journal of Medicine; T2DM, type 2 diabetes mellitus.


	aAs FOURIER was powered on the key secondary outcome, we reported the number of these events and the number of MI and type 2 MI related to the number of key secondary outcomes.







The FOURIER trial evaluated evolocumab vs. placebo in patients with prior MI or stroke on statin therapy (9). The primary composite endpoint included cardiovascular death, MI, stroke, hospitalization for unstable angina, and coronary revascularization. The trial was powered on the secondary endpoint of cardiovascular death, MI, or stroke. Again, MI was a composite outcome that included type 2 MI. FOURIER reported 176 type 2 MI out of 1,107 MIs (15.9%) among 1,829 secondary endpoints (9.6%) (9, 22),. Evolocumab showed a non-significant increase in type 2 MI risk (HR 1.09; 95% CI 0.82–1.44) (22). Thus, the effects of alirocumab and evolocumab on type 2 MI were inconsistent.



LDL-C lowering and type 2 MI

The ODYSSEY OUTCOMES investigators attributed alirocumab's reduced type 2 MI risk to improved myocardial oxygen supply by preventing plaque progression or promoting regression (21). However, FOURIER's evolocumab group achieved a lower mean LDL-C (30 mg/dl or 0.8 mmol/L) than ODYSSEY OUTCOMES' alirocumab group (58 mg/dl or 1.5 mmol/L) (8, 9). Hence, a greater plaque regression would be expected with evolocumab, but this did not correlate with a reduced type 2 MI risk. Also, a multivariable Cox regression analysis did not show an association between baseline LDL-C and the risk of type 2 MI in ODYSSEY OUTCOMES (21). Notably, to our knowledge, this is the only study to date specifically investigating the association between baseline LDL-C levels and incident type 2 MI.

The ODYSSEY OUTCOMES investigators suggested that the observed differences in effects between the trials could stem from differences in patient populations, event numbers, follow-up duration, definitions, and adjudication processes (21). However, in our view FOURIER and ODYSSEY OUTCOMES shared many similarities in these respects: both trials investigated LDL-C lowering drugs in populations with a high cardiovascular risk, employed the Third Universal Definition of Myocardial Infarction for classifying MI events, and utilized local blinded clinical events committees for the adjudication of events. Also, the proportion of type 2 MI among total MIs was very close: 15.9% in FOURIER and 17.0% in ODYSSEY OUTCOMES.

The IMPROVE-IT trial that evaluated ezetimibe against placebo could have provided valuable insights about the effects of LDL-C lowering and the risk of type 2 MI as well (23). As the third major clinical outcomes trial on intensive lipid-lowering therapy, it randomized patients at the time when the classification of MI subtypes, including type 2 MI, was already introduced (24). Unfortunately, no distinction between subtypes of MI was made in this trial. So, the question remains what explains the discrepancy in the effect of evolocumab and alirocumab on risk of type 2 MI.

Another potential explanation for the discrepancy in the risk of type 2 MI between the PCSK9 inhibitors may lie in the observed differences in the risk of severe infection. A systematic review and meta-analysis examined the association between PCSK9 inhibitor use and infection risk (25). In FOURIER, the evolocumab group showed an increased risk of both severe viral (HR 1.26; 95% CI 0.81–1.96) and bacterial infections (HR 1.06; 95% CI 0.83–1.35) compared to placebo but power was insufficient to be certain. ODYSSEY OUTCOMES similarly showed an increased but not statistically significant risk of severe viral infections (HR 1.10; 95% CI 0.72–1.61) for alirocumab, but a lower risk of severe bacterial infections (HR 0.81; 95% CI 0.62–1.08) (25).



Glucose-lowering and type 2 MI

Two clinical outcomes trials evaluating glucose-lowering drugs have also reported type 2 MI results. EMPA-REG OUTCOME evaluated the cardiovascular outcomes of empagliflozin 10 or 25 mg added to the participants' existing treatment regimen, compared to placebo. The study included patients with type 2 diabetes at high cardiovascular risk. The primary endpoint was a composite of death from cardiovascular causes, nonfatal myocardial infarction, or nonfatal stroke (11). In the end, 86 of 421 MIs (20.4%) were classified as type 2 MIs, among 772 (11.1%) primary endpoints (11, 26). Empagliflozin showed an adjusted rate ratio of 0.67 (95% CI, 0.41–1.10) for type 2 MI compared to placebo (26).

The HARMONY OUTCOMES trial assessed the cardiovascular efficacy of albiglutide in patients with type 2 diabetes at high cardiovascular risk. Participants were randomized to receive albiglutide (30–50 mg) or placebo, against a background of cardiovascular medication. The primary endpoint was a composite of cardiovascular death, MI, or stroke. In total, 54 of 421 MIs (12.8%) were type 2 MIs, among 766 (7.0%) primary endpoints (10, 27). Albiglutide exhibited a hazard ratio of 0.65 (95% CI, 0.46–0.92) for type 2 MI (27).

Both empagliflozin and albiglutide demonstrated a reduction in the risk of type 2 MI. The beneficial effect of empagliflozin, an SGLT2-inhibitor, was attributed to an improved cardiac oxygen supply-demand balance through multiple mechanisms, including increased hemoglobin levels, shifted cardiac metabolism, reduced plasma volume, and decreased myocardial oxygen demand (11). For albiglutide, an GLP-1 agonist, no explanatory mechanism was provided by the investigators. Nevertheless, other researchers have proposed that the cardiovascular benefits of GLP-1 agonists may arise from multiple mechanisms. These include direct cardioprotection, vasodilation, natriuresis, and anti-inflammatory effects (28), which could play a role in reducing the risk of type 2 MI. Further evidence is needed to substantiate the observed beneficial effects on type 2 MI. Several other cardiovascular outcome trials investigating glucose-lowering drugs also included type 2 MI as part of the primary outcomes, but the results regarding type 2 MI have not been published yet (29–32).



Conclusion

As the prevalence and incidence of type 2 MI is growing, there is a pressing need for more evidence about the impact of cardiovascular drug therapy in the management and prevention of type 2 MI in the absence of atherosclerosis (33). Including type 2 MI in the primary endpoints of cardiovascular outcome trials requires careful consideration to ensure the validity and interpretability of study results. The appropriateness of this approach may vary depending on the intervention being studied and the available evidence supporting its effects on type 2 MI risk. A crucial first step is establishing a plausible pathophysiological mechanism between the intervention and the risk of type 2 MI (19, 20). Future clinical trials should explicitly report the impact of the investigated therapy on the risk of type 2 MI. Additionally, clinical trials specifically designed for populations at high risk of type 2 MI are needed to provide deeper insights into the effects of medications aimed at preventing atherosclerosis. For the time being, researchers should exercise caution when considering type 2 MI as an efficacy endpoint in trials about preventive cardiovascular drugs. It may be more appropriate to focus on well-established atherosclerosis-related endpoints for assessing efficacy of drugs aimed at reducing atherosclerosis, while monitoring type 2 MI as a safety outcome.
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Importance: Medicaid, as the largest U.S. insurer, can reduce cardiometabolic multimorbidity.



Objective: Assess patterns and trends in cardiometabolic multimorbidity among Medicaid-enrolled adults.



Design: Analysis of 2018–2022 National Health Interview Survey data, a nationally representative cross-sectional survey.



Conditions Studied: Hypertension, hyperlipidemia, coronary heart disease, angina, heart attack, stroke, diabetes, and obesity.



Setting: U.S., 2018–2022.



Participants: 11,090 adults (19–64 years) with Medicaid coverage.



Main Outcomes: Proportion with one or multiple cardiometabolic conditions.



Findings: (a) 29.3% had one cardiometabolic condition; 29.7% had multimorbidity: 14.5% with 2, 8.0% with 3, and 7.1% with 4+ conditions. (b) Obesity, hypertension, and hyperlipidemia were the most common conditions either individually or together. (c) Obesity was more common in women than men, and women were more likely to have a single condition while men were more likely to have multimorbidity; these differences between men and women were larger in younger adults (<41 years) than older adults. (d) There was higher multimorbidity among older, non-working, and less educated Medicaid enrollees. (e) Prevalence of multimorbidity over time did not change but there was a decrease in the proportion of enrollees with no conditions which was offset by an increase in enrollees with a single condition. 



Conclusion: 29.7% of Medicaid-insured adults had cardiometabolic multimorbidity, and another 29.3% were at risk for it. Potential cuts to Medicaid coverage may exacerbate the burden of cardiometabolic multimorbidity in Medicaid enrollees.
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Introduction

In the US, state Medicaid programs provide subsidized public health insurance for low-income populations who are more likely to develop chronic cardiovascular and metabolic conditions relative to the general population (1). Cardiometabolic multimorbidity (diagnosis of 2 or more cardiovascular or metabolic chronic conditions, e.g., diabetes and heart disease) increases with age (2, 3). When poorly managed, individual cardiometabolic conditions also increase the risk for additional disease and costly disabling complications (e.g., amputation from diabetes). Research-backed preventive care and disease management strategies exist for cardiometabolic conditions but disease management can be challenging for low-income or uninsured populations (4–6).

It is unclear how cardiometabolic multimorbidity manifests in contemporary adult Medicaid enrollees, which include working-age adults made eligible for Medicaid by the Affordable Care Act (ACA). Published reports on multimorbidity among Medicaid enrollees used pre-ACA data from the early 2000s and excluded majority-managed-care states altogether (7, 8). Pre-ACA, otherwise non-disabled, low-income working-age adults with chronic conditions would typically only qualify for Medicaid when and if their conditions progressed enough to cause a qualifying disability. Post-ACA, all income eligible adults have access to Medicaid in 40 of 50 states (and in the District of Columbia) largely through managed care programs (9). By understanding the epidemiology of cardiometabolic multimorbidity in newer non-elderly adult Medicaid-insured populations, policymakers can introduce timely interventions that target enrollees at risk of worsening cardiometabolic multimorbidity.

Our research contributes a national, post-ACA portrait of cardiometabolic multimorbidity prevalence and trends among non-elderly Medicaid- insured adults (2018–2022). We additionally stratify our sample to compare prevalence of cardiometabolic conditions and combinations of conditions across age and sex.



Methods

We used data from the National Health Interview Survey (NHIS), a nationally representative annual cross-sectional survey conducted by the National Center for Health Statistics (NCHS) to monitor the health of the US civilian non-institutionalized population (10). We examined data for all adults 19–64 years of age with Medicaid coverage. Data collection protocols for the NHIS are reviewed and approved by the NCHS Ethics Review Board. This study was exempt from institutional review board review because the data used were publicly available data with no identifying patient health information. The study followed the Strengthening of the Reporting of Observational Studies in Epidemiology reporting guidelines (21). Our final analytical sample includes information from 11,090 respondents.

We used self-reported information on medical conditions collected from an adult randomly selected in each family. For the purposes of this study, we considered the following cardiometabolic conditions: hypertension, hyperlipidemia (cholesterol), coronary heart disease, angina pectoris, heart attack, stroke, diabetes, and obesity. Other important conditions such as heart failure, chronic kidney disease (CKD), insulin resistance, and non-alcoholic fatty liver disease were not observable in the data. Sample adults are asked whether a medical professional had told them they had a given condition except for obesity which is calculated by NHIS based on self-reported height/weight information (10). Cardiometabolic multimorbidity is defined as having 2 or more cardiometabolic conditions as indicated in the data. Medicaid coverage was identified using survey questions on whether sample adults had any health insurance coverage and the type of health insurance coverage if applicable.

To characterize common cardiometabolic disease patterns, we report prevalence of 1 condition, 2 conditions, 3 conditions, and 4 or more conditions. We report prevalence across years by number of conditions and the cumulative density function (CDF) of total cardiometabolic conditions. To explore differences in prevalence of any cardiometabolic condition and multimorbidity across sociodemographic groups, we considered sex (female or male), age (19–24, 25–29, 30–34, 35–39, 40–44, 45–49, 50–54, 55–59, 60–64), race/ethnicity (non-Hispanic White, non-Hispanic Black, Hispanic, and other), education (high school or less, some college, or 4 years or more of higher education), employment status (employed, retired or not working), and marital status (married or living with a partner or not married). Our analysis of specific conditions and condition combinations report estimates by sex or binary age category (<41, ≥41, where 41 is the median age of the Medicaid enrollees in the sample.

The Sample Adult Weight included in the NHIS data was used to account for the complex survey design, non-response and post-stratification adjustment. We report weighted nationally representative estimates except if noted otherwise, and 95% confidence intervals (CI) with estimates.



Results

Table 1 shows the prevalence of 0, 1, 2, 3, and 4 or more cardiometabolic conditions for the overall and subpopulations of Medicaid enrollees. 41.0% of enrollees had no conditions while 29.3%, 14.5%, 8.0%, and 7.1% of enrollees had 1, 2, 3, or 4 or more conditions respectively. Collectively, 29.6% of Medicaid enrollees had cardiometabolic multimorbidity of any level (Table 1). More women had 1 cardiometabolic condition (25.5% for men, 31.8% for women) but more men had cardiometabolic multimorbidity with three conditions or four or more conditions (8.7% and 8.5% for men, and 7.6% and 6.2% for women). More non-Hispanic Black and White enrollees had 2, 3, 4 or more diagnoses than Hispanic adults, e.g., prevalence of 2 diagnoses for Black, White and Hispanic enrollees were 16.5%, 14.8% and 13.2% respectively. Larger proportions of adults with a high school degree or less had multiple conditions relative to adults with some higher education (e.g., among adults with 3 diagnoses, 9.0%, 6.8% and 6.1% had a high school degree or less, some college, and four years of college or more respectively). 32% of employed adults had one diagnosis compared to 27%–27.4% of retired or unemployed adults, whereas 2, 3, 4 or more diagnoses were more common in retired or unemployed adults.



TABLE 1 Proportion of cardiometabolic conditions among Medicaid enrollees, 2018–2022.



	Characteristics
	Total Medicaid enrollees, n
	0 condition
	1 condition
	Dyad
	Triad
	4 or more



	% (95% CL)
	% (95% CL)
	% (95% CL)
	% (95% CL)
	% (95% CL)





	Overall
	11,090
	41.0 (39.6–42.4)
	29.3 (28.3–30.3)
	14.5 (13.6–15.5)
	8.0 (7.5–8.6)
	7.1 (6.5–7.8)



	Sex



	Male
	3,994
	43.5 (41.4–45.5)
	25.5 (23.8–27.2)
	13.9 (12.7–15.2)
	8.7 (7.7–9.8)
	8.5 (7.5–9.6)



	Female
	7,096
	39.4 (37.8–40.9)
	31.8 (30.5–33.2)
	15.0 (14.0–16.0)
	7.6 (6.9–8.3)
	6.2 (5.5–7.1)



	Age



	19–24
	1,214
	65.0 (61.8–68.0)
	27.0 (24.3–30.0)
	6.3 (4.7–8.2)
	1.3 (0.6–2.9)
	0.4 (0.1–1.2)



	25–29
	1,274
	52.5 (48.7–56.2)
	36.4 (32.6–40.5)
	8.5 (7.0–10.3)
	2.3 (1.3–3.9)
	0.3 (0.1–0.9)



	30–34
	1,447
	48.9 (44.9–53.0)
	35.0 (31.7–38.5)
	11.7 (10.0–13.6)
	3.1 (2.2–4.5)
	1.3 (0.8–2.0)



	35–39
	1,260
	41.5 (38.3–44.7)
	34.0 (30.9–37.3)
	15.7 (13.4–18.2)
	5 (4.0–6.3)
	3.8 (2.6–5.6)



	40–44
	1,128
	36.9 (33.9–40.0)
	30.9 (27.5–34.5)
	17.7 (15.3–20.5)
	9.8 (7.8–12.4)
	4.7 (3.5–5.6)



	45–49
	935
	29.7 (26.3–33.4)
	28.2 (25.0–31.6)
	18.5 (15.7–21.6)
	12.5 (10.0–15.5)
	11.1 (8.5–14.4)



	50–54
	1,065
	25.6 (22.0–29.5)
	23.5 (20.3–27.0)
	22.1 (18.9–25.6)
	14.7 (12.4–17.4)
	14.2 (12.1–16.5)



	55–59
	1,348
	20.7 (18.2–23.6)
	19.2 (16.7–21.9)
	21.4 (18.1–25.1)
	18 (15.5–20.7)
	20.8 (17.3–24.6)



	60–64
	1,419
	16.1 (14.1–18.4)
	24.1 (21.2–27.2)
	21.3 (18.2–24.7)
	17.7 (15.3–20.5)
	20.8 (18.4–23.5)



	Race/ethnicity



	Non-Hispanic White
	5,431
	40.3 (38.6–42.0)
	28.8 (27.3–30.4)
	14.8 (13.7–16.0)
	8.6 (7.8–9.4)
	7.5 (6.6–8.5)



	Non-Hispanic Black
	2,287
	35.9 (33.3–38.5)
	29.8 (27.6–32.2)
	16.5 (14.6–18.7)
	8.8 (7.4–10.4)
	9 (7.7–10.5)



	Hispanic
	2,315
	43.6 (41.1–46.3)
	31.0 (28.6–33.5)
	13.2 (11.6–15.0)
	6.6 (5.6–7.7)
	5.6 (4.6–6.8)



	Other
	1,057
	48.3 (44.1–52.4)
	26.7 (23.5–30.1)
	12.4 (10.4–14.7)
	7.5 (5.6–10.0)
	5.2 (3.7–7.1)



	Education



	High school or less
	6,141
	39.3 (37.6–41.0)
	29.2 (27.8–30.7)
	14.6 (13.5–15.7)
	9.0 (8.1–9.9)
	7.9 (7.2–8.7)



	Some college
	3,554
	41.8 (39.8–43.9)
	29.8 (28.0–31.7)
	14.8 (13.4–16.3)
	6.8 (6.0–7.7)
	6.8 (5.9–7.8)



	4 years of college or more
	1,395
	48.3 (45.0–51.6)
	28.4 (25.5–31.5)
	13.5 (11.5–15.9)
	6.1 (4.9–7.6)
	3.6 (2.7–4.8)



	Employment status



	Employed
	4,889
	48.9 (47.1–50.7)
	32.0 (30.4–33.6)
	11.8 (10.7–13.0)
	5.1 (4.5–5.8)
	2.3 (1.9–2.7)



	Retired
	374
	21.8 (17.3–27.1)
	27.4 (21.9–33.7)
	17.8 (13.9–22.6)
	17.6 (13.6–22.6)
	15.4 (11.3–20.5)



	Not working
	5,827
	34.8 (33.1–36.5)
	27.0 (25.7–28.4)
	16.9 (15.7–18.2)
	10.2 (9.3–11.2)
	11.1 (10.1–12.2)



	Marital status



	Married/living with partner
	3,888
	40.9 (38.9–43.0)
	30.0 (28.3–31.7)
	14.7 (13.4–16.1)
	7.5 (6.7–8.4)
	7.3 (6.5–8.2)



	Not married
	7,202
	41.0 (39.5–42.6)
	28.9 (27.5–30.3)
	14.4 (13.4–15.5)
	8.4 (7.6–9.2)
	6.9 (5.9–8.0)




	2018–2022 National Health Interview Survey. Conditions Studied: Hypertension, hyperlipidemia, coronary heart disease, angina, heart attack, stroke, diabetes, and obesity. Participants: 11,090 adults (19–64 years) with Medicaid coverage.







To explore differences in the distribution of cardiometabolic multimorbidity by sex and age category, Figure 1 depicts the unweighted CDF for the total number of diagnoses among Medicaid enrollees in the sample. Each level of total diagnoses along the horizontal axis is aligned with the proportion of enrollees with that level of diagnoses or greater (e.g., probability of ≥2 conditions) separately by sex and age category. While more women have 1 condition and more men have multimorbidity for adults both 19–40 years of age and 41–64 years of age, the differences in the proportions for older men and women are smaller in magnitude.


[image: Two line charts display the percentage of individuals with increasing numbers of cardiometabolic conditions for females (panel A) and males (panel B), separated by age groups under forty-one years and forty-one or older. Both charts show a sharp decrease in percentage as the number of conditions increases, with older age groups maintaining higher percentages across all levels compared to those under forty-one years. The charts use distinct colors and are labeled with data points for each group.]
FIGURE 1
Summed proportions of Medicaid-insured adults with the indicated number of cardiometabolic conditions. 2018–2022 National Health Interview Survey. Conditions Studied: Hypertension, hyperlipidemia, coronary heart disease, angina, heart attack, stroke, diabetes, and obesity. Participants: 11,090 adults (19–64 years) with Medicaid coverage.


Over the observed sample period, proportions of no conditions decreased while proportions of 1 condition increased (Figure 2). Proportions of 2, 3 and 4 or more diagnoses remained stable overall.

Turning to the prevalence of specific conditions, for both sexes obesity is the most common condition (34.4%–43.7%) followed by hypertension (27.9%–31.1%) and hyperlipidemia at (19.4%–23.7%), Figure 3. When considering both sex and age groups, younger and older women have higher rates of obesity alone (48.5% and 77.7% respectfully older and younger) than men (33% and 68.7% respectfully older and younger) (Table 2). The reverse is true for hypertension which ranges between 12.5%–26.3% for women versus 15.7%–32.9% cut for men. Similarly, hyperlipidemia ranges between 5.5%–19.7% for women versus 8.5%–24.8% for men.

Turning to specific conditions among adults with multimorbidity of 2 conditions (dyads), hypertension and obesity were the most common dyad for men and women but a relatively lower proportion for men. Instead, overall men were more likely to have hyperlipidemia and hypertension 22.3 compared to women (14.1%) which is the second most common dyad for both sexes. The most common combinations of conditions among adults with 2 and 3 conditions (dyads and triads) varied within sex by age group; for example, the top three dyads for women <41 were hypertension and obesity (55.1%), hyperlipidemia and obesity (17.2%), and diabetes and obesity (9.8%), whereas for women ≥41 the top 3 dyads were hypertension and obesity (37.4%), hyperlipidemia and hypertension (21.7%), and hyperlipidemia and obesity (13.2%).


[image: Line graph showing percent of individuals by number of conditions from 2018 to 2022. Percent with no conditions decreases, while those with 1 or more conditions show slight increases or remain steady.]
FIGURE 2
National trends in total cardiometabolic conditions among non-elderly adult Medicaid enrollees, 2018–2022. 2018–2022 National Health Interview Survey. Conditions Studied: Hypertension, hyperlipidemia, coronary heart disease, angina, heart attack, stroke, diabetes, and obesity. Participants: 11,090 adults (19–64 years) with Medicaid coverage.




TABLE 2 Top five cardiometabolic conditions and condition combinations among Medicaid non-elderly adult enrollees, 2018–2022.



	Total 
conditions
	Everyone
	Female
	Male



	Cardiometabolic condition
	Age
	Total
	Cardiometabolic condition
	Age
	Total
	Cardiometabolic condition
	Age
	Total



	19–40
	41–64
	19–40
	41–64
	19–40
	41–64





	Single
	Obesity
	74.8
	42.6
	63.1
	Obesity
	77.7
	48.5
	67.7
	Obesity
	68.7
	33
	54.2



	Hypertension
	13.5
	28.8
	19.1
	Hypertension
	12.5
	26.3
	17.2
	Hypertension
	15.7
	32.9
	22.7



	Hyperlipidemia
	6.4
	21.7
	12
	Cholesterol
	5.5
	19.7
	10.3
	Cholesterol
	8.5
	24.8
	15.1



	Diabetes
	2.3
	3.3
	2.7
	Diabetes
	1.8
	2.1
	1.9
	Diabetes
	3.3
	5.3
	4.1



	Stroke
	1.4
	1.5
	1.4
	Stroke
	1
	1.2
	1
	Stroke
	2.3
	2.2
	2.2



	Dyad
	Hypertension and Obesity
	54.4
	33.4
	41.9
	Hypertension and Obesity
	55.1
	37.4
	45.1
	Hypertension and Obesity
	52.9
	27.6
	36.5



	Hyperlipidemia and Hypertension
	6
	24.7
	17.1
	Hyperlipidemia and Obesity
	17.2
	13.2
	15
	Hyperlipidemia and Hypertension
	9.4
	29.2
	22.3



	Hyperlipidemia and Obesity
	18
	13.5
	15.3
	Hyperlipidemia and Hypertension
	4.3
	21.7
	14.1
	Hyperlipidemia and Obesity
	19.7
	13.9
	15.9



	Diabetes and Obesity
	8.3
	5.7
	6.7
	Diabetes and Obesity
	9.9
	7.2
	8.3
	Diabetes and Hypertension
	4.1
	6.2
	5.5



	Diabetes and Hypertension
	2.8
	5.7
	4.5
	Diabetes and Hypertension
	2.2
	5.3
	4
	Diabetes and Hyperlipidemia
	2.5
	5.5
	4.4



	Triad
	Hyperlipidemia, Hypertension, Obesity
	43
	36
	37.5
	Hyperlipidemia, Hypertension, Obesity
	44
	39.9
	40.7
	Hyperlipidemia, Hypertension, Obesity
	42
	30.4
	33.1



	Diabetes, Hypertension, Obesity
	27.7
	11.6
	15
	Diabetes, Hypertension, Obesity
	25.9
	12.5
	15.1
	Diabetes, Hyperlipidemia, Hypertension
	6.3
	17.5
	14.9



	Diabetes, Hyperlipidemia, Hypertension
	4.8
	16.6
	14.1
	Diabetes, Hyperlipidemia, Hypertension
	3.5
	16
	13.5
	Diabetes, Hypertension, Obesity
	29.7
	10.3
	14.9



	Diabetes, Hyperlipidemia, Obesity
	6.8
	8.4
	8.1
	Diabetes, Hyperlipidemia, Obesity
	5.7
	9
	8.4
	Diabetes, Hyperlipidemia, Obesity
	8.1
	7.5
	7.6



	Hyperlipidemia, Hypertension, Stroke
	0
	4.6
	3.6
	Hypertension, Stroke, Obesity
	7.9
	3.6
	4.4
	Hyperlipidemia, Hypertension, Stroke
	-
	7.1
	5.4




	2018–2022 National Health Interview Survey. Conditions Studied: Hypertension, hyperlipidemia, coronary heart disease, angina, heart attack, stroke, diabetes, and obesity. Participants: 11,090 adults (19–64 years) with Medicaid coverage.

Dyad is multimorbidity of 2 conditions and triad is multimorbidity of 3 conditions.








[image: Bar chart comparing the prevalence of various health conditions by gender, with blue bars for males and purple bars for females. Obesity and hypertension are more prevalent in females, while males have higher rates for cholesterol, diabetes, coronary heart disease, stroke, kidney disease, heart attack, and angina. Percentages are displayed above each bar, with obesity being the highest for both genders.]
FIGURE 3
Prevalence of select cardiometabolic conditions in Medicaid-insured non-elderly adults in the US 2018–2022 by sex. 2018–2022 National Health Interview Survey. Conditions Studied: Hypertension, hyperlipidemia, coronary heart disease, angina, heart attack, stroke, diabetes, and obesity. Participants: 11,090 adults (19–64 years) with Medicaid coverage.




Discussion

We find that 29.6% of Medicaid-insured non-elderly adults experience cardiometabolic multimorbidity of various levels during 2018–2022. Obesity, hypertension and hyperlipidemia dominate Medicaid-insured individuals with one or more cardiometabolic conditions. In previous research that explored obesity-related multimorbidity (coronary heart disease, hypertension, stroke, diabetes) in the broader US population 2007–2016, researchers reported that 12.3% of the population ages 40–79 had multimorbidity and that the most common conditions were hypertension and diabetes (11). Excluding obesity and hyperlipidemia, we also find that hypertension and diabetes were the most prevalent despite using a younger sample (19–64).

We found that rates of cardiometabolic multimorbidity at 2, 3, and 4 or more conditions have remained constant over the observed period, but that rates for one condition increased while rates for no conditions decreased. The increase could reflect increased diagnosis rates from improved access to care in the post-ACA US healthcare system or increasing trends in cardiometabolic conditions. We note that increases in obesity in our data would not indicate more diagnoses and access to healthcare because obesity is constructed from self reported height and weight information.

Further, proportions of any cardiometabolic multimorbidity and severity of cardiometabolic multimorbidity (total conditions) reflected disparities in social determinants of health (SDOH) despite the common source of health insurance. Along with previous studies documenting within program disparities in cardiometabolic disease control and increased risk for more severe cardiometabolic morbidity, the disparities highlight the need for integrated SDOH interventions in Medicaid programs (12–14). Addressing SDOH was a major priority for state Medicaid programs before the start of the second Trump Administration (15).

Our findings also show that the clinical needs of men and women insured by Medicaid differ, especially among younger adults. Medicaid-insured women are more likely to have a single condition and were more likely to have obesity relative to Medicaid-insured men who were more likely to have multimorbidity and all other cardiometabolic conditions included in the study. The difference between sexes was larger and more consistent for younger adults (<41 years). The prevalence of obesity highlights an opportunity for preventive interventions in Medicaid programs using new weight-loss drugs (16). Proposed changes to Medicaid funding may instead cut federal Medicaid spending, potentially forcing states to retract Medicaid eligibility expansions (17).

Addressing the unique needs of patients with multimorbidity requires system reform. There are opportunities to improve care and reduce costs from avoidable complications that result from interactions between conditions and their treatments, as well as opportunities to reduce costs from lower rates of condition-related functional impairment (18). Addressing care for Medicaid-insured patients with multimorbidity may also bolster broader reforms as Medicaid is the single largest insurer in the country-although the kind of care received by Medicaid enrollees’ with multimorbidity can vary across state programs.



Limitations

In 2020, NHIS survey efforts were adversely affected by the onset of the COVID-19 pandemic, which could affect our estimates. Additionally, NHIS data do not allow us to detect undiagnosed cardiometabolic conditions, potentially underestimating true prevalence. Because NHIS excludes individuals with no fixed household address (e.g., homeless and/or transient persons not residing in shelters), the sample limits representation of the Medicaid population (10). Finally, since all comorbidity data in the study were obtained through a questionnaire, there is the possibility of response bias. Future work using the restricted NHIS state identifiers will allow for analysis of the widely documented heterogeneity in state Medicaid program design, eligibility and generosity (19, 20). Currently, most states have expanded Medicaid eligibility under the ACA. Non-expansion states predominantly account for much of the Southeastern US and would not have non-elderly, childless adults without disability in our national sample.



Conclusions

A stable 30% of Medicaid-insured non-elderly adults have cardiometabolic multimorbidity dominated by obesity, hypertension and hyperlipidemia. Differences in the number of conditions and types of conditions across subpopulations offer opportunities for targeted interventions to prevent and control cardiometabolic multimorbidity. Instead, proposed cuts to federal Medicaid spending may exacerbate the burden of cardiometabolic multimorbidity in low-income populations.
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Objective

Compare the differences in the 10-year cardiovascular risk assessment results for patients with type 2 diabetes among various guidelines, as well as the attainment of target levels for primary cardiovascular risk factors.





Method

This study is a retrospective, real-world study that included patients with type 2 diabetes who were hospitalized at the Second Affiliated Hospital of Hebei North University from August 2023 until October 2023.This study evaluated the 10-year cardiovascular risk in patients with type 2 diabetes, as well as the attainment of target levels for blood pressure, blood glucose, and lipid levels.





Result

This study included a total of 200 hospitalized patients with type 2 diabetes, with a median age of 62.5 (57, 67), among which 97 (48.5%)were male. According to the SCORE2-Diabetes model from the European Society of Cardiology’s “2023 ESC Guidelines for the management of cardiovascular disease in patients with diabetes”, the assessment results were as follows:165 cases(82.5%) were classified as very high risk,25 cases(10%) as high risk,8 cases(4%) as medium risk, and 2 cases(1%) as low risk; According to the assessment method from the American Association of Clinical Endocrinologists’ “Comprehensive Management Algorithm for Type 2 Diabetes(2023 edition)”, the assessment results were as follows:150 cases(75%) were classified as extreme risk, 48 cases(24%) as very high risk, and 2 cases(1%) as high risk; The assessment results using the method outlined in the “Guideline for the Prevention and Treatment of Diabetes Mellitus in China(2024 Edition)”by the Chinese Diabetes Society are as follows:149 cases(74.5%) are at extremely high risk, and 51 cases(25.5%) are at high risk. There is no statistically significant difference among the assessment results of the three methods(χ²=2.759, P=0.252).Based on the criteria in the aforementioned three guidelines, the achievement rates for the main cardiovascular risk factors were assessed, with rates of 1%, 0%, and 0% respectively. There is no statistically significant difference among these results(P=0.332).





Conclusion

Although the methods for assessing 10-year cardiovascular risk and the criteria for achieving main cardiovascular risk factor targets differ among the three guidelines, there is no statistical difference in the assessment results and achievement rates among the 200 patients with type 2 diabetes.





Keywords: type 2 diabetes, 10-year cardiovascular risk, SCORE2-Diabetes model, cardiovascular risk assessment model, cardiovascular disease





Introduction

Over the past three decades, the prevalence of diabetes has risen significantly, with the number of adults aged 18 and over with diabetes surging from approximately 200 million in 1990 to 828 million in 2022 globally, among them, the number of adult diabetes patients in China is about 148 million, accounting for 18% of the global total and ranking second (1). According to “China Cardiovascular Health and Disease Report 2023”, it is pointed out that the prevalence of cardiovascular diseases (CVD) in China continues to rise, it is estimated that the current number of people living with CVD in our country is 330 million, the mortality rate of CVD remains the highest (2). Diabetes and cardiovascular disease are closely related, with type 2 diabetes mellitus (T2DM) patients having a 2 to 4 times higher risk of developing CVD during their lifetime (3). Global Burden of Cardiovascular Diseases and Risk Factors (4) indicates that the prevalence of CVD among diabetic patients is as high as 31.5%, and CVD is the leading cause of death among diabetic patients in China (5). The most common complications among diabetic patients in China are hypertension (52.2%) and dyslipidemia (46.8%) (5), which further increase the risk of CVD. Comprehensive intervention targeting multiple cardiovascular risk factors, such as blood glucose, blood pressure, and blood lipids, can effectively reduce the incidence and mortality risk of CVD (6). Studies have shown that T2DM patients whose risk factors are controlled within target ranges have minimal risk of death, myocardial infarction, or stroke (7). Different countries and associations have proposed varying cardiovascular risk assessment tools and risk factor control targets for patients with T2DM, aiming to reduce the prevalence and mortality of CVD among T2DM patients. In August 2023, the European Society of Cardiology (ESC) released the “2023 ESC Guidelines for the management of cardiovascular disease in patients with diabetes.” For the first time, the guidelines introduced the SCORE2-Diabetes model (8), which stratifies the 10-year cardiovascular risk for patients with T2DM. The guidelines provide distinct targets for controlling cardiovascular risk factors and medication recommendations tailored to patients at different risk levels (9). Considering the substantial workload required to assess risk using the SCORE2-Diabetes model, its practical application in clinical settings poses challenges. The primary objective of this study is to compare the 10-year cardiovascular risk assessment methods, outlined in the SCORE2-Diabetes model, the “Comprehensive Type 2 Diabetes Management Algorithm - 2023 Update” released by the American Association of Clinical Endocrinologists (AACE) in 2023 (10) and the “Guideline for the Prevention and Treatment of Diabetes Mellitus in China (2024 Edition) “ issued by the Chinese Diabetes Society (CDS) (11). The aim is to identify a convenient and effective method for assessing 10-year cardiovascular risk in patients with T2DM for clinical use.





Methods




Study participants

Patients with T2DM hospitalized in the Second Affiliated Hospital of Hebei North University from August 2023 to October 2023. Inclusion criteria: (1) Aged between 40 and 69 years; (2) Complete examination indicators, including blood pressure, blood glucose, lipids, etc. Exclusion criteria: (1) Patients with diseases other than diabetes that can secondarily elevate blood glucose levels, such as hyperthyroidism/hypothyroidism, pancreatitis; (2) Patients who have recently used medications that affect body weight, blood pressure, blood glucose, and lipids, such as glucocorticoids or immunosuppressants; (3) Patients with malignant tumors; (4) Patients with cognitive impairments. The study was approved by the Ethics Committee of the Second Affiliated Hospital of Hebei North University. As the study involved the retrospective collection of medical record data and patient identities were anonymized, informed consent was waived.





Data collection

This study is a retrospective analysis, and all information was sourced from the Hospital Information System. Information such as patients’ age, gender, smoking and drinking status, body mass index (BMI), creatinine levels, blood glucose, blood pressure, blood lipids, and other cardiovascular risk factors, as well as the presence of atherosclerotic cardiovascular disease (ASCVD), CKD and diabetic complications were collected. We also estimated the glomerular filtration rate (eGFR).






Research methods



1 Classify T2DM patients into risk categories according to the three aforementioned guidelines

The SCORE2-Diabetes model classification method from the European Society of Cardiology (hereinafter referred to as the “ESC method”): This methodology initially gathers information on patients’ CVD risk factors, including age, smoking status, blood pressure, total cholesterol, and high-density lipoprotein cholesterol levels, along with diabetes-specific parameters such as age at diagnosis, glycemic levels, and renal function. Subsequently, individual scores for each of these variables are identified using a cumulative scoring table. These individual scores are then aggregated to derive a total score. The total score is matched against the corresponding percentage in the risk table, adjusted according to the patient’s country of residence, which, based on incidence rates, is classified as a high-risk region for CVD in China. This percentage indicates the probability of the patient experiencing a cardiovascular event within the next 10 years.SCORE2-Diabetes < 5% is classified as low risk; 5% to < 10% as moderate risk; 10% to < 20% as high risk; and ≥ 20% or presence of ASCVD or severe target organ damage (TOD) is classified as very high risk.

The classification method in the “Comprehensive Type 2 Diabetes Management Algorithm - 2023 Update” from the American Association of Clinical Endocrinologists (hereinafter referred to as the “AACE method”):High risk (10-year risk <10%): Duration of T2DM <10 years, with <2 traditional ASCVD risk factors, and no target organ damage; Very high risk (10-year risk 10%-20%): Duration of T2DM >10 years, with 2 traditional ASCVD risk factors, and no target organ damage; Extreme risk (10-year risk >20%): T2DM or prediabetes combined with ASCVD or target organ damage (left ventricular systolic or diastolic dysfunction, eGFR < 45mL/min/1.73m², or ankle-brachial index [ABI] <0.9).The traditional ASCVD risk factors include: advanced age, hypertension, CKD stage ≥3, smoking, male < 55 years and female < 65 years with a family history of premature ASCVD, low high-density lipoprotein cholesterol (HDL-C), or high non-HDL-C.

The classification method in the “Guideline for the Prevention and Treatment of Diabetes Mellitus in China (2024 Edition) “ (hereinafter referred to as the “CDS method”):Very high risk: Diabetic patients with a definitive history of ASCVD; High risk: Diabetic patients aged ≥40 years, or 20–39 years with ≥3 risk factors or with target organ damage; Moderate risk: The remaining patients with T2DM.




2 Assess the achievement of blood pressure, blood glucose, and blood lipid targets in T2DM patients across the aforementioned different risk categories

The criteria from the “2023 ESC Guidelines for the management of cardiovascular disease in patients with diabetes”, the “Comprehensive Management Process for Type 2 Diabetes (2023 Edition)”, and the “Guideline for the Prevention and Treatment of Diabetes Mellitus in China (2024 Edition) “ (hereinafter referred to as the “ESC criteria,” the “AACE criteria,” and the “CDS criteria” respectively) all require blood pressure to be less than 130 mmHg for systolic blood pressure and less than 80 mmHg for diastolic blood pressure. For the requirements on blood glucose: the “ESC criteria” sets the glycated hemoglobin (HbA1c) at <7%, the “AACE criteria” at HbA1c <6.5%, fasting plasma glucose <6.11 mmol/L, and 2-hour postprandial glucose <7.78 mmol/L, while the “CDS criteria” sets HbA1c at <7%, fasting plasma glucose at 4.4-7.0 mmol/L, and non-fasting plasma glucose at <10 mmol/L. The requirements for blood lipids are shown in Table 1.


Table 1 | Lipid control targets for T2DM patients with different ASCVD risk levels.
	Risk level
	LDL-C (mmol/L)
	non-HDL-C (mmol/L)
	Apo B (g/L)



	European Society of Cardiology


	Moderate risk (10-year risk 5%-10%)
	<2.6
	-
	-


	High risk (10-year risk 10%-20%)
	<1.8
	-
	-


	Very high risk (10-year risk ≥20%)
	<1.4
	-
	-


	American Association of Clinical Endocrinologists


	High risk (10-year risk <10%)
	<2.59
	<3.3592
	<0.9


	Very high risk (10-year risk 10%-20%)
	<1.813
	<2.584
	<0.8


	Extreme risk (10-year risk >20%)
	<1.4245
	<2.3256
	<0.7


	Chinese Diabetes Society


	High risk (diabetes patients aged ≥40 years without a history of ASCVD)
	<1.8
	<2.6
	-


	Very high risk (diabetes patients with a definitive history of ASCVD)
	<1.4
	<2.2
	-





ASCVD, atherosclerotic cardiovascular disease; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; Apo B, apolipoprotein B.








Statistical methods

Data were analyzed using SPSS, version 27. Continuous variables were tested for normality using the Kolmogorov-Smirnov test. Variables that followed a normal distribution were expressed as mean ± criteria deviation. T-tests were used for comparisons between groups, while ANOVA was used for comparisons among multiple groups, with Bonferroni correction or pairwise comparisons performed as necessary. Variables that did not follow a normal distribution were expressed as median and quartiles, and comparisons between groups were made using the rank-sum test. Categorical variables are expressed as percentages, and comparisons of rates among groups were conducted using chi-square (χ²) tests or Fisher’s exact test. For paired three-sample comparisons, the Friedman two-way analysis of variance by ranks was used. A P-value < 0.05 was considered statistically significant.






Results

This study included a total of 200 hospitalized T2DM patients, the detailed patient selection process is shown in Figure 1. The baseline characteristics of the study subjects are presented in Table 2. The median age was 62.5 (57, 67), with 97 male patients. Females had higher levels of systolic blood pressure, 2-hour postprandial glucose, total cholesterol, LDL-C, non-HDL-C, apolipoprotein B, and HDL-C compared to males.

[image: Flowchart illustrating patient selection for a study on type 2 diabetes mellitus (T2DM), showing exclusion criteria at each step, including age, missing laboratory data, comorbidities, and medication, resulting in 200 final participants.]
Figure 1 | Flowchart of patient selection.


Table 2 | Baseline characteristics of type 2 diabetes patients [n(%)].
	Item
	Total (n=200)
	Men (n=97)
	Women (n=103)
	P value



	Age (years)
	62.5 (57,67)
	62 (55,66)
	63 (58,67)
	0.176


	Body Mass Index (kg/m2, x¯
±s
)
	25.15 ± 3.22
	25.05 ± 2.97
	25.24 ± 3.45
	0.670


	Systolic Blood Pressure (mmHg, x¯
±s
)
	138.50 ± 19.86
	135.45 ± 18.81
	141.37 ± 20.48
	0.034


	Diastolic Blood Pressure (mmHg, x¯
±s
)
	84.30 ± 13.22
	85.04 ± 13.42
	83.61 ± 13.86
	0.450


	Hemoglobin A1c (%, x¯
±s
)
	8.50 ± 1.90
	8.32 ± 1.95
	8.6 ± 1.85
	0.180


	Fasting Blood Glucose (mmol/L, x¯
±s
)
	9.65 ± 3.72
	9.43 ± 3.55
	9.86 ± 3.88
	0.420


	Postprandial 2-hour Blood Glucose (mmol/L, x¯
±s
)
	13.90 ± 5.07
	13.12 ± 4.99
	14.63 ± 5.05
	0.034


	Total Cholesterol (mmol/L, x¯
±s
)
	4.45 ± 1.41
	4.10 ± 1.26
	4.78 ± 1.47
	0.001


	HDL-C (mmol/L, x¯
±s
)
	1.04 ± 0.28
	0.97 ± 0.25
	1.10 ± 0.29
	<0.001


	LDL-C (mmol/L, x¯
±s
)
	2.61 ± 0.88
	2.46 ± 0.85
	2.76 ± 0.90
	0.017


	non-HDL-C (mmol/L, x¯
±s
)
	3.41 ± 1.31
	3.13 ± 1.19
	3.68 ± 1.36
	0.003


	Apolipoprotein B (g/L, x¯
±s
)
	0.97 ± 0.28
	0.91 ± 0.27
	1.02 ± 0.29
	0.006


	Lipoprotein (a) (mg/L)
	140 (55.20,301.80)
	140.9 (60.55,300.2)
	139.1 (54.00,308.00)
	0.770


	Glomerular Filtration Rate (mL/min/1.73m2, x¯
±s
)
	90.36 ± 21.18
	91.75 ± 19.39
	89.05 ± 22.76
	0.360


	Smoking
	43 (21.50)
	42 (43.30)
	1 (0.97)
	<0.001


	Drinking Alcohol
	30 (15.00)
	30 (30.93)
	0 (0)
	<0.001


	Uses of lipid-lowering medication
	34 (17.00)
	21 (21.60)
	13 (12.60)
	0.089


	 Statins
	33 (16.50)
	20 (20.62)
	13 (12.62)
	0.128


	 Other lipid-lowering agents
	3 (1.50)
	3 (3.09)
	0 (0)
	0.224


	Uses of glucose-lowering medication
	147 (73.50)
	71 (73.20)
	76 (73.80)
	0.925


	 Basal insulin
	30 (15.00)
	12 (12.37)
	18 (17.48)
	0.312


	 Premixed insulin
	17 (8.50)
	9 (9.30)
	8 (7.80)
	0.702


	 Prandial insulin
	17 (8.50)
	6 (6.20)
	11 (10.68)
	0.255


	 Metformin
	103 (51.50)
	48 (49.5)
	55 (53.4)
	0.580


	 SGLT2i
	11 (5.50)
	6 (6.20)
	5 (4.90)
	0.680


	 GLP-1 RA
	1 (0.50)
	0 (0)
	1 (1.00)
	1.000


	 Sulfonylureas
	40 (20.00)
	17 (17.50)
	23 (22.30)
	0.396


	 Glucosidase inhibitors
	42 (21.00)
	21 (21.60)
	21 (20.40)
	0.827


	 DPP-4i
	6 (3.00)
	4 (4.10)
	2 (1.90)
	0.625


	 Thiazolidinediones
	8 (4.00)
	5 (5.20)
	3 (2.90)
	0.654


	 Non-sulfonylurea insulin secretagogues
	6 (3.00)
	2 (2.10)
	4 (3.90)
	0.734


	Uses of antihypertensive medication
	95 (47.50)
	46 (47.40)
	49 (47.60)
	0.983


	 ACEI
	12 (6.00)
	5 (5.20)
	7 (6.80)
	0.625


	 ARB
	31 (15.50)
	10 (10.30)
	21 (20.4)
	0.049


	 CCB
	56 (28.00)
	27 (27.80)
	29 (28.20)
	0.960


	 β-blockers
	20 (10.00)
	9 (9.30)
	11 (10.70)
	0.741


	 Diuretics
	9 (4.50)
	5 (5.20)
	4 (3.90)
	0.927


	 Other antihypertensive agents
	10 (5.00)
	6 (6.20)
	4 (3.90)
	0.673





HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol;SGLT2i, sodium-glucose co-transporter 2 inhibitor; GLP-1 RA, glucagon-like peptide-1 receptor agonist; DPP-4i, dipeptidyl peptidase-4 inhibitor; ACEI, angiotensin-converting enzyme inhibitor; ARB, angiotensin II receptor blocker; CCB, calcium channel blocker.



According to the SCORE2-Diabetes model classification: 165 cases (82.5%) were classified as very high risk, 25 cases (10%) as high risk, 8 cases (4%) as moderate risk, and 2 cases (1%) as low risk; The results using the “AACE method” were as follows: 150 cases (75%) were classified as extreme risk, 48 cases (24%) as very high risk, and 2 cases (1%) as high risk; The results using the “CDS method” were as follows: 149 cases (74.5%) were classified as very high risk, and 51 cases (25.5%) as high risk (Figure 2). When comparing the results of risk category classification for T2DM patients among the three guidelines, there was no statistically significant difference (χ²=2.759, P=0.252, Friedman two-way analysis of variance, Figure 3). Considering that 149 patients were classified into the highest risk group due to having ASCVD, these patients were excluded from the analysis (Figure 4). Upon re-comparing the results of the risk category classification, there was still no statistically significant difference (χ²=2.759, P=0.252, Friedman two-way analysis of variance, Figure 5).

[image: Sankey diagram comparing cardiovascular risk categories for ESC, AACE, and CDS methods; ESC shows 2 low, 8 moderate, 25 high, and 165 very high risk, AACE shows 2 high, 48 very high, and 150 extreme risk, CDS shows 51 high and 149 very high risk.]
Figure 2 | Comparison of cardiovascular risk stratification for all T2DM patients under different criteria.

[image: Bar chart visualization displays the rank frequencies for three methods: ESC.method, AACE.method, and CDS.method. ESC.method (blue) has a mean rank of 2.03, AACE.method (green) 1.98, and CDS.method (red) 1.99. Each method's highest frequency occurs at rank 2. X-axes show frequency while y-axes show rank from 1 to 4. Chart title states Related-Samples Friedman’s Two-Way Analysis of Variance by Ranks.]
Figure 3 | Rank variations of cardiovascular risk categories for all T2DM patients under different methods (Friedman method).

[image: Sankey diagram illustrating risk classification of patients according to three methods: ESC, AACE, and CDS. Flows show redistribution as patients move from ESC risk categories—low (2), moderate (8), high (25), and very high (16)—to AACE categories—high (2), very high (48), extreme (1)—and finally all to CDS high risk (51).]
Figure 4 | Comparison of cardiovascular risk stratification for T2DM patients without ASCVD under different criteria.

[image: Bar chart titled “Related-Samples Friedman’s Two-Way Analysis of Variance by Ranks” compares ESC.method, AACE.method, and CDS.method. Each method is represented by blue, green, or red bars showing rank frequencies from one to four. Mean ranks are 2.12 for ESC.method, 1.93 for AACE.method, and 1.95 for CDS.method. X-axes display frequency and y-axes show ranks for each method.]
Figure 5 | Rank variations of cardiovascular risk categories for T2DM patients without ASCVD under different methods (Friedman method).

The achievement of risk factor targets and clinical characteristics of patients with type 2 diabetes based on the “ESC criteria” (Table 3). There were significant differences in the achievement rates of blood pressure and lipid targets among patients in the four risk categories, mainly reflected in the higher blood pressure achievement rates in moderate-risk patients compared to very high-risk patients (62.5% vs 19.4%), the achievement rates of lipid levels in moderate-risk patients was also higher than that in very high-risk patients (50% vs 6.1%), the achievement rates of systolic blood pressure in high-risk patients was higher than that in very high-risk patients (56% vs 31.5%); Regarding the levels of risk factors, the systolic blood pressure in moderate-risk patients (122 ± 20.34) was lower than that in very high-risk patients (140.28 ± 19.59), and all the above P-values were < 0.05.


Table 3 | Achievement and levels of risk factor control among patients with T2DM according to ESC criteria [n (%)].
	Item
	Very high risk (n=165)
	High risk (n=25)
	Moderate risk (n=8)
	Low risk (n=2)
	P



	Achievement of blood pressure targets
	32 (19.4)
	7 (28.0)
	5 (62.5)*
	1 (50.0)
	0.016


	Achievement of blood glucose targets
	36 (21.8)
	5 (20.0)
	1 (12.5)
	1 (50.0)
	0.730


	Achievement of blood lipid targets
	10 (6.1)
	3 (12.0)
	4 (50.0)*
	2 (100.0)
	<0.001


	Achievement of blood pressure, blood glucose, and lipid targets
	0 (0.0)
	0 (0.0)
	1 (12.5)
	1 (50.0)
	0.001


	Achievement of systolic blood pressure targets
	52 (31.5)
	14 (56.0)*
	5 (62.5)
	1 (50.0)
	0.020


	Achievement of diastolic blood pressure targets
	54 (32.7)
	9 (36.0)
	5 (62.5)
	1 (50.0)
	0.295


	Systolic Blood Pressure (mmHg, x¯
±s
)
	140.28 ± 19.59
	132.4 ± 19.29
	122 ± 20.34*
	133.5 ± 4.95
	0.024


	Diastolic Blood Pressure (mmHg, x¯
±s
)
	84.88 ± 13.44
	82.92 ± 11.96
	78.25 ± 12.78
	78.5 ± 12.02
	0.452


	Hemoglobin A1c (%, x¯
±s
)
	8.48 ± 1.87
	8.524 ± 1.60
	9.35 ± 3.16
	6.55 ± 0.78
	0.295


	LDL-C (mmol/L, x¯
±s
)
	2.58 ± 0.88
	2.86 ± 0.95
	2.72 ± 0.75
	1.79 ± 0.01
	0.255





LDL-C, low-density lipoprotein cholesterol; * indicates P < 0.05 compared to the very high-risk group.



The achievement rates of risk factors and clinical characteristics of type 2 diabetes patients based on the “AACE criteria” (Table 4): The differences in risk factors among the three risk categories were mainly reflected in blood pressure, the achievement rates of systolic blood pressure in very high-risk patients was higher than that in extreme-risk patients (52.1% vs 30.7%),the mean systolic blood pressure in very high-risk patients (132.31 ± 19.28) was also lower than that in extreme-risk patients (140.61 ± 19.76), and all the above P-values were < 0.05.


Table 4 | Achievement and levels of risk factor control among patients with T2DM according to AACE criteria [n (%)].
	Item
	Extreme risk (n=150)
	Very high risk (n=48)
	High risk (n=2)
	P



	Achievement of blood pressure targets
	29 (19.3)
	15 (31.3)
	1 (50.0)
	0.105


	Achievement of blood glucose targets
	2 (1.3)
	2 (4.2)
	0 (0.0)
	0.278


	Achievement of blood lipid targets
	10 (6.7)
	6 (12.5)
	2 (100.0)
	0.002


	Achievement of blood pressure, blood glucose, and lipid targets
	0 (0.0)
	0 (0.0)
	0 (0.0)
	-


	Achievement of systolic blood pressure targets
	46 (30.7)
	25 (52.1)*
	1 (50.0)
	0.010


	Achievement of diastolic blood pressure targets
	49 (32.7)
	19 (39.6)
	1 (50.0)
	0.460


	Achievement of HbA1c targets
	13 (8.7)
	5 (10.4)
	0 (0.0)
	0.813


	Achievement of fasting blood glucose targets
	17 (11.3)
	4 (8.3)
	1 (50.0)
	0.255


	Achievement of 2-hour postprandial blood glucose targets
	10 (6.7)
	7 (14.6)
	0 (0.0)
	0.275


	Achievement of LDL-C targets
	11 (7.3)
	6 (12.5)
	2 (100.0)
	0.004


	Achievement of non-HDL-C targets
	30 (20.0)
	9 (18.8)
	2 (100.0)
	0.068


	Achievement of apolipoprotein B targets
	26 (17.3)
	10 (20.8)
	2 (100.0)
	0.036


	Systolic Blood Pressure (mmHg, x¯
±s
)
	140.61 ± 19.76
	132.31 ± 19.28*
	128.5 ± 12.02
	0.032


	Diastolic Blood Pressure (mmHg, x¯
±s
)
	85.23 ± 13.67
	81.54 ± 111.65
	81.5 ± 7.78
	0.234


	Hemoglobin A1c (%, x¯
±s
)
	8.48 ± 1.90
	8.61 ± 1.96
	7.55 ± 0.64
	0.712


	Fasting Blood Glucose (mmol/L, x¯
±s
)
	9.55 ± 3.68
	10.11 ± 3.83
	6.63 ± 3.17
	0.341


	Postprandial 2-hour Blood Glucose (mmol/L, x¯
±s
)
	13.95 ± 4.96
	13.82 ± 5.52
	12.05 ± 0.07
	0.866


	LDL-C (mmol/L, x¯
±s
)
	2.57 ± 0.89
	2.78 ± 0.86
	1.77 ± 0.01
	0.136


	non-HDL-C (mmol/L, x¯
±s
)
	3.38 ± 1.30
	3.57 ± 1.35
	2.28 ± 0.07
	0.329


	Apolipoprotein B (g/L, x¯
±s
)
	0.96 ± 0.29
	1.01 ± 0.27
	0.68 ± 0.01
	0.200





LDL-C, low-density lipoprotein cholesterol; non-HDL-C, non-high-density lipoprotein cholesterol; * indicates P < 0.05 compared to the extreme risk.



achievement rates of risk factors and clinical characteristics of type 2 diabetes patients based on the “CDS criteria” (Table 5): The achievement rates of systolic blood pressure in high-risk patients was higher than that in very high-risk patients (51% vs 30%). The mean systolic blood pressure level in high-risk patients (132.71 ± 19.19) was also lower than that in very high-risk patients (140.48 ± 19.76), and all the above P-values were < 0.05.


Table 5 | Achievement and levels of risk factor control among patients with T2DM according to CDS criteria [n (%)].
	Item
	Very high risk (n=149)
	High risk (n=51)
	P



	Achievement of blood pressure targets
	29 (19.5)
	16 (31.4)
	0.079


	Achievement of blood glucose targets
	13 (8.7)
	6 (11.8)
	0.717


	Achievement of blood lipid targets
	10 (6.7)
	8 (15.7)
	0.099


	Achievement of blood pressure, blood glucose, and lipid targets
	0 (0.0)
	0 (0.0)
	-


	Achievement of systolic blood pressure targets
	46 (30.9)
	26 (51.0)
	0.010


	Achievement of diastolic blood pressure targets
	49 (32.9)
	20 (39.2)
	0.412


	Achievement of HbA1c targets
	33 (22.1)
	10 (19.6)
	0.703


	Achievement of fasting blood glucose targets
	39 (26.2)
	11 (21.6)
	0.512


	Achievement of non-fasting blood glucose targets
	36 (24.2)
	13 (25.5)
	0.849


	Achievement of LDL-C targets
	10 (6.7)
	8 (15.7)
	0.099


	Achievement of non-HDL-C targets
	27 (18.1)
	11 (21.6)
	0.588


	Systolic Blood Pressure (mmHg, x¯
±s
)
	140.48 ± 19.76
	132.71 ± 19.19
	0.015


	Diastolic Blood Pressure (mmHg, x¯
±s
)
	85.11 ± 13.64
	81.96 ± 11.74
	0.143


	Hemoglobin A1c (%, x¯
±s
)
	8.45 ± 1.88
	8.64 ± 1.98
	0.550


	Fasting Blood Glucose (mmol/L, x¯
±s
)
	9.51 ± 3.67
	10.07 ± 3.87
	0.357


	non-Fasting Blood Glucose (mmol/L, x¯
±s
)
	13.88 ± 4.91
	13.95 ± 5.55
	0.932


	LDL-C (mmol/L, x¯
±s
)
	2.55 ± 0.86
	2.80 ± 0.94
	0.082


	non-HDL-C (mmol/L, x¯
±s
)
	3.34 ± 1.21
	3.63 ± 1.56
	0.177





LDL-C, low-density lipoprotein cholesterol; non-HDL-C, non-high-density lipoprotein cholesterol.



Comparison of the achievement rates of blood pressure, blood glucose, and lipids according to the three criteria (Table 6): Due to the consistent criteria for blood pressure, there was no difference in the achievement rates of blood pressure, which was 22.5% across all criteria; There are differences in blood glucose target achievement rates among the three criteria (P<0.001), while there is no statistically significant difference in lipid target achievement and overall target achievement. Under the “ESC criteria,” “AACE criteria,” and “CDS criteria,” the proportions of T2DM patients who achieved target levels for all three major cardiovascular risk factors were 1%, 0%, and 0%.


Table 6 | Achievement rates of cardiovascular risk factors under different criteria [n (%)].
	Item
	ESC Criteria
	AACE Criteria
	CDS Criteria
	P



	Achievement of blood pressure targets
	45 (22.5)
	45 (22.5)
	45 (22.5)
	1.000


	Achievement of blood glucose targets
	43 (21.5)
	4 (2.0)
	19 (9.5)
	<0.001


	Achievement of blood lipid targets
	19 (9.5)
	18 (9.0)
	18 (9.0)
	0.980


	Achievement of blood pressure, blood glucose, and lipid targets
	2 (1.0)
	0 (0.0)
	0 (0.0)
	0.332











Discussion

The European Society of Cardiology recommends the use of the SCORE2-Diabetes model for assessing 10-year cardiovascular risk in patients with T2DM and proposes different lipid control targets for patients at different risk levels. However, the SCORE2-Diabetes model is relatively complex to operate and not convenient for use in clinical practice. Is there any difference between its assessment results and those of simpler methods for assessing 10-year cardiovascular risk in T2DM patients? Additionally, this model was developed from European populations, can it be applied to Asian populations? Based on this, we compared the SCORE2-Diabetes model from the ESC’s “Guidelines on Cardiovascular Disease Management in Diabetes (2023 version)”, the method in the AACE’s “Comprehensive Type 2 Diabetes Management Algorithm - 2023 Update”, and the method in the CDS’s “Guideline for the Prevention and Treatment of Diabetes Mellitus in China (2024 Edition)” for assessing 10-year cardiovascular risk in patients with type 2 diabetes. The results showed no statistically significant difference in the assessment outcomes between the SCORE2-Diabetes model and the “AACE method” and “CDS method” (χ²=2.759, P=0.252).The SCORE2-Diabetes model classified 165 (82.5%) patients into the very high-risk category, among which 149 patients were directly included due to having ASCVD without using the scoring chart. Considering the significant number of these patients, which might influence the results, we excluded them and re-compared the cardiovascular risk for the remaining 51 patients. The results still showed no statistically significant difference (χ²=2.759, P=0.252).A 3B study (12) conducted in China showed that when assessing the 10-year cardiovascular risk in type 2 diabetes patients using the 2019 ESC guidelines, the results categorized patients as very high risk (65.6%), high risk (7.5%), and moderate risk (0.6%).The remaining 26.4% could not be classified due to a shorter duration of T2DM and the presence of only 1–2 risk factors, thus falling into an indeterminate risk category. The results of the assessment using the three methods in this study are generally consistent with those of the 3B study.

Apart from the differences in assessment methods, the control targets for blood glucose and blood lipids also vary among the three guidelines. Therefore, we further compared the achievement rates of blood pressure, blood glucose, blood lipids, and the three major cardiovascular risk factors, among patients at different risk levels under different criteria. The results showed that the proportions of patients achieving target levels for all three risk factors (blood pressure, blood glucose, and blood lipids) were 1%, 0%, and 0% under the “ESC criteria”, “AACE criteria” and “CDS criteria” respectively, with no statistically significant difference in the achievement rates (P=0.332).A national cross-sectional survey study (13) showed that the proportion of patients meeting all three risk factor targets was 4.4%.The study results by Xiaoyun Yang (14) showed that in 2017, the proportion of patients who met the Chinese Diabetes Society’s targets (HbA1c < 7%, blood pressure < 130/80 mmHg, and normal lipid levels) was 0.9%.The primary reason for the aforementioned differences is the variation in study populations. Both our study and Xiaoyun Yang’s study focused on hospitalized T2DM patients, whose conditions are relatively more severe. Furthermore, this finding underscore the importance of focusing on the management of cardiovascular risk factors in T2DM patients to reduce CVD-related mortality.

In the analysis of blood pressure control, although the guidelines suggest that the target blood pressure values can be appropriately relaxed for elderly diabetic patients or those with severe coronary heart disease (9–11), due to the retrospective nature of this study and the difficulty in assessing patients’ physical conditions at the time of admission, the uniform target for blood pressure was set at <130/80 mmHg. The achievement rates for blood pressure was 22.5%, which is consistent with the findings of Xiaoyun Yang’s study (14) where the blood pressure control rate for T2DM patients in 2016 was 21.7%, as well as the blood pressure control rate of 22.2% reported in the nationwide cross-sectional survey study (13).There is no difference in blood pressure control between hospitalized and non-hospitalized patients. The reason for this may be that patients have a relatively clear perception of their blood pressure, which is also easy to monitor and control. Therefore, regardless of the severity of the illness, patients’ control over their blood pressure is consistent.

In the assessment results of the three criteria, the mean systolic blood pressure of patients at different risk levels showed statistically significant differences, indicating that blood pressure has a considerable impact on the 10-year cardiovascular risk level in T2DM patients. In contrast, no such differences were observed for blood glucose and lipids.

In the analysis of blood glucose achievement, the rates of achieving glycemic targets under the “ESC criteria,” “AACE criteria,” and “CDS criteria” were 21.5%, 2%, and 9.5%, respectively, with statistically significant differences (P<0.001). The achievement rates for HbA1c targets were 21.5%, 9%, and 21.5%, also showing statistically significant differences (P<0.001).The achievement rates for HbA1c was lower than that reported by Xu Minwei (15), whose study found an HbA1c achievement rates of 39.39%. The primary reason for this difference is that their study included T2DM patients managed within a regional health system, rather than hospitalized patients. Another national cross-sectional survey study (13) reported an HbA1c achievement rates of 64.1%, primarily because this study relaxed the HbA1c target to 8% for some elderly patients with complications. The differences in blood glucose targets across various criteria are considerable. This discrepancy may be influenced by fasting blood glucose and 2-hour postprandial blood glucose levels. Given that these two measures can vary significantly, we excluded them and analyzed only HbA1c, yet differences still persisted. The reason for this difference is that the “AACE criteria” require an HbA1c of <6.5%, which is stricter than the <7% required by the other two criteria. This indicates that there are significant differences in blood glucose control targets among the three criteria. Notably, the relatively high blood glucose treatment rate (73.5%) contrasts sharply with the low glycemic control rate (only 21.5%), highlighting a significant discrepancy between treatment initiation and effective diabetes management. This finding suggests that while a substantial proportion of patients are receiving therapy, the quality or adherence to treatment may be suboptimal. Several factors could contribute to this gap, including inadequate patient education, insufficient follow-up, or challenges in lifestyle modification. Therefore, improving glycemic outcomes will likely require a multifaceted approach involving both healthcare providers and patients, such as enhanced patient counseling, individualized treatment plans, and improved monitoring strategies.

In the analysis of lipid achievement, the rates of achieving lipid targets under the “ESC criteria,” “AACE criteria,” and “CDS criteria” were 9.5%, 9%, and 9%, respectively, with no statistically significant difference (P=0.980).A national cross-sectional survey study (13) showed that the achievement rates for lipid targets (LDL-C<1.8 mmol/L) was 23.9%. The differences in these rates can be attributed not only to variations in study populations but also to the more stringent lipid targets set by the three criteria, with the lowest LDL-C target being 1.4 mmol/L. Additionally, the “AACE criteria” and “CDS criteria” include requirements for non-HDL-C, which contributes to this discrepancy. In addition, the low achievement rate of lipid control is closely related to the low treatment rate among patients. As shown in Table 2, only 17% of patients received lipid-lowering therapy, indicating a significant gap in the management of dyslipidemia. This suggests that greater attention should be paid to lipid-lowering interventions in the future clinical management of these patients.

We conducted multiple group comparisons for the achievement rates and levels of risk factors across different risk categories under the “ESC criteria” and “AACE criteria.” For those risk factors where the comparison results showed statistically significant differences, we performed pairwise comparisons with Bonferroni correction. However, during this process, we excluded the low-risk group under the “ESC criteria” and the high-risk group under the “AACE criteria,” primarily due to the small number of individuals in these two groups, each comprising only 2 people.

In the baseline characteristics of the study participants, females had higher levels of systolic blood pressure, total cholesterol, LDL-C, and HDL-C compared to males (P<0.05), which is consistent with the findings of Zhang Min (16). This characteristic was also reflected in a Chinese study that included 37,317 participants (17), where the baseline lipid profiles similarly demonstrated this feature.

Limitations of this study: First, the study population consisted of hospitalized T2DM patients, who generally have more severe conditions compared to outpatient patients. Therefore, the overall control of risk factors was not ideal, and the 10-year cardiovascular risk was higher. Second, this study included data from only one tertiary hospital, where patients may have more severe conditions and therefore a higher cardiovascular risk profile. In addition, due to differences in health insurance reimbursement policies, patients with milder T2DM may prefer to be hospitalized in secondary hospitals, where they can benefit from higher reimbursement rates. This selection bias may affect the generalizability of our findings. Third, as this study was a preliminary and exploratory analysis, the number of collected cases is currently limited due to constraints in time and available human resources. To understand the 10-year cardiovascular risk profile of all T2DM patients, large-scale prospective clinical studies involving the entire T2DM population are still needed. Building on the current findings, we plan to conduct more comprehensive studies with larger cohorts and improved designs in the future.

This study was primarily conducted by clinical pharmacists specializing in cardiology. Future research aims to investigate the role of clinical pharmacists in reducing cardiovascular disease risk by following up with patients, providing medication guidance, and intervening in the control of risk factors. This approach seeks to address the shortage of clinical physicians, reduce the cardiovascular disease risk in T2DM patients, and highlight the value of clinical pharmacists (18, 19).





Conclusion

Although the 10-year cardiovascular risk assessment methods and the criteria for achieving primary cardiovascular risk factors differ across the three guidelines, the assessment results and achievement rates for 200 T2DM patients showed no statistically significant differences.
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Objective: This study aimed to evaluate the association between type D personality and vascular health in adolescents.



Methods: A total of 645 adolescents were involved in this study. All completed questionnaires assessing demographic and sociological characteristics, Type D personality Scale, Scale for Healthy Lifestyle of College Students (SHLCS), and Self-Rating Scale of Sleep (SRSS). Vascular health was evaluated using a fingertip sensor with biofeedback technology to measure vascular wall elasticity. The effect of type D personality was analyzed using both dichotomous and continuous methods.



Results: When analyzed as a binary variable, type D personality significantly affected vascular health scores [β = −0.169, 95% confidence interval (CI): [−4.001 to −1.483], P < 0.001]. When treated as continuous variables, negative affectivity (NA) exhibited an independently negative association with vascular health [β = −0.240, 95% CI: (−0.569 to −0.049), P = 0.020], whereas social inhibition (SI) and the interaction between NA and SI did not demonstrate significant effects. Additionally, abdominal circumference [β = −0.171, 95% CI: (−0.198 to −0.039), P = 0.004], pulse rate [β = −0.093, 95% CI: (−0.127 to −0.010), P = 0.021], and SRSS score [β = −0.155, 95% CI: (−0.336 to −0.110), P < 0.001] were negatively associated with vascular health. Conversely, stress tolerance [β = 0.211, 95% CI: (0.062–0.139), P < 0.001], exercise behavior [β = 0.078, 95% CI: (0.001–0.192), P = 0.048], and stress management behavior [β = 0.226, 95% CI: (0.328–0.780), P < 0.001] were positively associated with better vascular health.



Conclusion: The findings suggest that type D personality is associated with vascular health in adolescents. Moreover, the NA component of the type D, but not the SI and NA*SI interaction, may drive the connection between type D personality and vascular health in adolescents. These findings highlighted the importance of initiating cardiovascular and cerebrovascular health promotion and disease prevention strategies from childhood.
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Introduction

Vascular aging begins as early as childhood. The initial phase is characterized by arterial stiffening and a loss of elasticity, preceding structural degeneration and the development of atherosclerosis (1). A decline in arterial elasticity is one of the earliest indicators of vascular disease, occurring prior to observable anatomical changes in the vessel walls. Consequently, early assessment of vascular health in adolescents is critical to prevent the onset of cardiovascular disease (2). Additionally, it is crucial to identify the risk factors during adolescence for guiding preventive strategies. In addition to traditional physiological risk factors, psychological factors may also contribute to reduced arterial elasticity in this age group. One such factor is type D personality, or “distressed” personality, defined by the presence of both negative affectivity (NA) and social inhibition (SI). Cases with this personality type may experience persistent negative emotions, such as anxiety, tension, and sadness, and mainly suppress emotional expression in social settings. Type D personality has been identified as an independent risk factor for cardiovascular disease, potentially influencing its onset and progression through both biological and behavioral pathways (3, 4). Furthermore, the European Cardiovascular Prevention guidelines have emphasized type D personality since 2016 (5). However, recent research has questioned the validity of type D personality as a unitary construct, suggesting that its observed health effects may be primarily driven by one specific dimension, with the contributions of the other dimension being smaller or inconsistent (6, 7). Currently, it remains unclear whether the impact of type D personality on vascular health stems predominantly from the overall construct, its individual dimensions, or their interaction. To address this, the present study will examine the association between type D personality and vascular health in adolescents, utilizing both categorical and continuous variable approaches for the overall construct and its individual dimensions.

Cardiovascular disease, a psychosomatic disorder, is significantly influenced by behavioral factors that affect both its onset and progression. Previous research has demonstrated that lifestyle behaviors, such as engaging in regular physical activity and maintaining healthy dietary habits, can enhance the stability of coronary atherosclerotic plaques (8). Several studies have demonstrated that prolonged poor sleep quality can lead to sustained elevations in systemic blood pressure, resulting in the disruption and degradation of vascular elastic fibers, and ultimately a decrease in vascular elasticity (9, 10). Moreover, healthy individuals who engage in regular physical exercise generally exhibit better arterial elasticity than those who are sedentary (11). Therefore, lifestyle factors may exert a notable impact on vascular elasticity during adolescence.

In this study, photoplethysmography was employed to evaluate vascular elasticity and explore its variations and related risk factors in adolescents exhibiting type D personality. The objective was to provide a practical basis for early evaluation and intervention targeting vascular elasticity changes in this population.



Methods


Study design and participants

This cross-sectional study recruited 680 college students, who aged 17–19 years, from Suzhou Health Vocational College (China). Participants were eligible for inclusion if they met the following criteria: (1) aged 16–19 and currently enrolled as nursing students; (2) no history of cardiovascular or metabolic diseases, with normal blood glucose levels as well as normal liver and kidney function; (3) no use of medications affecting vascular function within the past three months; and (4) provided written informed consent and agreed to participate for the duration of the study. Exclusion criteria were summarized as follows: (1) presence of mental illness or severe physical illness; and (2) history of smoking, heavy alcohol consumption, or recent surgery. Additionally, 18 participants were excluded because they completed the questionnaire in less than 300 s, indicating potentially insufficient engagement.

Participants were informed of the study's objectives and provided written informed consent prior to enrollment. They were then instructed to complete a series of questionnaires independently, in which demographic information was gathered, and type D personality, depression, sleep quality, and lifestyle behaviors were assessed. Arterial elasticity was measured using an intelligent pressure analyzer based on photoplethysmographic technology. Following the measurement, participants manually recorded the results in an online questionnaire platform (Questionnaire Star). The entire process took approximately 30 min per participant. This study has been approved by the ethics committee of the university (Approval No. AWYXLL202511).



General demographic and sociological assessments

Basic information: Participants self-reported demographic and lifestyle information, including gender, age, grade level, family history of cardiovascular disease, smoking status, and alcohol consumption.

Physical fitness: Anthropometric and physiological measurements included height, weight, body mass index (BMI), abdominal circumference (AC), systolic blood pressure (SBP), diastolic blood pressure (DBP), and pulse rate. Height and AC were measured by participants in pairs using a tape measure. Weight was measured using a standard weight scale. Blood pressure (SBP and DBP) and pulse were assessed using a validated electronic blood pressure monitor. All measurements were taken in a quiet environment, and participants were in a relaxed and appropriate posture. Each measurement was conducted twice, with an interval of 30–60 s between readings, and the average of the two values was used for analysis. Pulse rate, defined as the rhythmic dilation of the arterial wall corresponding to cardiac contractions, served as an important index of cardiovascular function.



Assessment of type D personality

Type D personality was measured by Type D Personality Scale (DS14) (12), including two dimensions, NA and SI, and each contains 7 items. Participants responded using a 5-point Likert scale ranging from 0 (“false”) to 4 (“true”). A score of ≥10 on both subscales indicated the presence of type D personality. The DS14 scale has demonstrated strong psychometric properties, with Cronbach's alpha coefficients of 0.92 for NA and 0.79 for SI, and test-retest reliability coefficients of 0.79 and 0.81, respectively, supporting its validity and reliability in Chinese adolescents (13). In this study, the Cronbach coefficients of NA and SI were 0.894 and 0.824, respectively.



Assessment of healthy lifestyle

Adolescents' healthy lifestyle was assessed by the Evaluation Scale for Healthy Lifestyle of College Students (SHLCS), comprising 8 dimensions and 33 items. Each item was rated on a 5-point Likert scale, and scores of responses ranged from 1 (“never”) to 5 (“always”). The eight dimensions and their respective score ranges were summarized as follows: exercise behavior (3–15), regular lifestyle behavior (3–15), dietary and nutritional behavior (4–20), health hazard behavior (2–10), health responsibility behavior (5–25), interpersonal relationship behavior (6–30), stress management behavior (5–25), and life appreciation behavior (5–25). Higher scores indicate greater engagement in the corresponding behaviors. Factor loadings for each dimension were above 0.52, indicating good construct validity (14). In the present study, the Cronbach's alpha coefficient for each subscale ranged from 0.658 to 0.833.



Assessment of sleep quality

The sleep quality was measured by the Self Rating Scale of Sleep (SRSS), developed by Professor Li Jianming (15), who is the Executive Director of the Chinese Psychological Health Association. The SRSS comprises 10 items, each rated on a 5-point scale, with total scores ranging from 10 to 50. Higher scores indicate more severe sleep disturbances. This scale is frequently utilized to assess sleep quality among college students. The SRSS has demonstrated adequate reliability, with the Cronbach coefficient of above 0.64 (16). The internal consistency of this scale was 0.789 in the present study.



Vascular health in adolescents

This study utilized a non-invasive intelligent detection system to measure vascular health. The device, developed by Professor Wang Erdong's team at Soochow University, has been certified by the U.S. Food and Drug Administration (FDA). It employs photoplethysmographic (PPG) technology to monitor changes in blood flow at the fingertips. The system consists of finger-worn sensors and a Smart Pulse terminal, emitting light at specific wavelengths that penetrate the skin. The reflected or transmitted light signals, influenced by blood volume fluctuations, are converted into electrical signals to generate an accelerated pulse wave, from which vascular elasticity and overall vascular health can be inferred (17). During testing, the device is connected via Bluetooth to the Heart Bar Stress Analysis mobile application. The Smart Pulse sensor is placed on the participant's index finger, and each test lasts approximately 2 min. The resulting report provides detailed quantitative assessments, including physical stress, mental stress, stress resistance, arterial elasticity, peripheral vascular elasticity, overall vascular health, and the APG waveform analysis. Specifically, waveform component “a” refers to the reference waveform (normal range: 275 ± 15%), “b” represents the initial contraction wave, indicating cardiac output intensity (higher values are better), and “c” reflects the late contraction augmentation wave, indicative of vascular elasticity (higher values suggest better elasticity). The use of this technology realizes the measurement of vascular wall elasticity values using fingertip pulse wave signals. Its simplicity and affordability make it well-suited for large-scale vascular health screenings in the general population.



Statistical analysis

The statistical analysis was carried out using SPSS software. Continuous variables following a normal distribution were expressed as mean ± standard deviation (SD), while non-normally distributed variables were presented as median and interquartile range (IQR). Categorical variables were summarized using frequencies and percentages. Group comparisons of normally distributed continuous variables were conducted using an independent-samples t-test, whereas the Mann–Whitney U test was applied for non-normally distributed data. Categorical variables were analyzed using the Chi-square (χ2) test. To examine the association between type D personality and vascular health in adolescents, multivariate analyses were conducted. Covariates were selected based on prior literature. Age and gender were included as standard control variables. Additional covariates included BMI, AC, SBP, DBP, pulse rate, stress index, stress tolerance, and scores for the following lifestyle factors, including exercise behavior, regular lifestyle behavior, dietary behavior, health hazard behavior, health responsibility behavior, interpersonal relationship behavior, stress management behavior, life appreciation behavior, and sleep quality (SRSS score). These variables were included to determine whether type D personality could serve as an independent predictor of vascular health. Statistical significance was defined as a two-sided P < 0.05.




Results


Baseline characteristics in type D personality and non-type D personality groups

The study included 645 participants, of whom 18.9% (n = 122) were male and 81.1% (n = 523) were female. Demographic characteristics and questionnaire data for all participants are presented in Tables 1, 2. Participants' mean age was 18.32 (SD = 0.65) years. The overall prevalence of type D personality in the sample was 28.84%. Notably, SBP, DBP, and pulse rate were significantly higher in participants with type D personality compared with those without (P < 0.05). Additionally, the prevalence of type D personality was significantly higher in men than that in women (P = 0.013). No other variables exhibited statistically significant differences between the type D and non-type D groups (Table 1).



TABLE 1 Participants' baseline characteristics in type D personality and non-type D personality groups.



	Variables
	Total (n = 645)
	Type D (n = 186)
	Non-type D (n = 459)
	Test value
	P value





	Age, M (S.D.), years
	18.32 (0.65)
	18.29 (0.651)
	18.34 (0.651)
	0.798
	0.425



	Gender [male, n (%)]
	122 (18.9)
	98 (21.4%)
	24 (12.9%)
	6.159
	0.013



	Height, M (S.D.), cm
	164.61 (6.37)
	164.40 (6.48)
	164.69 (6.33)
	0.511
	0.609



	Weight, M (S.D.), kg
	57.45 (10.69)
	58.60 (11.46)
	56.98 (10.34)
	−1.678
	0.094



	BMI, M (S.D.), kg/m2
	21.13 (3.44)
	21.53 (3.48)
	20.97 (3.41)
	−1.859
	0.063



	AC, M (S.D.), cm
	73.08 (10.62)
	74.24 (12.51)
	72.61 (9.73)
	−1.594
	0.112



	SBP, M (S.D.), mmHg
	104.30 (11.49)
	106.03 (13.01)
	103.60 (10.74)
	−2.447
	0.015



	DBP, M (S.D.), mmHg
	67.53 (8.61)
	69.72 (9.00)
	66.64 (8.29)
	−4.031
	<0.001



	Pulse, M (S.D.), per min
	82.04 (10.01)
	86.41 (10.75)
	80.27 (9.13)
	−6.849
	<0.001



	Family history of CAD, n (%)
	40 (6.2%)
	24 (5.2%)
	16 (8.6%)
	2.589
	0.108



	Smoking, n (%)
	20 (3.1%)
	14 (3.1%)
	6 (3.2%)
	0.014
	0.907



	Alcohol, n (%)
	18 (2.8%)
	12 (2.6%)
	6 (3.2%)
	0.182
	0.669




	BMI, body mass index; AC, Abdominal circumference; SBP, systolic blood pressure; DBP, diastolic blood pressure; M (S.D.), mean (standard deviation).









TABLE 2 Participants' psychological state and healthy behaviors in type D personality and non-type D personality groups.



	Variables
	Total (n = 645)
	Type D (n = 186)
	Non-type D (n = 459)
	Test value
	P value





	Physical stress, M (S.D.)
	45.71 (6.31)
	46.99 (4.15)
	45.19 (6.94)
	−3.306
	0.001



	Mental stress, M (S.D.)
	47.99 (8.60)
	48.09 (6.54)
	47.95 (9.30)
	−0.217
	0.828



	Stress index, M (S.D.)
	49.90 (7.02)
	50.70 (5.66)
	49.58 (7.48)
	−2.061
	0.040



	Stress tolerance, M (S.D.)
	66.28 (15.49)
	62.63 (16.73)
	67.75 (14.72)
	3.639
	<0.001



	SRSS, M (S.D.)
	23.15 (5.13)
	26.26 (5.41)
	21.88 (4.43)
	−9.787
	<0.001



	Healthy lifestyle, M (S.D.)



	Exercise behavior
	8.81 (2.92)
	7.89 (2.91)
	9.19 (2.85)
	5.209
	<0.001



	Regular lifestyle behavior
	10.67 (2.58)
	9.78 (2.65)
	11.02 (2.46)
	5.662
	<0.001



	Dietary behavior
	13.98 (3.20)
	13.05 (3.28)
	14.36 (3.08)
	4.793
	<0.001



	Health hazard behavior
	2.42 (1.23)
	2.43 (0.97)
	2.41 (1.33)
	−0.191
	0.848



	Health responsibility behavior
	20.65 (3.46)
	19.26 (4.39)
	21.22 (2.81)
	5.627
	<0.001



	Interpersonal relationship behavior
	23.31 (4.56)
	22.90 (5.49)
	24.48 (4.11)
	1.314
	0.190



	Stress management behavior
	15.45 (3.01)
	14.75 (3.65)
	15.74 (2.66)
	3.341
	0.001



	Life appreciation behavior
	18.72 (4.30)
	16.61 (5.09)
	19.58 (3.61)
	7.260
	<0.001




	M (S.D.), median (standard deviation); SRSS, self-rating sleep scale.









Psychological state and health behaviors in type D personality and non-type D personality groups

Regarding psychological stress and lifestyle behaviors, participants with type D personality demonstrated significantly higher levels of physical stress and stress index, along with significantly lower stress tolerance, compared with those without type D personality (P < 0.05). Additionally, participants with type D personality had significantly higher SRSS scores, indicating poorer sleep quality (P < 0.001). In terms of health behaviors, participants with type D personality scored significantly lower in exercise behavior, regular lifestyle behavior, dietary behavior, health responsibility behavior, stress management behavior, and life appreciation behavior (all P < 0.005) compared with their non-type D counterparts. No significant differences in other variables were identified between the two groups (Table 2).



Vascular health in type D personality and non-type D personality groups

Regarding vascular health, the scores of peripheral vascular elasticity and overall vascular health in the type D personality group were significantly lower than those in the non-type D personality group (Table 3).



TABLE 3 Participants' vascular health in type D personality and non-type D personality groups.



	Variables
	Total (n = 645)
	Type D (n = 186)
	Non-type D (n = 459)
	Z value
	P value





	Arterial elasticity, M (IQR)
	79.00 (36)
	80 (34)
	79 (37)
	−0.291
	0.771



	Peripheral vascular elasticity, M (IQR)
	60 (20)
	58 (20)
	62 (17)
	−2.090
	0.037



	Vascular health, M (IQR)
	90 (34)
	85 (32)
	92 (8)
	−7.685
	<0.001



	Waveform a, M (IQR)
	240 (170)
	240 (20)
	240 (10)
	−2.254
	0.024



	Waveform b, M (IQR)
	272.75 (35.21)
	268.85 (42.97)
	273.39 (33.02)
	−1.347
	0.178



	Waveform c, M (IQR)
	39.25 (26.02)
	36.94 (19.56)
	44.21 (26.71)
	−3.136
	0.002




	M (IQR), median (interquartile range).









Multivariate regression analysis of vascular health by type D personality classification

Multivariate linear regression analysis was conducted to examine the association between vascular health and type D personality, in which vascular health score was taken as the dependent variable into account. Independent variables that exhibited significant differences in univariate analysis were included in the model. When type D personality was treated as a binary variable, it was significantly associated with poorer vascular health [β = −0.169, 95% confidence interval (CI): −4.001 to −1.483, P < 0.001]. Additionally, a higher AC was negatively associated with vascular health (β = −0.158, 95% CI: −0.188 to −0.031, P = 0.006), as were more severe sleep problems (β = −0.131, 95% CI: −0.301 to −0.076, P = 0.001). Conversely, greater stress tolerance (β = 0.208, 95% CI: 0.061–0.136, P < 0.001), more frequent engagement in exercise behavior (β = 0.084, 95% CI: 0.018–0.406, P = 0.032), and stronger stress management behavior (β = 0.233, 95% CI: 0.349–0.794, P < 0.001) were positively associated with better vascular health status (Table 4).



TABLE 4 Multivariate regression analysis of vascular health by type D personality classification.



	Variables
	Unstandardized B
	SE
	Standardized β
	Test value
	P value
	95%CI





	Type D
	−2.742
	0.641
	−0.169
	−4.276
	<0.001
	−4.001 to −1.483



	Covariates



	Gender
	−0.869
	0.724
	−0.046
	−1.201
	0.230
	−2.291−0.552



	BMI
	0.057
	0.118
	0.027
	0.484
	0.629
	−0.174−0.288



	AC
	−0.110
	0.040
	−0.158
	−2.742
	0.006
	−0.188 to −0.031



	SBP
	−0.052
	0.031
	−0.082
	−1.688
	0.092
	−0.113 to 0.009



	DBP
	0.003
	0.039
	0.003
	0.076
	0.940
	−0.074 to 0.08



	Pulse
	−0.053
	0.030
	−0.072
	−1.775
	0.076
	−0.111 to 0.006



	Stress index
	−0.030
	0.038
	−0.028
	−0.773
	0.440
	−0.105 to 0.046



	Stress tolerance
	0.099
	0.019
	0.208
	5.186
	<0.001
	0.061 to 0.136



	Exercise behavior
	0.212
	0.099
	0.084
	2.148
	0.032
	0.018 to 0.406



	Regular lifestyle behavior
	−0.142
	0.154
	−0.049
	−0.925
	0.355
	−0.444 to 0.16



	Dietary behavior
	−0.126
	0.118
	−0.055
	−1.068
	0.286
	−0.358 to 0.106



	Health hazard behavior
	−0.175
	0.214
	−0.029
	−0.819
	0.413
	−0.595 to 0.245



	Health responsibility behavior
	−0.122
	0.095
	−0.057
	−1.283
	0.200
	−0.309 to 0.065



	Interpersonal relationship behavior
	0.087
	0.074
	0.053
	1.180
	0.239
	−0.058 to 0.233



	Stress management behavior
	0.571
	0.113
	0.233
	5.038
	<0.001
	0.349 to 0.794



	Life appreciation behavior
	−0.058
	0.085
	−0.034
	−0.678
	0.498
	−0.224 to 0.109



	SRSS
	−0.188
	0.057
	−0.131
	−3.283
	0.001
	−0.301 to −0.076




	BMI, body mass index; AC, abdominal circumference; SBP, systolic blood pressure; DBP, diastolic blood pressure; SRSS, self-rating sleep scale.









Multivariate regression analysis of vascular health: main effects and interaction of NA and SI

When type D personality was regarded as a continuous variable of NA and SI dimensions, the analysis revealed that NA was independently associated with poorer vascular health (β = −0.240, 95% CI: −0.569 to −0.049, P = 0.020). In contrast, SI and the interaction term between NA and SI exhibited no significant associations with vascular health. Among the covariates, AC (β = −0.171, 95% CI: −0.198 to −0.039, P = 0.004), pulse rate (β = −0.093, 95% CI: −0.127 to −0.010, P = 0.021), and sleep problems as measured by the SRSS score (β = −0.155, 95% CI: −0.336 to −0.110, P < 0.001) were negatively associated with vascular health. In contrast, higher stress tolerance (β = 0.211, 95% CI: 0.062–0.139, P < 0.001), more frequent exercise behavior (β = 0.078, 95% CI: 0.001–0.192, P = 0.048), and stronger stress management behavior (β = 0.226, 95% CI: 0.328–0.780, P < 0.001) were positively associated with better vascular health (Table 5).



TABLE 5 Multivariate regression analysis of vascular health with the main and interaction effects of NA and SI.



	Variables
	Unstandardized B
	SE
	Standardized β
	Test value
	P value
	95%CI





	NA
	−0.309
	0.132
	−0.240
	−2.334
	0.020
	−0.569 to −0.049



	SI
	−0.169
	0.120
	−0.137
	−1.408
	0.160
	−0.405 to 0.067



	NA*SI
	0.010
	0.007
	0.231
	1.456
	0.146
	−0.004 to 0.024



	Covariates



	Gender
	−0.929
	0.735
	−0.049
	−1.263
	0.207
	−2.373 to 0.515



	BMI
	0.089
	0.119
	0.041
	0.746
	0.456
	−0.145 to 0.322



	AC
	−0.119
	0.041
	−0.171
	−2.922
	0.004
	−0.198 to −0.039



	SBP
	−0.058
	0.032
	−0.091
	−1.819
	0.069
	−0.121 to 0.005



	DBP
	−0.003
	0.040
	−0.004
	−0.084
	0.933
	−0.082 to 0.075



	Pulse
	−0.068
	0.030
	−0.093
	−2.306
	0.021
	−0.127 to −0.010



	Stress index
	−0.036
	0.039
	−0.035
	−0.931
	0.352
	−0.113 to 0.040



	Stress tolerance
	0.100
	0.019
	0.211
	5.170
	<0.001
	0.062 to 0.139



	Exercise behavior
	0.196
	0.100
	0.078
	1.958
	0.048
	0.001 to 0.192



	Regular lifestyle behavior
	−0.169
	0.155
	−0.058
	−1.090
	0.276
	−0.474 to 0.136



	Dietary behavior
	−0.114
	0.122
	−0.050
	−0.936
	0.350
	−0.353 to 0.125



	Health hazard behavior
	−0.170
	0.217
	−0.028
	−0.784
	0.433
	−0.596 to 0.256



	Health responsibility behavior
	−0.083
	0.096
	−0.039
	−0.867
	0.386
	−0.272 to 0.105



	Interpersonal relationship behavior
	0.078
	0.075
	0.047
	1.039
	0.299
	−0.069 to 0.225



	Stress management behavior
	0.554
	0.115
	0.226
	4.818
	<0.001
	0.328 to 0.780



	Life appreciation behavior
	−0.038
	0.088
	−0.022
	−0.427
	0.670
	−0.210 to 0.135



	SRSS
	−0.223
	0.058
	−0.155
	−3.877
	<0.001
	−0.336 to −0.11




	NA, negative affectivity; SI, social inhibition; BMI, body mass index; AC, Abdominal circumference; SBP, systolic blood pressure; DBP, diastolic blood pressure; SRSS, self-rating sleep scale.










Discussion

Type D personality has been independently associated with coronary atherosclerotic plaque development and adverse cardiovascular events in middle-aged and elderly individuals with cardiovascular disease, as supported by numerous studies (3, 4, 8). However, its potential impact on vascular health during adolescence remains elusive. Given that vascular elasticity is a precursor to atherosclerotic plaque formation, investigating whether type D personality influences vascular health in adolescents is of clinical relevance. This study aimed to explore the relationship between type D personality and vascular health in adolescents. To our knowledge, it is the first to examine this association in this age group. Consistent with our hypothesis, type D personality, when analyzed as a dichotomous variable, emerged as an independent risk factor for poorer vascular health in adolescents. However, beyond the categorical type D effect, the NA dimension emerged as the sole continuous, independent predictor of reduced vascular health in our analysis. Neither the SI dimension nor its interaction with NA demonstrated an independent influence. These findings strongly suggest that the association observed using the categorical type D classification likely represents a proxy effect of the underlying NA dimension. Consequently, when NA exhibits a strong association with vascular health outcomes, even if SI shows no independent association, the role of type D personality in vascular health will be demonstrated. This suggests that NA may be a key component driving the relationship between type D personality and vascular function in adolescents. Therefore, these findings should be interpreted with caution and in conjunction with analyses treating the personality dimensions as continuous variables.

Among 645 adolescents in this study, 186 had type D personality, accounting for 28.84%, which is almost consistent with previous research (18). The results of multivariate regression analysis revealed that type D personality was negatively correlated with vascular health. The NA dimension could negatively affect vascular health. Participants with high NA typically suppress emotional expression and experience psychological stress (3). Chronic exposure to psychological stress in such cases may lead to the persistent activation of the sympathetic-adrenal-medullary system and the hypothalamic-pituitary-adrenal (HPA) axis. This results in elevated cardiovascular reactivity, vascular smooth muscle cell proliferation, and reduced vascular elasticity (19). Elevated levels of stress hormones, such as cortisol, antidiuretic hormone, and adrenocorticotropic hormone, further accelerate vascular aging (2). Additionally, enhanced negative emotions are associated with increased secretion of inflammatory cytokines, which can trigger inflammatory responses involving macrophage infiltration, foam cell rupture, and apoptosis, ultimately contributing to vascular stiffness and progression of atherosclerosis (8). The results of the present study indicated that AC negatively affected vascular health. Short KR et al.'s study demonstrated that abdominal obesity can lead to initial endothelial dysfunction and vascular stiffness (20). Similarly, Noori NM et al. (21) also reported a significant association between obesity and arterial stiffness in overweight children. Among physiological indicators, elevated pulse rate was associated with reduced vascular health. Hao Yankai et al. (22) pointed out that aerobic exercise could improve vascular elasticity by enhancing heart rate reserve, enhancing cardiac output, reducing resting heart rate, and restoring autonomic nervous system balance. Stress tolerance, reflecting an individual's physical and psychological resilience to external stressors, was positively associated with vascular health. This suggests that individuals with greater stress resilience are more likely to maintain better vascular function. Yu ZM et al. (23) found that rabbits exposed to chronic stress exhibited signs of physiological decline, including weight loss, poor coat condition, unhealthy behaviors, elevated serum cortisol levels, and reductions in vascular smooth muscle cells and elastic fibers, leading to impaired vascular elasticity (24). Collectively, these findings highlight abdominal obesity, elevated pulse rate, and prolonged stress exposure as key risk factors for diminished vascular elasticity. These insights highlight the importance of promoting regular physical activity, weight management, and effective stress-coping strategies among adolescents. School administrators and educators should play an active role in improving supportive environments that encourage healthy lifestyle practices to mitigate early vascular decline.

In this study, poor sleep was found to negatively affect vascular elasticity. Carrera A. et al. (9) demonstrated that chronic sleep disruption in adult male mice led to a continuous increase in systemic blood pressure from the eighth week of intervention. By the end of the study, mice subjected to sleep disturbance exhibited remarkable vascular changes, including disruption and fragmentation of elastic fibers, increased accumulation of foam cells and macrophages along the aortic wall, elevated plasma IL-6 level, and upregulation of aging markers. These findings suggest that prolonged poor sleep promotes vascular inflammation, endothelial dysfunction, mild hypertension, and structural deterioration of vascular elastic fibers, ultimately reducing vascular elasticity and contributing to the development of cardiovascular diseases. Similar conclusions have been previously presented in community-based studies (10). A large number of human and animal experiments have demonstrated that negative emotions and sleep disturbances are critical factors in the decline of vascular health. Therefore, university administrators and student affairs professionals should give greater attention to promote emotional well-being and improve sleep hygiene among students. This includes providing psychological counseling services to promote positive emotional states, as well as implementing policies that encourage regular sleep schedules, such as going to bed and waking up early, to increase sleep duration, conserve energy, and enhance daytime functioning. These measures not only support students' health and academic performance, but also contribute to the overall quality of talent cultivation in higher education institutions.

In terms of lifestyle, exercise behavior and stress management exert positive effects on vascular elasticity, suggesting that healthy behaviors contribute to improved vascular function. Exercise behavior typically involves engaging in 30–60 min of aerobic activity at least three times per week. Nettlefold et al. (9, 25) found that individuals who regularly exercised exhibited greater arterial elasticity compared with those with sedentary lifestyles. This effect may be attributed to the ability of physical activity to reduce oxidative stress and inflammation while enhancing nitric oxide availability, exerting a vascular protective effect (26). Using murine experiments, Wang Chen et al. (27) found that extracellular vesicles may mediate the protective role of exercise in vascular elasticity, although the precise mechanisms remain to be fully elucidated. Stress management behavior refers to the capacity to organize tasks effectively and alleviate stress through appropriate coping strategies. Individuals with strong stress management skills are better equipped to mitigate the adverse effects of prolonged stress exposure on vascular health, which was previously documented (28). In summary, a healthy lifestyle is conducive to vascular health. Currently, health-seeking behaviors among college students remain at a moderate level (29). University administrators should consider enhancing students' health literacy and promoting healthy behaviors by organizing targeted health promotion initiatives. These may include digital learning strategies, such as health knowledge competitions, lectures, and the use of multiple online platforms (e.g., WeChat, QQ, “Internet Plus” teaching platforms, and short video services) to enhance student engagement. In addition, integrating health literacy into professional curricula and employing peer influence can promote a culture of proactive health management, ultimately contributing to a more health-conscious and dynamic campus environment.



Conclusions

In this study, adolescents with type D personalities exhibited generally reduced vascular elasticity, remarkable sleep disturbances, and lower levels of overall health-promoting behaviors. Chronically elevated NA emerged as the key independent predictor of impaired vascular elasticity within the type D personality construct. Neither SI nor its interaction with NA demonstrated an independent influence on this outcome. Future research should prioritize enhanced monitoring of vascular health among cases with type D personality, especially those with a high NA score, alongside the implementation of personalized health behavior interventions and emotional regulation strategies. Long-term follow-up will be essential to promote sustained improvements in health management, strengthen health literacy, elevate overall health status, and ultimately reduce the risk of cardiovascular diseases in both adolescent and adult populations.
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We propose a novel clinical construct, the “Gulliver syndrome”, to describe the scenario in which multiple, mildly elevated cardiovascular risk factors (CVRFs) coexist within an individual and together result in a significantly heightened overall risk of cardiovascular disease (CVD). This accumulation of small deviations, often dismissed in clinical practice, can exert a synergistic impact on vascular health. Our aim is to formalize this underrecognized phenotype, which falls outside traditional diagnostic entities such as the metabolic syndrome, and to provide a framework that enables early recognition and management. We outline proposed diagnostic criteria, contrast this syndrome with related constructs, support its clinical relevance with emerging literature, and present a representative case. Ultimately, we advocate for this framework as a tool to overcome therapeutic inertia and encourage proactive, multifactorial interventions in primary and preventive care.
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Introduction

A recurring theme in preventive cardiology is the tendency to underestimate the cumulative impact of multiple subclinical or borderline risk factor elevations. While clinical guidelines provide thresholds that delineate normal from pathological, the pathophysiology of atherosclerotic cardiovascular disease (ASCVD) is a continuum. Even modest elevations in blood pressure, lipids, or glycemia can interact in complex ways to accelerate endothelial dysfunction, inflammation, and plaque formation (1).

The “Gulliver syndrome” is named after Jonathan Swift's fictional character Lemuel Gulliver, who, though a giant among the Lilliputians, finds himself incapacitated by countless tiny ropes. Analogously, many patients are immobilized by multiple minor aberrations in cardiovascular risk factors (CVRFs), each one clinically unalarming, yet jointly capable of creating a high-risk internal milieu. These patients often remain untreated or undertreated due to the absence of any single alarming metric, a phenomenon termed “therapeutic inertia” (2).

We argue that current frameworks, such as the metabolic syndrome, fall short in capturing this phenotype. While the metabolic syndrome focuses on obesity and insulin resistance, the Gulliver syndrome emphasizes the cumulative burden of borderline CVRFs independent of overt obesity or glucose dysregulation. Moreover, recent literature has challenged the predictive value of some metabolic syndrome criteria, such as low high-density lipoprotein (HDL) cholesterol, as independent causal factors (3–5). This phenomenon is particularly relevant in patients with borderline or mildly elevated cardiovascular risk profiles, who often remain below treatment thresholds despite accumulating multiple non-optimal markers.


Proposed definition and diagnostic criteria

The Gulliver syndrome is characterized by the simultaneous presence of at least four mildly abnormal CVRFs, each falling within a “borderline” range but together elevating total cardiovascular risk.

Mandatory criteria (all four must be present):


	-Waist circumference (WC): 90–101 cm in men or 80–87 cm in women [borderline abdominal adiposity; measured in a clinical setting under standardized conditions, values between optimal and diagnostic thresholds (≥102 cm in men, ≥88 cm in women), associated with increased cardiometabolic risk] (6–8).

	-Systolic blood pressure (SBP): 120–139 mmHg and/or diastolic blood pressure (DBP): 80–89 mmHg [borderline blood pressure; measured in a clinical setting under standardized conditions, below diagnostic hypertension thresholds (≥140/90 mmHg), but above optimal levels] (9, 10).

	-Fasting plasma glucose (FPG): 100–125 mg/dL [borderline glycemia; measured after ≥8 hours of fasting, below the diagnostic threshold for diabetes (≥126 mg/dL), but consistent with impaired fasting glucose] (11).

	-Non-HDL cholesterol: 130–189 mg/dL [borderline-to-high range; associated with increased atherogenic burden without reaching the threshold for very high-risk dyslipidemia (≥190 mg/dL)] (8, 12–14).



Additional aggravating factors (non-essential but contributory):


	-Sedentary lifestyle.

	-Smoking.

	-Alcohol consumption.

	-Psychosocial stress.

	-Family history of premature cardiovascular disease (CVD).

	-Unhealthy diet.

	-Short or disrupted sleep.



Although not formally included in the diagnostic core, these factors may act as amplifiers of cardiovascular risk and are therefore relevant in the Gulliver syndrome framework. These criteria are grounded in evidence linking each variable with elevated cardiovascular morbidity and mortality (even at sub-threshold levels) when present in combination (15–17). Figure 1 illustrates the proposed concept of Gulliver syndrome, highlighting the convergence of borderline CVRFs and their cumulative impact on overall cardiovascular risk.


[image: Infographic titled “Gulliver Syndrome” featuring an illustration of a person tied down by multiple small figures, referencing the cumulative cardiovascular risk from mildly elevated factors. It details that slightly elevated waist circumference, blood pressure, fasting plasma glucose, and non-HDL cholesterol must all be present for diagnosis. The content emphasizes the importance of recognizing and proactively managing patients with mildly abnormal findings to reduce overall risk.]
FIGURE 1
Graphical representation of the Gulliver syndrome. A patient's overall cardiovascular risk increases when multiple mildly elevated risk factors coexist. Each rope represents a single, subclinical abnormality (waist circumference, blood pressure, glucose, or non-high-density lipoprotein colesterol) that collectively restrain health, analogous to the ropes of the Lilliputians. DBP, diastolic blood pressure; FPG, Fasting plasma glucose; HDL, high-density lipoprotein; SBP, systolic blood pressure; WC, waist circumference.



Case illustration

Mr. A, a 52-year-old male software engineer, presents for an annual check-up. He is asymptomatic, non-smoking, and has no prior diagnosis of diabetes or hypertension. He reports minimal physical activity and frequent job-related stress. On physical examination and laboratory evaluation, the following findings were noted:


	-WC: 96 cm.

	-Blood pressure: 128/84 mmHg.

	-FPG: 106 mg/dl.

	-Total cholesterol: 220 mg/dl; HDL cholesterol: 48 mg/dl; Non-HDL cholesterol: 172 mg/dl.



Despite each parameter being only mildly abnormal, his calculated 10-year Systematic Coronary Risk Evaluation 2 (SCORE2) cardiovascular risk places him in the moderate-to-high category. Yet no therapeutic intervention is initiated beyond generic lifestyle advice. This reflects a missed opportunity for early intervention and risk modification.



Theoretical basis and pathophysiological rationale

Evidence from longitudinal cohort studies demonstrates that cardiovascular risk accumulates progressively with incremental elevations in risk factors, even below diagnostic cut-offs. For instance, Vasan et al. (18) showed that individuals with prehypertension and borderline cholesterol levels had a significantly increased lifetime risk of coronary artery disease.

Furthermore, the concept of “residual risk” (i.e., the risk that remains even after managing a primary risk factor) underscores the need for multifactorial control. The Gulliver syndrome, by identifying patients with diffuse low-grade risk, may help target this residual burden earlier.

The pathophysiology supports this notion: even small elevations in glucose and blood pressure can impair endothelial function, increase arterial stiffness, and enhance oxidative stress. Subclinical inflammation (a hallmark of early atherogenesis) is fueled by such chronic metabolic perturbations (19–21).



Implications for clinical practice and policy

Therapeutic inertia, defined as the failure to initiate or intensify therapy when indicated, has been widely documented in hypertension, type 2 diabetes, and dyslipidemia (22–24). It is particularly prevalent in patients with borderline abnormalities, where no single value crosses the treatment threshold.

By defining and naming Gulliver syndrome, we provide a conceptual tool to prompt clinician awareness. This syndrome encourages the use of composite risk scores (e.g., SCORE2, ASCVD Risk Estimator) and favors the early use of lifestyle modification and, when appropriate, pharmacologic intervention. The polypill strategy is especially relevant for such patients (25).

Moreover, as cardiovascular prevention shifts toward precision medicine, identifying subtle but meaningful phenotypes like Gulliver syndrome could enhance individualized care pathways and inform public health strategies (Figure 1).

The American Heart Association's Life's Essential 8 framework, which includes metrics such as diet quality, physical activity, sleep health, and nicotine exposure (26), offers a holistic approach to cardiovascular health that complements our conceptualization of Gulliver syndrome. A recent meta-analysis has shown that a large proportion of adults score poorly across several Life's Essential 8 components (27), especially in domains such as diet and sleep, reinforcing the prevalence of diffuse risk accumulation. Recognizing individuals with poor composite metrics could support earlier identification of Gulliver syndrome candidates and reduce therapeutic inertia. Thus, while the Life's Essential 8 provides a population-level assessment tool, the Gulliver syndrome framework adds clinical granularity by identifying individuals who, despite lacking severe abnormalities, may benefit from targeted preventive intervention.





Conclusion

The Gulliver syndrome encapsulates a common but under-recognized clinical reality: the aggregation of mild, subclinical CVRFs that, if unaddressed, lead to significant morbidity and mortality. Formal recognition of this construct may reduce therapeutic inertia, enhance preventive strategies, and improve long-term outcomes. We call for empirical studies to quantify its prevalence and impact, and advocate for its inclusion in clinical education and decision-support tools.
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Background: Clinical trials of intensive glycemic control in patients with type 2 diabetes mellitus (T2DM) and high cardiovascular risk have reported inconsistent findings regarding chronic kidney disease (CKD) outcomes, partly due to heterogeneity in event definitions and reliance on conventional time-to-first-event analysis. This study aimed to evaluate the renal effects of intensive glycemic control using a hierarchical composite endpoint (HCE) ranked by clinical severity and analyzed via the Win Odds (WO) method.
Method: This post-hoc analysis included patients from the Action to Control Cardiovascular Risk in Diabetes (ACCORD) glycemia trial. We employed the win ratio statistical method to estimate the treatment effects on HCE, defined as a ranked composite of all-cause mortality, kidney failure, sustained estimated glomerular filtration rate (eGFR) declines of 57, 50, and 40% from baseline, persistent eGFR < 15 mL/min/1.73 m2, and eGFR slope. The effects of intensive glycemic control on individual HCE components and various composite kidney endpoints was assessed by Cox regression models.
Results: Among the 9,848 participants, sustained 40% eGFR decline was the most frequent renal event in the hierarchical composite. Intensive glucose control was not associated with a significant difference in the HCE compared to standard therapy (WO = 1.03, 95% CI: 0.99–1.07). This finding was consistent with results from Cox regression (HR = 1.05, 95% CI: 0.97–1.13) and across individual components of the composite endpoint.
Conclusion: In individuals with T2DM at high risk for cardiovascular disease, intensive glycemic control does not demonstrate a significantly detrimental effect on hierarchical composite kidney outcomes.

Keywords
 type 2 diabetes mellitus; intensive glycemic control; diabetic kidney disease; hierarchical composite endpoint; cardiovascular risk; cardio-renal syndrome; Win Odds


1 Introduction

T2DM is a chronic condition associated with a range of serious complications, including kidney damage, and peripheral neuropathy (1–4). Effective management of blood glucose levels is crucial for mitigating these complications (5, 6). Although intensive glycemic control appears to confer a near-lifelong benefit of cardiovascular health (7), the growing use of novel pharmacological agents and combination therapies has raised concerns regarding potential adverse effects on renal function (8, 9).

The ACCORD trial focusing on the assessment of conventional kidney-related outcomes have found that intensive glucose-lowering therapy are effective in reducing the risk of early-stage renal dysfunction (microalbuminuria) (10). However, these interventions have not been shown to significantly impact the progression to advanced stage of kidney diseases (kidney failure and all-cause mortality) (11, 12). In addition, previous studies analyzing the impact of intensive glucose-lowering interventions on composite renal endpoints have predominantly focused on the first occurrence of any endpoint, neglecting the varying severity levels of different outcomes. Consequently, there remains a lack of robust evidence regarding the effects on renal system function.

To address the limitations of using conventional endpoints or composite endpoints without considering severity gradations, this study employs the WOs measure within the win ratio method, incorporating multiple indicators that reflect the progression of renal dysfunction from early stages to mortality, providing a more comprehensive assessment of the impact of intensive glycemic control throughout the progression of kidney disease.



2 Methods


2.1 Trial design and oversight

This study is a post hoc analysis of ACCORD BioLINCC dataset obtain from the NIH upon approval. The design and conduct of the randomized controlled ACCORD trial have been reported previously (13). Briefly, the ACCORD trial was a rigorously designed double two-by-two factorial study. Middle-aged individuals (mean age 62.2 years) diagnosed with diabetes at high cardiovascular risk were assigned to either intensive therapy that targeted HbA1c lower than 6% (42 mmol/mol) or standard group that targeted HbA1c 7–7.9% (53–63 mmol/mol). The ACCORD glycemia trial was halted prematurely after a mean duration of 3.7 years, due to the Data Safety Monitoring Board’s observation of higher mortality rates in the intensive glucose-lowering group (14). This analysis was approved by the institutional review board (IRB) of the participating institution, and the Ethical Review Board of the First Affiliated Hospital of Xi’an Jiaotong University waived the need for additional ethical approval (MC-KYLLSL-2023-005).



2.2 eGFR measurement and endpoint definitions

eGFR was calculated in a standardized manner using the Chronic Kidney Disease Epidemiology Collaboration creatinine equation (15). Participants from the ACCORD glycemia trial with baseline eGFR measurements and two or more follow-up eGFR data were included in analyses. We defined the HCE to capture the clinical severity of kidney outcomes, which encompass all-cause mortality, end-stage renal disease (ESRD) requiring renal replacement therapy or transplantation, a sustained eGFR of less than 15 mL/min/1.73 m2 for at least 30 days, sustained declines in eGFR of 57, 50%, or 40% (each confirmed by a subsequent measurement ≥30 days later), and the eGFR slope (16, 17). In accordance with KDIGO recommendations (18), sustained eGFR <15 mL/min/1.73 m2 was incorporated into the ESRD category in the hierarchical composite for Win Odds analysis. The analysis will be restricted to events and eGFR measurements up to a specified cut-off of 3 years following randomization. The acute event will be considered to have occurred at the initial visit, which is Day 14 (this will be divided by 360 to convert to years). The coefficient for the chronic phase will also be derived, which is the proportion of the length of the chronic phase (total follow-up minus the acute phase) divided by the total follow-up for an individual (19). This will be used to derive the total GFR slope from the two-slope power-of-the-mean model.



2.3 Statistical analysis

Baseline characteristics of participants were presented as frequencies with percentages, means with standard deviation, or medians with interquartile ranges. The HCE was analyzed using WOs, an adaptation of win ratio (20) to include ties (a tie is considered a half loss and a half win for each group). For each patient pair, the winner was identified sequentially based on the severity of clinical events, from the most severe to the least severe. If one patient experienced an event, that patient was deemed the winner, with earlier occurrence further conferring an advantage; if neither patient experienced an event, the pair was considered a tie (21). The hierarchical comparison of HCE components is provided in Supplementary Table 1.

WOs were computed by summing the wins and half of the ties, then dividing by the total losses plus half of the ties (22). Maraca plot was used to visualize the contribution of components of HCE over time, combining time-to-event outcomes with a continuous outcome (23). In the Maraca plot, the x-axis represents a consistent follow-up duration for each dichotomous outcome, arranged by severity. The continuous outcome covers the entire range of possible values. The width of each component corresponds to its proportional contribution to the composite outcome. The Win Odds framework accounts for clinical severity by applying a predefined hierarchical structure to composite outcomes. As part of the sensitivity analyses, the hierarchy was extended to include albuminuria components defined by the urinary albumin-to-creatinine ratio (uACR), including incident macroalbuminuria (uACR ≥300 mg/g) and microalbuminuria (uACR 30–299 mg/g), which were placed after sustained eGFR decline events. Cox proportional hazards models were also used to evaluate the effect of intensive versus standard intervention on the time to first event across binary components of HCE, with results presented as HRs and 95% CIs. A two-slope mixed-effects model was applied to evaluate treatment effects on overall eGFR slope, with results presented as means and 95% CIs. The Cumulative incidence functions and Kaplan–Meier (KM) curves were used to estimate the probability of achieving each HCE component. All analyses were performed using Stata version 18.0 and R version 4.4.2.




3 Results

After excluding participants without baseline eGFR data (n = 48) or those with fewer than two eGFR measurements (n = 355), the analysis included a total of 9,848 participants, comprising 4,931 in the standard treatment group and 4,917 in the intensive treatment group (Supplementary Figure 1).

The median age was 62.7 years, and 38.3% participants were female. In terms of disease history, 54.6% used aspirin, and 34.9% had a history of cardiovascular disease. The prevalence of dyslipidemia and hypertension was 94.2 and 96.4%, respectively. Baseline laboratory measurements showed a mean eGFR of 91.1 mL/min/1.73 m2, with 92.0% having an eGFR more than 60 mL/min/1.73 m2. Blood pressure, LDL, HDL, BMI, and glucose values were comparable across groups (Table 1).


TABLE 1 Baseline characteristics by randomized group.


	Variable
	Standard Group
	Intensive Group
	Total



	(N = 4,931)
	(N = 4,917)
	(N = 9,848)

 

 	Demography 	 	 	


 	Age 	62.75 (6.62) 	62.73 (6.61) 	62.74 (6.61)


 	Gender 	 	 	


 	Male 	3,044 (61.71) 	3,031 (61.64) 	6,075 (61.68)


 	Female 	1,889 (38.29) 	1,886 (38.36) 	3,775 (38.32)


 	Race 	 	 	


 	White 	3,098 (62.8) 	3,080 (62.64) 	6,178 (62.72)


 	Black 	911 (18.47) 	941 (19.14) 	1,852 (18.8)


 	Hispanic 	358 (7.26) 	341 (6.94) 	699 (7.1)


 	Other 	566 (11.47) 	555 (11.29) 	1,121 (11.38)


 	Education 	 	 	


 	High School 	1,318 (26.73) 	1,292 (26.29) 	2,610 (26.51)


 	College 	1,628 (33.02) 	1,609 (32.74) 	3,237 (32.88)


 	Bachelor 	1,315 (26.67) 	1,255 (25.54) 	2,570 (26.11)


 	Disease history 	 	 	


 	Aspirin 	2,682 (54.40) 	2,696 (54.83) 	5,378 (54.61)


 	Smoking 	575 (11.66) 	610 (12.41) 	1,185 (12.03)


 	Drinking 	1,202 (24.38) 	1,167 (23.74) 	2,369 (24.06)


 	Cardiovascular 	1,694 (34.35) 	1,739 (35.37) 	3,433 (34.86)


 	Dyslipidemia 	4,645 (94.16) 	4,639 (94.35) 	9,284 (94.25)


 	Hypertension 	4,740 (96.09) 	4,752 (96.64) 	9,492 (96.37)


 	Laboratory 	 	 	


 	eGFR, mL/min per 1.73 m2 	91.36 (28.51) 	90.8 (25.75) 	91.08 (27.17)


 	eGFR (median, IQR) 	89.7 (76–105.1) 	89.5 (74.8–104.5) 	89.6 (75.4–104.8)


 	eGFR, mL/min per 1.73 m2 	 	 	


 	≥ 60 	4,554 (92.32) 	4,510 (91.72) 	9,064 (92.02)


 	<60 	377 (7.64) 	407 (8.28) 	784 (7.96)


 	SBP (mmHg.) 	136.43 (17.19) 	136.17 (16.87) 	136.3 (17.03)


 	DBP (mmHg) 	74.95 (10.68) 	74.77 (10.57) 	74.86 (10.62)


 	LDL C (mg/dL) 	104.91 (33.78) 	104.74 (33.82) 	104.82 (33.8)


 	HDL C (mg/dL) 	41.88 (11.39) 	41.79 (11.63) 	41.83 (11.51)


 	BMI (kg/m2) 	32.24 (5.38) 	32.24 (5.41) 	32.24 (5.39)


 	Glucose (mg/dL.) 	175.8 (56.34) 	174.65 (55.59) 	175.22 (55.97)


 	Potassium (mmol/L) 	4.47 (0.5) 	4.48 (0.44) 	4.47 (0.47)





Values are N (%) or mean (SD).
 

A decrease in eGFR slope is the main components in the HCE. Among participants in the intensive treatment group, the most frequently observed outcome was a decline in eGFR slope (56.1%), followed by a 40 and 50% reduction in eGFR. A similar trend was observed in the standard treatment group, where 55.3% of participants experienced a decline in eGFR slope. Severe eGFR declines to below 15 mL/min/1.73 m2 were rare, occurring in only 0.3% of participants in both groups (Figure 1).

[image: Bar graph comparing the number and percentage of events for six HCE components across three groups: Total, Intensive, and Standard. eGFR slope has the highest proportion in all groups, followed by eGFR decline 40% and 50%, with smaller percentages for ACM, ESRD, and eGFR less than 15 mL/min/1.73m².]

FIGURE 1
 Number (%) of individual components of the renal composite endpoint in the ACCORD study in all persons and in the intensive glycemic intervention and standard glycemic intervention groups. ACM, all-cause mortality; ESRD, end stage renal disease.


In this study, all patients who experienced persistent eGFR <15 mL/min/1.73 m2 ultimately progressed to ESRD. Therefore, this event was incorporated into the higher-priority ESRD tier and did not serve as an independent level of comparison in the Win Odds analysis. As shown in Figure 2, tie rates exceeded 54.28% for all components except eGFR slope, which had a lower tie percentage of 39.49%, indicating greater discriminatory power. Using a tie-adjusted formula, the overall Win Odds was 1.03 (95% CI, 0.99 to 1.07), suggesting a slightly favorable trend for the placebo group compared to the intensive treatment group in terms of the HCE.

[image: Bar chart compares outcomes between intensive and standard treatment groups across six kidney-related endpoints, showing percentage of wins for each group and percentage of ties. Categories include all-cause mortality, ESRD, and varying sustained declines in eGFR. Each component is represented by three bars: intensive group wins (pink), ties (gray), and standard group wins (blue). Overall, 30.92 percent of wins are in the intensive group and 29.59 percent in the standard group. Win odds equals one point zero three with a confidence interval of zero point ninety-nine to one point zero seven and p-value zero point one nine seven.]

FIGURE 2
 The Win Odds in the ACCORD trial. Win Odds were computed in a hierarchy: all-cause mortality; ESRD (including sustained eGFR <15 mL/min/1.73 m2); ≥57%, ≥50%, and ≥40% decline in eGFR; and eGFR slope. eGFR slope decline.


The Maraca plot demonstrates more dichotomous outcomes in the active group compared to placebo group, indicating that while the median rate of eGFR decline (shift to the right in the maraca plot) in active compared with the placebo group, the overall difference between groups was not statistically significant (Supplementary Figure 2).

Among 9,848 patients with type 2 diabetes at high cardiovascular risk receiving glucose-lowering therapy in the ACCORD trial, there were 1,987 cases of a 40% decline in eGFR, 840 cases of a 50% decline, 557 cases of a 57% decline, 33 cases of persistent eGFR < 15 mL/min/1.73 m2, 286 cases requiring dialysis, and 622 died. For the composite kidney outcome, which included all-cause mortality, ESRD, and a 40% eGFR decline, the HR was 1.05 (95%CI, 0.97 to 1.13). Similarly, for the composite endpoint including all-cause mortality, ESRD, and a 57% eGFR decline, the HR was 1.07 (95%CI, 0.97 to 1.18). When analyzing the composite outcome of all-cause mortality, ESRD, and a 50% decline in eGFR, the HR was 1.09 (95%CI, 0.98 to 1.22). The WO for the composite kidney outcome was 1.03 (95%CI, 0.99 to 1.07), again revealing no significant difference between the treatment groups (Table 2). Across multiple HCE definitions, almost no significant differences were observed between treatment groups. For the relatively comprehensive HCE (Tiers 1–8), the Win Odds was 1.00 (95% CI, 0.95 to 1.04), and the HR was 1.02 (95% CI, 0.95 to 1.08). When albuminuria-related components (Tiers 6 and 7) were included, treatment effects remained neutral. A slight benefit was observed for the combination of Tiers 7 and 8, with a Win Odds of 1.07 (95% CI, 1.02 to 1.12) (Supplementary Figure 4). Kaplan–Meier survival curves (Supplementary Figure 3) showed minimal divergence between the treatment groups for kidney-related events, supporting the conclusion that intensive glycemic control did not significantly affect kidney outcomes.


TABLE 2 Comparison of time to first event analysis and Win Odds.


	Treatment comparisons
	Intensive vs. standard



	n
	HR (95% CI)

 

 	Event


 	Tier 1: All-cause mortality 	622 	1.18 (1.01 to 1.38)


 	Tier 2: ESRD 	288 	0.94 (0.74 to 1.18)


 	Tier 3: eGFR <15 mL/min per 1.73 m2 	33 	0.95 (0.48 to 1.88)


 	Tier 4: 57% eGFR decline 	557 	1.11 (0.94 to 1.31)


 	Tier 5: 50% eGFR decline 	840 	1.02 (0.89 to 1.17)


 	Tier 6: 40% eGFR decline 	1,987 	1.02 (0.93 to 1.11)


 	Tier 7: eGFR slopea 	−0.90 (−2.16 to 0.36)


 	Treatment effect composite end point


 	HR (Tier 1 or 2 or 3 or 6) 	1.05 (0.97 to 1.13)


 	HR (Tier 1 or 2 or 3 or 5) 	1.07 (0.97 to 1.18)


 	HR (Tier 1 or 2 or 3 or 4) 	1.09 (0.98 to 1.22)


 	HR (Tier 1 to 6) 	1.04 (0.97 to 1.12)


 	WOsb 	1.03 (0.99 to 1.07)





aEstimated means (95% CIs) derived from the mixed-effects model. bWin Odds were computed in a hierarchy: all-cause mortality; ESRD; sustained eGFR <15 mL/min/1.73 m2; ≥57%, ≥50%, and ≥40% decline in eGFR; and eGFR slope.
 



4 Discussion

This study used the win ratio statistical method to compare the effects of intensive and standard glucose-lowering treatments on HCE, finding no significant difference. Further analyses using Cox modeling across various kidney outcome combinations of differing severity also showed no significant effects.

Some studies investigating intensive glycemic control in patients with T2DM have showed its effectiveness in reducing the risk of early kidney damage. Specifically, the ACCORD trial, ADVANCE trial and the EDIC study reported a lower incidence of microalbuminuria in the intensive treatment group compared to the conventional group (24–26). Likewise, R. Bilous’ analysis of the UKPDS found that tighter glycemic control reduced the relative risk of proteinuria and significantly lowered the proportion of patients with a twofold increase in plasma creatinine levels (27). Furthermore, in the VADT-F trial, a significantly higher proportion of participants in the intensive treatment group retained normal kidney function at study completion (28). Considering the above, the use of isolated and non-continuous renal endpoint endpoints without a clear severity ranking may cause heterogeneities (29). By employing HCE analysis in our study, we conducted a systematic assessment by integrating and hierarchically ranking multiple renal outcomes, including all-cause mortality, ESRD, eGFR decline, and eGFR slope, based on their clinical severity, revealing that intensive glycemic control does not exert significant adverse effects on renal function.

Moreover, while several studies have utilized composite renal outcomes, they predominantly relied on first-event analyses, which may overlook clinically more severe but later-occurring events, such as ESRD or mortality. For instance, a retrospective cohort study found that intensive glucose lowering did not reduce the risk of persistent eGFR below 15 mL/min/1.73 m2, doubling of serum creatinine levels, or ESRD (30). Similarly, a post hoc analysis of the ACCORD trial showed no significant reduction in the need for dialysis, or death from any cause in patients who received aggressive treatment (10). To address this limitation, our study utilized the WOs metric within the win ratio methodology, which prioritizes events based on clinical significance rather than chronological occurrence. This approach mitigates biases associated with traditional first-event analyses and is consistent with KDIGO and ERBP guidelines for standardized renal endpoint monitoring (18, 31, 32).

Our findings demonstrate the complementary strengths of Cox regression and the Win Odds approach in evaluating renal composite outcomes. While Cox models consider the time to first event irrespective of clinical severity, Win Odds emphasizes early and clinically significant events within a fixed 3-year window. This difference explains the limited contribution of rare but severe events, such as sustained eGFR <15 mL/min/1.73 m2, in the Win Odds analysis. Notably, when albuminuria components were incorporated into the hierarchy, Win Odds revealed modestly favorable trends, highlighting the sensitivity of uACR as an early indicator of kidney injury. This is consistent with previous findings, such as those by An et al. (33), which reported that intensive HbA1c reduction may coincide with short-term eGFR decline in patients with elevated uACR. Given the limited number of events for certain uACR-related tiers, this trend should be interpreted cautiously due to the potential for false-positive findings. Collectively, these results underscore the value of hierarchical composite frameworks for capturing nuanced treatment effects across heterogeneous renal outcomes and the importance of including sensitive markers like uACR in future endpoint definitions.

Although the use of a composite outcome strengthens the validity of our findings, the relatively homogeneous patient population may limit the generalizability of the results. Additionally, the relatively short follow-up period restricts the ability to comprehensively evaluate the long-term effects of intensive glycemic control on renal function. Finally, the inclusion of renal status may be incomplete in our study, underscoring the need for more comprehensive assessments in future research.



5 Conclusion

Using hierarchical definitions for kidney endpoints, this study found no significant difference between the intensive and standard glucose-lowering groups. Sensitivity analyses consistently supported this conclusion, suggesting that intensive glycemic control may not provide a clear advantage over standard treatment in improving renal outcomes.
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Type 2 diabetes mellitus (T2DM) is an important risk factor for the development of heart failure (HF), both directly by impairing cardiac function and indirectly through related conditions such as hypertension, coronary heart disease, renal dysfunction, and other metabolic disorders. The prevention of T2DM-related HF is a comprehensive management process involving complex and multifactorial pathogenic mechanisms. An in-depth exploration of the pathophysiological and clinical risk factors of HF in T2DM can assist clinicians in identifying individuals at high risk of HF, enabling early intervention measures to prevent its onset. In this review, we present data on the pathophysiology and epidemiology of T2DM-mediated HF, clinical phenotypic features of cardiomyopathy, and summarize clinical risk factors predicting HF development identified in multiple studies, risk assessment tools, and clinical trial data on the efficacy of lifestyle modifications, pharmacological treatments, and bariatric surgical interventions. Finally, we discuss best practice recommendations for clinicians, highlight potential limitations and challenges, and propose possible future research directions.
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1 Introduction

Diabetes mellitus is a chronic metabolic disease influenced by both genetic and environmental factors, with a prevalence that continues to increase annually. The current global prevalence of diabetes among individuals aged 20–79 years is estimated at 10.5% (536.6 million) and is projected to rise to 12.2% (783.2 million) by 2045, with type 2 diabetes mellitus (T2DM), characterized by insulin resistance, accounting for more than 90% of all diabetes cases (1). The coexistence of T2DM with heart failure (HF), either with preserved ejection fraction (HFpEF) or reduced ejection fraction (HFrEF), is common and is associated with a significantly increased risk of HF hospitalization, all-cause mortality, and cardiovascular mortality. The primary factors contributing to HF in T2DM include coronary artery disease, arterial hypertension, and the direct deleterious effects of T2DM on the myocardium (2). Notably, even in T2DM patients with optimal control of traditional risk factors such as glucose, blood pressure, smoking, and hyperlipidemia, the risk of HF remains significant (3). Furthermore, 50–70% of T2DM patients exhibit asymptomatic left ventricular diastolic or systolic dysfunction, which is challenging to detect at early stages due to limitations in diagnostic techniques (4). However, a well-defined framework of assessments and interventions aimed at preventing or delaying HF progression in T2DM is lacking.Recent American Heart Association/American College of Cardiology/Heart Failure Society of America(AHA/ACC/HFSA)Guidelines and the Universal Definition and Classification of Heart Failure categorize the HF process into four stages (5, 6). According to these guidelines, stage A HF is defined as the absence of structural or functional heart disease or abnormal serum biomarkers (5). All individuals with diabetes are considered at higher risk of developing HF and are classified as stage A HF. As myocardial damage progresses, many patients exhibit asymptomatic structural heart disease or elevated filling pressures, defined as stage B HF. This is followed by the onset of HF signs and/or symptoms, representing stage C HF, which ultimately progresses to severe disruption of daily life, classified as stage D HF (7). Data indicate that 5-year survival rates for HF stages are 97% for stage A, 96% for stage B, 75% for stage C, and 20% for stage D (8). Clearly, progression from stage B to stage C HF significantly worsens the prognosis. Therefore, early detection and intervention to delay or prevent the transition from preclinical HF to symptomatic HF are critical public health objectives.

In the effort to prevent the progression of T2DM-related HF, several comprehensive risk assessment tools have been developed to predict HF risk (9–11). The measurement of cardiovascular biomarkers and evaluation of traditional risk factors offer valuable opportunities for risk stratification and individualized HF risk prediction (12).Simultaneously, advancements in imaging techniques have significantly enhanced the sensitivity for detecting early, mild cardiac dysfunction (13, 14).This review explores the pathophysiology, clinical phenotypes, epidemiological features, and risk factors associated with the development of HF in T2DM. It further analyzes the components and efficacy of various risk scoring systems and emphasizes potential preventive strategies. Lastly, based on the currently available, albeit limited, evidence-based medical data, this review proposes both pharmacological and non-pharmacological preventive measures that may effectively reduce the risk of HF progression.




2 Pathophysiology of myocardial dysfunction in T2DM

The drivers of myocardial dysfunction in T2DM, in addition to the common coexisting conditions of hypertension and coronary artery disease, include hyperglycemia, insulin resistance/hyperinsulinemia, and impaired glucose tolerance. These factors may exert their effects years or even decades before the clinical onset of T2DM (2, 15). The deleterious effects of these mechanisms are associated with various metabolic abnormalities, such as the deposition of advanced glycosylation end products (AGEs), lipotoxicity, and microvascular dysfunction and rarefaction (16). Glucotoxicity, resulting from hyperglycemia, induces protein glycosylation, leading to an increase in AGEs. These are produced by the non-enzymatic glycosylation of lipids, lipoproteins, and amino acids (17). AGEs alter the mechanical properties of the extracellular matrix by increasing resistance to enzymatic protein hydrolysis in connective tissue and enhancing the cross-linking of collagen and laminin. This, in turn, mediates an increase in myocardial fibrosis, decreased compliance, and left ventricular diastolic dysfunction (18). AGEs can also bind to the receptor for AGEs (RAGE), which promotes the expression of inflammatory genes and increases the production of reactive oxygen species (ROS). This contributes further to inflammation, cardiomyocyte apoptosis, fibrosis, and disturbances in the extracellular matrix, leading to adverse cardiac remodeling and dysfunction (17, 19). Hyperglycemia also exacerbates myocardial pathophysiology through the activation of the renin-angiotensin-aldosterone system (RAAS) and the sympathetic nervous system, as well as coronary microvascular dysfunction secondary to end-glycosylation (20). Insulin resistance, a hallmark of T2DM, is associated with reduced myocardial glucose uptake and compensatory increased uptake of free fatty acids (FFAs) (21). Excessive FFAs in the myocardium can lead to increased lipotoxicity and oxidative stress, resulting in damage to the myocardium (22). Furthermore, normal coronary and myocardial insulin signaling promotes the activation of coronary endothelial nitric oxide synthase (eNOS) and enhances nitric oxide(NO) bioavailability, both of which are critical for optimal coronary microvascular blood flow and myocardial function (17) (Figure 1). The harmful interrelationships among these pathophysiological mechanisms may reinforce one another, forming a vicious cycle that mediates myocardial injury and cardiac dysfunction in T2DM (16).
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Figure 1 | Risk factors for HF in T2DM. The deleterious interplay among direct/indirect hyperglycemic effects, activated neurohumoral abnormalities, and concomitant clinical conditions may reciprocally potentiate each other, forming a vicious feedback loop that culminates in myocardial injury and cardiac dysfunction in T2DM patients. T2DM:type 2 diabetes mellitus, HF: heart failure, RAAS: renin-angiotensin-aldosterone system, AGEs: advanced glycosylation end products, eNOS: endothelial nitric oxide synthase. Created by BioRender.com.




3 Phenotypes of T2DM-related cardiomyopathy

In 1972, Rubler et al. reported no evidence of coronary heart disease(CHD) in the autopsy findings of four patients with diabetic glomerulosclerosis and HF. The hearts of these patients exhibited myocardial hypertrophy and fibrosis, suggesting that metabolic factors were responsible for the observed phenomenon (23). Rubler’s observations were later supported by Regan’s study in 1977. This study involved 17 patients with T2DM, in whom CHD had been ruled out by angiography, providing clear evidence of diabetic cardiomyopathy (DCM). The study found elevated left ventricular end-diastolic pressure, reduced left ventricular compliance, and decreased left ventricular ejection fraction (LVEF) with diffuse hypokinesis (24).DCM is characterized by cardiomyocyte hypertrophy, interstitial fibrosis, and impaired coronary microvascular perfusion. In the early stages, DCM usually presents without clinical symptoms, but as the disease progresses, it leads to diastolic or systolic dysfunction. DCM is one of the primary causes of diabetes-related HF and death in patients with T2DM (25). The development of HF in T2DM is not a linear process but involves a series of evolving stages. Long-term exposure to hyperglycemia and insulin resistance (stage A HF) can eventually lead to adverse cardiac remodeling, left ventricular hypertrophy, and cardiac dysfunction (stage B HF) (26). Previous studies have shown that left ventricular diastolic dysfunction can be detected in approximately 75% of T2DM patients, even in the early stages of the disease, including those with normal blood pressure (27). The prevailing view is that left ventricular diastolic dysfunction is one of the first manifestations of DCM and is usually detected earlier than left ventricular systolic dysfunction (28). However, strain analysis and peak systolic velocity measurements have revealed subtle abnormalities in systolic function in 24% of T2DM patients without CHD or left ventricular hypertrophy (29). A recent study showed that altered systolic strain can be detected in patients with T2DM who exhibit normal diastolic function (30). This finding has led to an alternative view that diastolic dysfunction should not be regarded as the first sign of preclinical DCM (14).

Currently, two theoretical perspectives on cardiac dysfunction in DCM are debated: a single clinical phenotype and a dual clinical phenotype (31). The traditional understanding views DCM as progressing from diastolic to systolic dysfunction with structural remodeling, such as left ventricular hypertrophy. The alternative perspective suggests that diastolic and systolic dysfunction in DCM represent a single disease with two distinct phenotypes, which evolve independently into HFpEF or HFrEF (16). Abnormalities in glucose and lipid metabolism, as well as insulin resistance, coexist in obese patients with T2DM, predisposing them to the restrictive/HFpEF phenotype of DCM (diastolic insufficiency).In contrast, autoimmune-associated type 1 diabetes predisposes patients to the dilated/HFrEF phenotype (systolic insufficiency) (16).




4 Epidemiology of HF in T2DM

The global prevalence of T2DM has increased by 30% over the past decade, from 333 million people in 2005 to 435 million in 2015 (32). Contemporary data suggest that the overall prevalence of HF in the general population is 11.8%, with a range of 4.7% to 13.3% (33). In numerous clinical trials involving patients with T2DM, the prevalence of HF at baseline ranged from approximately 10% to 30% (34, 35). In the Reykjavik study, the prevalence of HF among individuals with T2DM was 12%, with a higher prevalence in those over 70 years of age—16% for men and 22% for women (34). In the Kaiser Permanente population, the incidence of HF was nearly three times higher in individuals with T2DM under 75 years of age compared to those without T2DM. In the 75–84 age group, the risk of HF was twice as high in those with T2DM as in those without (35). Several factors contribute to these disparities, with gender, race, and other factors potentially influencing the observed differences. Early Framingham studies indicated that men with diabetes were twice as likely to develop HF as non-diabetic men, while women with diabetes were five times more likely to develop HF compared to non-diabetic women (36). Subsequent observational studies have demonstrated gender differences in the association between T2DM and HF risk, with an increased risk in women. Potential explanations for these gender differences include a greater burden of cardiometabolic risk factors, such as elevated body mass index (BMI) and systolic blood pressure at the time of T2DM diagnosis in women, treatment inertia that disproportionately impacts women, and differences in hormonal profiles (37, 38). Similarly, racial differences exist in the risk of HF associated with T2DM. For example, Black individuals with T2DM have a higher risk of developing HF compared to individuals of other races. Racial disparities in HF risk are largely driven by a higher burden of adverse social determinants of health, including lower incomes and limited access to healthcare among Black individuals (39).




5 Risk factors for HF in T2DM

The increased risk of HF in T2DM is partly attributable to the direct and indirect effects of hyperglycemia(Figure 1). The Atherosclerosis Risk in Communities (ARIC) study provides evidence of subclinical myocardial injury in individuals with prediabetes and T2DM, as assessed by high-sensitivity cardiac troponin T (hs-cTnT) assays. Subclinical myocardial injury increases progressively across the glycemic spectrum, from normoglycemia to prediabetes and diabetes. This is associated with an elevated risk of cardiovascular events, HF, and death, with the highest risk observed in patients with T2DM (40). Blood glucose levels, as measured by glycosylated hemoglobin A1c (HbA1c), serve as an independent biomarker of HF risk in patients with T2DM and even prediabetes (41–43). In T2DM patients, each 1% increase in HbA1c is associated with an 8% higher risk of HF hospitalization or HF-related death (41). In non-diabetic individuals, a 1% increase in HbA1c is associated with a 39% increased risk of HF, independent of other risk factors (43). Additionally, the duration of diabetes is an independent risk factor for HF, with each 5-year increase in the duration of diabetes corresponding to a 17% higher risk of HF (44).

Patients with T2DM often have additional comorbid risk factors for HF, which contribute to indirect myocardial injury. More than 70% of patients with T2DM have elevated blood pressure, and the coexistence of hypertension and T2DM exacerbates vascular remodeling, atherosclerosis, cardiac structural and functional abnormalities, and coronary microvascular dysfunction, all of which increase the risk of HF (45–47). Approximately 60% of individuals with T2DM also suffer from obesity, a common risk factor for both T2DM and HF (48, 49). An earlier study demonstrated that metabolic syndrome (defined by a BMI greater than 29.4 kg/m²) increased the risk of HF more than threefold over 20 years of follow-up. This increased risk persisted even after adjusting for established risk factors for HF (50). Subsequent studies have further shown that central abdominal obesity and high-fat mass are strongly associated with an elevated risk of HF in T2DM patients (51, 52). Chronic kidney disease (CKD) affects approximately 40% of T2DM patients (53).Impaired renal function and albuminuria are important independent risk factors for the development of HF in individuals with T2DM (11, 54). A recent study demonstrated that the degree of elevation in the urinary albumin-creatinine ratio (uACR) was associated with a progressively higher risk of new-onset HF in T2DM. This ranged from microalbuminuria (adjusted hazard ratio [HR], 2.21; 95% CI, 1.59–3.06) to macroalbuminuria (adjusted HR, 6.02; 95% CI, 4.11–8.80) (54). Conversely, slowing the progression of CKD in T2DM patients has been shown to reduce cardiovascular morbidity, particularly HF morbidity and mortality (55). The risk of CHD in individuals with T2DM is at least twice as high as in non-diabetic individuals. This is typically manifested as diffuse, multivessel coronary artery disease or, in some cases, as asymptomatic myocardial infarction, which is a significant cause of cardiac dysfunction, especially HFrEF (56–59). Notably, although some risk factors for HFpEF and HFrEF overlap (e.g., older age, diabetes mellitus, and a history of valvular disease), HFpEF is more commonly associated with women, obesity, and physical inactivity, whereas HFrEF is more commonly associated with men, smoking, and CHD (59–61).




6 Risk prediction of HF in T2DM



6.1 Clinical risk scores to predict HF risk in T2DM

The importance of risk assessment in cardiovascular disease prevention is increasingly emphasized within the academic community. As a result, several HF risk scores based on clinical risk factors in patients with T2DM have been developed (10, 11, 62–69) (Table 1). Among these, two relatively concise and widely validated risk scores are the WATCH-DM(Weight, Age, hyperTension, Creatinine, High-density lipoprotein cholesterol[HDL-c], Diabetes control, Myocardial infarction or coronary artery bypass grafting) risk score and the Thrombolysis in Myocardial Infarction Risk Score for HF in Diabetes (TRS-HFDM).The WATCH-DM risk score is a machine-learning-based methodology designed to predict the 5-year risk of HF in patients with T2DM. The score includes the following variables:BMI, age, hypertension, creatinine levels, HDL-c, fasting glucose, HbA1c, QRS duration, and a history of myocardial infarction or coronary artery bypass grafting (10).The TRS-HFDM score was developed based on results from the SAVOR-TIMI 53 trial and validated in the DECLARE-TIMI 58 trial for predicting the risk of hospitalization for HF. This scoring system, which ranges from 0 to 7, incorporates five independent risk factors: history of previous HF, history of atrial fibrillation, history of CHD, estimated glomerular filtration rate (eGFR), and uACR (11). Both the WATCH-DM and TRS-HFDM scores have been validated in multiple external cohorts, demonstrating adequate identification and risk stratification efficacy (69–72). However, there are some limitations to these risk scores. First, both scores rely solely on clinical risk factors and do not account for the contribution of cardiac biomarkers, such as hs-cTnT and natriuretic peptide concentrations, or some novel biomarkers, in their assessments. This is a significant consideration, as elevated hs-cTnT and natriuretic peptide concentrations are among the strongest predictors of HF in adults, and certain novel biomarkers have prognostic predictive value (73–76). Secondly, dynamic changes in these variables, including indicators related to renal function, are not included in the models. Lastly, the accuracy of these scores in predicting HF risk is limited by the presence of competing risks (77).


Table 1 | Prediction model of primary HF in T2DM patients.
	Author and year of publication
	population
	Time horizon
	Clinical variables
	Number of variables(n)
	Model presentation
	Derivation cohort
	Discrimination



	Yang et al(2008) (62)
	T2DM
without HF(n=7,067)
	5-year risk
	age,BMI,uACR, HbA1c,hemoglobin,CHD
	6
	Regression coefficients
	Electronic
medical records
	0.85


	Pfister et al. (2013) (63)
	T2DM
without HF(n=4,951)
	follow-up 34.5 ± 2.3months
	age,renal dysfunction, diuretic use, HbA1c, diabetes duration, LDL-c, heart rate, left bundle branch block, right bundle branch block,microalbuminuria, previous myocardial infarction, pioglitazone treatment
	12
	Integer score
	PROactive
	0.75


	Hippisley-Cox and
Coupland (2015) (64)
	T2DM
without HF(derivation cohortn=25,480
validation cohort
n=8,189)
	10-year risk
	age, BMI, SBP, cholesterol/HDL-c ratio, HbA1c, deprivation, ethnicity, smoking, diabetes type, diabetes duration,
atrial fibrillation, cardiovascular disease, CKD
	13
	Online calculator
	Electronic
medical records
	0.77


	Halon et al. (2017) (65)
	T2DM
without HF(n=735)
	follow-up
8.4 ± 0.6 years
	left atrium-to
right atrium volume ratio>1,Microvascular disease, SBP
	3
	Regression coefficients
	Cohort study
	0.79


	Segar et al. (2019) (10)
	T2DM
without HF(derivation cohortn=8,756
validation cohort
n=10,819)
	5-year risk
	age, BMI, SBP, DBP, QRS duration, myocardial infarction history,
coronary artery bypass graft surgery history,
fasting plasma glucos, serum creatinine,HDL-c
	10
	Online calculator and
integer score
	ACCORD
	Training: 0·74
and test: 0·77


	Williams et al. (2020) (66)
	T2DM
without HF(n=54,452)
	1-year, 3-year,
and 5-year risk
	age, CHD, blood urea nitrogen, atrial fibrillation, HbA1c, blood albumin, SBP, CKD, and smoking history
	9
	Integer score
	Electronic
medical records
	0.78


	Pandey et al. (2021) (67)
	T2DM
and pre-diabetes
without HF(n=6,799)
	5-year risk
	hs-cTnT, NT-proBNP, high-sensitivity
C-reactive protein, left ventricular hypertrophy
by electrocardiography
	4
	Integer score
	ARIC, DHS,
MESA
	0.74


	Patel et al. (2022) (68)
	T2DM
without HF
(derivation cohort
n=5,080
validation cohort
n=9,155)
	12-year risk
	NT-proBNP,
waist circumference, uACR, eGFR, HbA1c
	5
	Integer score
	Look AHEAD
	0.79


	Segar et al. (2022) (69)
	T2DM
and pre-diabetes
without HF(n=8,938)
	5-year risk
	NT-proBNP, age, BMI, SBP, DBP, QRS
duration, myocardial infarction history,
coronary artery bypass graft surgery history,
fasting plasma glucose, serum creatinine,
HDL-c
	11
	integer score
	ARIC, CHS,
FHS, MESA
	0.76


	Tao et al. (2023) (54)
	T2DM
without HF(n=9,287)
	median follow-up of 4.05 years
	uACR, age, sex
	3
	Regression coefficient
	Electronic
medical records
	0.78


	uACR, age, BMI, SBP, DBP, FPG, serum creatinine, HDL-c, CHD
	9
	0.80


	uACR, age, SBP, CHD, atrial fibrillation, HbA1c, albumin, BUN, eGFR, smoking
	10
	0.81





T2DM:type 2 diabetes mellitus, HF: heart failure, BMI: body mass index, uACR: urinary albumin-creatinine ratio, HbA1c:glycosylated hemoglobin A1c,CHD:coronary heart disease, LDL-c: low-density lipoprotein cholesterol, HDL-c: high-density lipoprotein cholesterol, SBP: systolic blood pressure, DBP: diastolic blood pressure, CKD: chronic kidney disease, hs-cTnT: highly sensitive-cardiac troponin T, NT-proBNP: N-terminal pro B-type natriuretic peptide, FPG: fasting plasma glucose, eGFR: estimated glomerular filtration rate, BUN: blood urea nitrogen.






6.2 Value of cardiac biomarkers in predicting HF risk in T2DM

In recent years, cardiac biomarkers have been explored in various ways for the prediction and diagnosis of cardiovascular disease. These include both biomarkers already in clinical use and newly developed biomarkers still under clinical investigation (78). Numerous studies have confirmed the utility of cardiac biomarkers in guiding the prevention of HF in patients with T2DM (67, 68, 75, 79, 80). The traditional biomarker B-type natriuretic peptide (BNP) is secreted from cardiomyocytes in response to myocardial wall stretch, regulated primarily at the transcriptional level. It is released as a precursor protein (pro-BNP), which is subsequently cleaved into biologically active BNP and the inactive peptide N-terminal pro-BNP (NT-proBNP) (81, 82). In the STOP-HF trial, participants older than 40 years of age and assessed to be at high risk of developing heart failure based on traditional risk factors, including T2DM, were randomly assigned to either BNP screening or usual primary care (79). In the BNP screening group, participants with BNP ≥50pg/mL (indicative of stage B HF) underwent echocardiography and received collaborative care between their primary care physician and a cardiologist. This approach resulted in a 45% reduction in the likelihood of progressing to stage C HF and left ventricular dysfunction compared to the usual primary care group.In the PONTIAC trial, patients with T2DM at high risk for HF and NT-proBNP levels ≥ 125 pg/mL benefitted from intensified neurohormonal blockade therapy and cardiovascular disease specialist care, reducing the risk of subsequent HF by 65% (83). Highly sensitive cardiac troponin (hs-cTn) has also been shown to predict the occurrence of new-onset HF in asymptomatic patients and can identify those at high risk for developing HF (80). The American Diabetes Association (ADA) published a consensus report recommending annual measurement of natriuretic peptides or hs-cTn to identify T2DM patients who may be at risk for stage B HF. Thresholds for identifying stage B HF include BNP ≥ 50 pg/mL, NT-proBNP ≥ 125 pg/mL, and hs-cTn ≥ 99th percentile of the upper reference limit of the assay (84).Several studies have evaluated the combination of biomarkers with risk scoring models or the use of multiple biomarkers to predict HF risk in patients with T2DM (67, 69). An analysis of adults with T2DM or prediabetes, without HF at baseline, in four cohort studies (Atherosclerosis Risk in Communities[ARIC], Cardiovascular Health Study[CHS], Framingham Offspring Study[FHS], and Multi-Ethnic Study of Atherosclerosis[MESA])showed that NT-proBNP alone was more effective in predicting HF in subjects with low/intermediate WATCH-DM scores (<13) than in those with high WATCH-DM scores (≥13) (C-index 0.71 [95% CI 0.68–0.74] vs. 0.64 [95% CI 0.61–0.66]). HF risk identification improved when NT-proBNP levels were combined with WATCH-DM scores, showing greater improvement in low/intermediate risk patients [WATCH-DM score <13] than in those at high risk [WATCH-DM score ≥13] (C-index 0.73 [95% CI 0.71–0.75] vs. 0.71 [95% CI 0.68–0.74]) (69). A 2021 multi-cohort analysis developed a four-item scoring system based on three biomarkers—hs-cTnT (≥ 6 ng/L), NT-proBNP(≥125pg/mL),and high-sensitivity C-reactive protein (≥3mg/L)—as well as electrocardiographic left ventricular hypertrophy. This model was used to predict the 5-year risk of HF in T2DM and prediabetes patients with no history of cardiovascular disease. The results indicated that the risk score was well-calibrated and discriminatory in this population (C-index 0.74, 95% CI 0.68–0.80) (67). Furthermore, soluble suppression of tumorigenicity-2 (sST2), a promising new biomarker in the field of HF, has been demonstrated to correlate with early myocardial fibrosis and predict adverse cardiovascular events in T2DM (85). However, its utility in identifying HF risk among patients with T2DM remains to be established.




6.3 Assessing HF risk by cardiac imaging techniques

In patients with T2DM, subclinical cardiac damage is a frequent concomitant condition, and echocardiography plays a pivotal role in identifying structural or functional cardiac abnormalities that may contribute to the development of HF (86–88). Three echocardiographic index abnormalities have been proposed as potential diagnostic criteria for DCM: left ventricular hypertrophy, left atrial enlargement, and the presence of diastolic dysfunction. The following specific definitions have been used to assess the prognostic impact of DCM and the subsequent development of HF: least restrictive (at least one atypical echocardiographic abnormality), intermediate restrictive (at least two atypical echocardiographic abnormalities), and most restrictive (at least two atypical echocardiographic abnormalities with elevated natriuretic peptide concentrations). The prevalence of DCM was found to range from 67% (using the least restrictive definition) to 12% (using the most restrictive definition). Regardless of the criteria used to define DCM, diabetic patients with DCM had a significantly higher risk (2–4 times higher) of developing HF compared to patients with diabetes alone (89). Given that diabetic myocardial damage often develops insidiously, the advent of two-dimensional speckle-tracking echocardiography has significantly improved the early recognition of left ventricular dysfunction in DCM in recent years (90, 91). Using the more sensitive left ventricular global longitudinal strain (GLS) technique, early minor abnormalities in cardiac systolic function can be detected (30). Data suggest that approximately 45% of patients with T2DM have subclinical left ventricular systolic dysfunction, and that impairment of left ventricular GLS is associated with subsequent HF (87, 92). A combined approach utilizing echocardiographic features and cardiac biomarker concentrations, which considers the presence or absence of abnormal myocardial structure (e.g., left ventricular hypertrophy or concentric remodeling), function (e.g., diastolic dysfunction or abnormal left ventricular strain), and biomarker concentrations (indicating myocardial stretching or injury), further classifies DCM and stage B HF into four subcategories (Stage B1: Elevated biomarkers with normal cardiac structure and function; Stage B2: Elevated biomarkers with atypical cardiac structural abnormalities but normal cardiac function; Stage B3: Elevated biomarkers with atypical cardiac structural and functional abnormalities; Stage B4: Elevated biomarkers, low ejection fraction, and moderate-to-severe valvular disease). This new classification suggests that the risk of developing stage C HF progressively increases from stage B1 to stage B4 (7). Additionally, the ability of other imaging methods, such as cardiac magnetic resonance and radionuclide imaging, to predict the risk of HF in diabetic patients has not been well studied (93). These cardiac imaging methods are not recommended for routine examination in asymptomatic patients.





7 Prevention of HF in T2DM



7.1 Lifestyle interventions

A meta-analysis indicated that structured aerobic, resistance, or combined exercise training, along with dietary advice, improved glycemic control and significantly reduced HbA1c in diabetic patients (94). Exercise was associated with enhanced insulin sensitivity, even when weight loss was modest (defined as ≥3% to <5% weight loss) (95). This finding suggests that the relationship between exercise and improved glycemic control may be independent of weight loss. However, the cardiac benefits of exercise in patients with T2DM may be attenuated (96, 97). In a study utilizing tissue Doppler imaging, 176 patients with T2DM were randomly assigned to exercise training or usual care. No significant differences in myocardial strain or tissue velocities were observed between the two groups after 1 year of follow-up (96). In the multicenter Look Action for Health in Diabetes(Look AHEAD)study, although the intensive lifestyle intervention resulted in modest weight loss and a significant improvement in HbA1c, it did not lead to a reduction in the primary composite outcome, which included hospitalization for cardiovascular causes, non-fatal myocardial infarction, non-fatal stroke, or angina (98). Notably, further analysis of the Look AHEAD data revealed that participants who achieved improvements in fitness and weight loss had a lower subsequent risk of HF at the 4 year follow-up.In adults with T2DM, lifestyle interventions were associated with significant reductions in fat mass and lean mass. Reductions in fat mass and waist circumference, but not lean mass, were significantly associated with a reduced risk of HF. Additionally, reductions in waist circumference were significantly associated with a reduced risk of HFpEF, but not with HFrEF (99). Therefore, exercise interventions are more likely to benefit individuals with T2DM and obesity, particularly through effective body fat reduction, reversal of central obesity, and improvements in cardiorespiratory fitness.




7.2 Pharmacological interventions



7.2.1 Traditional hypoglycemic agents

Metformin and sulfonylureas are commonly used to achieve glycemic control in diabetic patients. In addition to lowering blood glucose, metformin has been shown to have beneficial effects by stimulating insulin action, reducing inflammation, and improving myocardial energy metabolism (100–102). Despite these multiple mechanisms of cardiovascular benefit, current evidence does not support metformin’s ability to reduce HF in T2DM. A study examining the cardiovascular outcomes of the Diabetes Prevention Program (DPP) Trial and the DPP Outcomes Study (DPPOS) found that metformin intervention failed to reduce the risk of HF in T2DM patients during a median follow-up of up to 21 years (103). Other studies have similarly shown that metformin treatment does not reduce the risk of developing HF (104, 105). Sulfonylureas are associated with an increased risk of adverse events in T2DM patients and a higher incidence of hypoglycemia (106–108). A recent meta-regression analysis of 18 studies evaluating the risk of cardiovascular events associated with sulfonylureas found that treatment with sulfonylureas was linked to an increased risk of cardiovascular death and events (109). In the CAROLINA trial, patients with T2DM were randomly assigned to treatment with either the sulfonylurea glimepiride or the dipeptidyl peptidase 4(DPP-4) inhibitor linagliptin. The rate of hospitalizations for HF was similar in both groups (3.1% for glimepiride and 3.7% for linagliptin) (110). Thiazolidinediones, known for their glucose-lowering effects, are also associated with fluid retention, which increases the risk of HF (111). In the PROACTIVE study, patients with T2DM and a history of macrovascular disease were randomized to receive either pioglitazone or placebo. Pioglitazone was found to increase the rate of hospitalization for HF, although this was accompanied by a reduction in cardiac ischemic events (63). In the RECORD trial, a multicenter, open-label study of T2DM patients, rosiglitazone was associated with more than a two-fold increase in the risk of HF (112). Insulin is often added to the treatment regimen when oral antidiabetic medications fail to achieve adequate glycemic control or when oral agents cannot be used. Mechanistically, insulin can contribute to fluid retention and weight gain, and it has been shown that insulin therapy in T2DM patients is associated with an increased prevalence of HF and cardiovascular disease mortality (113). However, contradictory findings exist. In the ORIGIN trial, which enrolled 12,537 patients with diabetes mellitus or prediabetes and followed them for 6 years, the results showed no increase in the risk of HF in patients treated with insulin glargine compared to those receiving standard therapy (114). Similarly, there was no difference in the incidence of HF between the two groups of T2DM patients randomized to ultra-long-acting insulin degludec and insulin glargine in the DEVOTE trial (115). In summary, although traditional oral hypoglycemic agents and injectable insulin are widely used, most do not have a preventative effect on HF, and some may even be harmful. Therefore, new oral hypoglycemic agents offer therapeutic hope for patients with T2DM at high risk for HF.




7.2.2 Novel hypoglycemic agents



7.2.2.1 Sodium-glucose cotransporter 2 inhibitors

SGLT2 inhibitors block glucose reabsorption in the proximal tubules of the kidney, thereby increasing glucose excretion in the urine and improving glycemic control (116). The three SGLT2 inhibitors approved for clinical use are empagliflozin, dapagliflozin, and canagliflozin (117). Recently, a large body of basic and clinical research has elucidated that the cardioprotective effects of SGLT2 inhibitors in patients with T2DM and non-diabetic patients are independent of their antihyperglycemic effects (118). The EMPA-REG OUTCOME trial evaluated the non-inferiority of empagliflozin compared to placebo for major cardiovascular adverse event (MACE) in 7,020 patients with T2DM at very high cardiovascular risk. The results demonstrated that empagliflozin was superior to placebo in reducing the risk of MACE, as well as decreasing the relative risk of hospitalization for HF by 35% (119). Subsequently, the DECLARE-TIMI 58 trial assessed the cardiovascular safety and efficacy of dapagliflozin in patients with T2DM at relatively low cardiovascular risk. Although dapagliflozin did not significantly alter MACE, it was associated with a significant 17% reduction in the composite endpoint of cardiovascular death or first hospitalization for HF, primarily driven by a 27% reduction in first hospitalization for HF (120). Similarly, the CANVAS trial and the VERTIS CV trial showed a 33% and 30% reduction in the risk of hospitalization for HF, respectively, with the use of canagliflozin and ertugliflozin (121, 122). Moreover, SGLT2 inhibitors have demonstrated significant benefits in reducing the risk of major adverse clinical events in patients with CKD. In patients with T2DM and CKD, canagliflozin reduced the relative risk of renal composite adverse events (such as end-stage renal disease, doubling of serum creatinine, or death from renal causes) by 34%, cardiovascular death, myocardial infarction, or stroke by 20%, and, notably, the risk of hospitalization for HF by 39% (123). The DAPA-CKD study, which enrolled adults with an eGFR of 25–75 mL/min/1.73 m² and a uACR of 200–5000 mg/g, demonstrated that dapagliflozin significantly reduced the relative risk of a composite adverse renal outcome, hospitalization for HF, or cardiovascular death, regardless of T2DM status (124). These findings strongly suggest that SGLT2 inhibitors are effective as therapeutic agents in the treatment of T2DM, cardiorenal diseases, and the prevention of HF. Studies in animal models have also revealed some of the mechanisms by which SGLT2 inhibitors improve cardiovascular outcomes, further supporting their clinical benefits. Empagliflozin has been shown to ameliorate left ventricular diastolic dysfunction in db/db mice fed a high-fat western diet by reducing spontaneous diastolic sarcoplasmic reticulum calcium release (125). In the ob/ob-/- mouse model, empagliflozin induced a shift to a more catabolic state, including lower blood cholesterol and HbA1c, higher glucagon/insulin ratios, elevated ketone levels, and an increase in the L-arginine/asymmetric dimethyl arginine ratio (an indicator of endothelial function). These changes led to improvements in cardiac contractility and coronary microvascular function (126). Additionally, in a non-diabetic model, dapagliflozin alleviated myocardial hypertrophy, fibrosis, and excessive collagen synthesis, resulting in a significant improvement in left ventricular GLS (127). A variety of mechanisms underlying the cardiac benefits of SGLT2 inhibitors have been proposed, including diuresis, reduction of inflammation and oxidative stress, improved cardiac energy metabolism, and better intracellular calcium homeostasis. However, more precise mechanisms need to be further elucidated (128–131).




7.2.2.2 Glucagon-like peptide-1 receptor agonists

GLP-1 receptor agonists bind to GLP-1 receptors on pancreatic β-cells, reducing blood glucose levels by promoting insulin synthesis and secretion, inhibiting glucagon secretion, enhancing glucose utilization by peripheral tissues, decreasing hepatic glucose output, and increasing insulin sensitivity to glucose (132). Studies on the primary prevention of HF in patients with T2DM using GLP-1 receptor agonists have yielded mixed results.The LEADER study, an international multicenter, randomized, double-blind, placebo-controlled trial involving 9,340 patients with T2DM at high cardiovascular risk (81.3% of whom had a history of cardiovascular disease), compared the long-term effects of liraglutide (1.2 mg and 1.8 mg) to those of placebo over a mean follow-up of 3.8 years. This study demonstrated that the composite cardiovascular endpoint (cardiovascular death, nonfatal myocardial infarction, or nonfatal stroke) and HF hospitalization were significantly lower in the liraglutide group compared to the placebo group (133). Subsequent cardiovascular outcome studies involving albiglutide and efpeglenatide in T2DM patients reported a 29% and 39% reduction in the risk of hospitalization for HF, respectively (134, 135). In a meta-analysis of trials evaluating cardiovascular outcomes with different GLP-1 receptor agonists, participants assigned to GLP-1 receptor agonists had a significant 11% lower risk of hospitalization for HF (136). These findings suggest a potential role for GLP-1 receptor agonists in the prevention of HF in patients with T2DM. However, two additional cardiovascular outcome studies involving liraglutide and semaglutide, respectively, demonstrated significant reductions in the risk of MACE, but did not show any effect on the risk of hospitalization for HF (133, 137). Taken together, these results raise questions about the role of GLP-1 receptor agonists in the prevention of DCM. The differences in outcomes may be attributed to variations in patient characteristics, such as obesity, with obese patients being more likely to benefit. These findings highlight the need for further high-quality randomized controlled trials to better understand the potential of GLP-1 receptor agonists in preventing HF in diverse populations of T2DM patients (138).




7.2.2.3 Dipeptidyl peptidase 4 inhibitors

Intestinal insulin-based therapy has emerged as a new strategy for diabetes management, and DPP-4 plays a key role in the clearance of GLP-1 (139). DPP-4 inhibitors improve insulin sensitivity and glucose control by increasing insulin secretion from pancreatic β-cells (140). The SAVOR-TIMI 53 trial enrolled 16,492 patients with T2DM who had a history of, or were at risk for, cardiovascular events. These participants were randomly assigned to receive either saxagliptin or placebo. The results showed that saxagliptin did not affect the risk of MACE but was associated with a 27% increased risk of hospitalization for HF (141). Similarly, a post hoc analysis of the EXAMINE trial revealed that alogliptin was associated with a 76% increased risk of hospitalization for HF in patients with T2DM who did not have a history of HF (142). However, the Trial Evaluating Cardiovascular Outcomes With Sitagliptin(TECOS), a randomized, double-blind study enrolling 14,671 patients with T2DM and cardiovascular disease, found that sitagliptin did not increase the risk of hospitalization for HF (143). In two additional cardiovascular outcome trials involving linagliptin, no increased risk of hospitalization for HF was observed (133, 144). In conclusion, these studies suggest that DPP-4 inhibitors may increase the risk of HF in some patients with T2DM. However, they also indicate that certain DPP-4 inhibitors may be safe. Given that other antidiabetic medications are available with favorable safety and efficacy profiles for the prevention of HF, DPP-4 inhibitors should be avoided in patients at risk for developing HF.




7.2.2.4 Renin-angiotensin system inhibitors

Approximately two-thirds of individuals with T2DM also have arterial hypertension (145). For blood pressure management in T2DM, the ADA recommends a target of less than 140/90 mmHg if the estimated 10-year risk of atherosclerotic cardiovascular disease (ASCVD) events is less than 15%. If the risk is 15% or more, the target should be less than 130/80 mmHg (117). Notably, intensive blood pressure lowering (systolic blood pressure less than 120 mmHg) did not provide additional benefits in reducing the risk of HF compared to a target of less than 140/90 mmHg (146). Angiotensin-converting enzyme inhibitors (ACEIs) or angiotensin receptor blockers (ARBs) are the preferred drugs for treating hypertension in T2DM, particularly in the presence of proteinuria (147). In many cases, however, patients treated with optimal doses of ACEIs or ARBs may experience aldosterone escape, leading to activation of the mineralocorticoid receptor(MR) signaling pathway. This can contribute to the development of diabetes-induced HF by promoting fibrosis and insulin resistance (148). Therefore, MR antagonists (MRAs) therapy becomes crucial. Steroidal MRAs, such as spironolactone and eplerenone, are associated with significant side effects, particularly when combined with ACEIs or ARBs, often leading to hyperkalemia (149). Non-steroidal MRAs are considered more potent and have a lower risk of hyperkalemia compared to steroidal MRAs (150). Further analysis of data from the FIGARO-DKD trial, which assessed new-onset HF (hospitalization for HF in patients without a history of HF) and total HF hospitalizations, showed that finerenone significantly reduced the incidence of new-onset HF (1.9% vs. 2.8%; HR 0.68 [95% CI, 0.50–0.93]; P=0.0162). In the overall population, finerenone was associated with an 18% reduction in cardiovascular death or first hospitalization for HF, a 29% reduction in the risk of first hospitalization for HF, and a 30% reduction in total hospitalization for HF (151). The FIGARO-DKD trial findings indicated that finerenone reduced new-onset HF and improved HF outcomes in patients with CKD and T2DM, independent of a history of HF.Effective prevention of HF hospitalization by finerenone was also observed in the FIDELIO-DKD trial, which showed a 14% reduction in risk (152). A combined analysis of the FIDELIO-DKD and FIGARO-DKD trials found that the reduction in composite cardiovascular outcomes was primarily driven by a reduction in HF hospitalizations (HR 0.78; 95% CI 0.66–0.92) (153). A meta-analysis revealed that for most patients with T2DM and CKD, there were 10 additional cases of hyperkalemia per 1,000 patients over five years of non-steroidal MRA treatment, but a reduction of 16 deaths, 21 HF hospitalizations, and 14 cases of end-stage renal disease (154). This highlights the benefits of finerenone as a new-generation MRA, which outweigh its side effects.The ADA guidelines recommend adding MRAs if T2DM patients with hypertension are on three antihypertensive medications, including diuretics, and their blood pressure is not at target (117). Given that finerenone achieves equal concentrations in heart and kidney tissue—unlike the higher concentration of spironolactone and eplerenone in the kidney—and due to its higher selectivity and fewer side effects, it may be preferable to choose finerenone when adding an MRA for T2DM patients with HF or at high risk of HF (153, 155). The 2023 European Society of Cardiology (ESC) guidelines state that finerenone (Recommended for 1A) should be added to ACEIs or ARBs in patients with T2DM complicated by an eGFR > 60 mL/min/1.73 m² with a urinary albumin-to-creatinine ratio (uACR) ≥ 300 mg/g, or an eGFR of 25 to 60 mL/min/1.73 m² with a uACR ≥ 30 mg/g, to further reduce cardiovascular events and renal failure (156). However, research on whether to add RAAS agents to T2DM patients without hypertension or proteinuria, but at high risk of HF, is lacking.






7.3 Bariatric surgery

Metabolic surgery, which leads to long-term weight loss of 15-25%, has increasingly become a treatment for obesity and T2DM due to its positive impact on overall metabolism in these patients (157–159). Three large population studies have demonstrated a clear link between weight loss and the incidence of HF (160–162). In the SOS study, which included 2,003 patients who underwent bariatric surgery and 2,030 controls, the surgery cohort experienced the greatest weight loss (mean weight loss of 41 kg) and the lowest risk of HF at 1 year (160). Another study compared 25,804 patients who underwent gastric bypass surgery with 13,701 patients who underwent lifestyle changes, finding that the surgical cohort had a 46% reduction in the incidence of HF during a median follow-up of 4.1 years (161). Similarly, a large observational study in the United States of more than 180,000 insured individuals with obesity showed that after a median follow-up of 4 years, patients who underwent metabolic surgery had a 54% reduction in the risk of new-onset HF, with similar results observed in both patients with and without T2DM (162).A meta-analysis suggests that the cardioprotective effects of bariatric surgery are associated with the restoration of left ventricular hypertrophy and improvements in left ventricular geometry and diastolic function (163). Several studies have indicated that bariatric surgery may also have beneficial effects on subclinical myocardial dysfunction (164–168). The beneficial impact of metabolic surgery on the risk of HF in patients with T2DM may be attributed to both direct improvements in cardiac structure and function, as well as the reversal of hemodynamic changes and regenerative cell exhaustion. Additionally, metabolic surgery indirectly affects other risk factors such as hypertension, metabolic disturbances, and obesity (163, 169–172).





8 Best practices for clinicians

Based on current understanding of early screening for HF in T2DM, the following process is summarized (Figure 2): First, regular screening is recommended.The ADA guidelines suggest annual screening (84). Second, a clinical risk score can be useful as an initial step in screening. For cardiac biomarker screening, although it is reasonable to conduct it annually as recommended by the ADA, the clinical validity and cost-effectiveness of this approach for the entire T2DM population require further evaluation. Echocardiography may also be considered directly, without prior cardiac biomarker assessment, in patients with high clinical risk scores. This is because the presence of cardiac structural and functional abnormalities in these individuals can identify stage B HF, even in the absence of biomarker testing, necessitating aggressive intervention (7, 26). Third, elevated clinical risk or abnormal levels of cardiac biomarkers (e.g., BNP ≥50 pg/mL, NT-proBNP ≥125 pg/mL, or hs-cTn ≥99th percentile), in combination with echocardiogram evaluation, further subdivides stage B HF (B1-B4). This should prompt aggressive risk factor modification, lifestyle interventions, increased physical activity, weight loss, and early initiation of SGLT2 inhibitors, which should be progressively intensified as the stage B classification advances (7). Fourth, if comorbid CKD is present (uACR ≥30 mg/g or reduced eGFR), a combination of SGLT2 inhibitors and finerenone should be initiated immediately. Finally, patients at high risk should seek evaluation from a cardiologist at or after starting the recommended preventive measures, especially those with stage B3 or B4 HF.

[image: Flowchart for type 2 diabetes showing risk assessment using scores and biomarkers, leading to identification of heart failure (HF) stage A or B, with subcategories based on cardiac biomarkers and structure; interventions include prevention, reassessment, and lifestyle measures.]
Figure 2 | Early screening of HF in patients with T2DM. Screening strategy: i. Following ADA guidelines, it is recommended to screen all T2DM patients annually for Stage B HF using BNP (≥50 pg/mL) or NT-proBNP (≥125 pg/mL); clinical risk scores can be used as an initial screening tool, with high-risk patients directly undergoing echocardiography. ii. Subclassification of B1-B4 stages: Based on biomarker abnormalities and echocardiographic results, Stage B is further subdivided, necessitating intensified lifestyle interventions, weight loss, and early initiation of SGLT2 inhibitors. iii. In patients with comorbid CKD (uACR ≥30 mg/g or reduced eGFR): Immediately initiate combination therapy with SGLT2 inhibitors and finerenone. iv. Treatment intensity: Gradually escalate intervention measures with the progression of Stage B. T2DM:type 2 diabetes mellitus, HF: heart failure, hs-cTn: highly sensitive-cardiac troponin, BNP: N-terminal pro B-type natriuretic peptide, NT-proBNP: N-terminal pro B-type natriuretic peptide, LV: left ventricle, EF: ejection fraction, SGLT2: sodium glucose cotransporter 2,ADA: American Diabetes Association, CKD: chronic kidney disease, VHD: valvular heart disease. Created by BioRender.com.




9 Current limitations and future directions

Over the past decade, advancements in the field of HF in T2DM have primarily focused on the treatment of symptomatic HF, with limited evidence supporting the assessment and prevention of stage B HF progression to stage C HF. Specifically, tools for early risk stratification and the application of biomarkers have lacked large-scale validation, limiting the formation of clinical consensus. Existing predictive models primarily rely on clinical variables (e.g., age, gender, medical history), without fully incorporating subclinical cardiac structural changes or functional abnormalities (e.g., myocardial strain abnormalities).Additionally, the development of these models is based on regional and ethnic heterogeneity, which constrains their accuracy and generalizability. Large-scale cohort studies stratified by age, sex, and ethnicity are warranted in T2DM populations. By integrating clinical variables, novel biomarkers, and high-sensitivity indicators of cardiac dysfunction, these studies will enable the development of efficient predictive models. The discovery, clinical validation, and application of effective biomarkers are essential. Notably, as a validated surrogate marker of insulin resistance, the triglyceride-glucose (TyG) index significantly correlates with early subclinical HFpEF risk in T2DM and predicts HFpEF prognosis (173–175). This biomarker offers a novel strategy for identifying stage B HF and stratifying risk in T2DM. Emerging proteomic, metabolomic, and epigenetic technologies reveal promising biomarkers including sST2, galectin-3, and non-coding RNAs, which correlate with early myocardial fibrosis or metabolic dysregulation (176–178). However, their prognostic utility for HF progression in T2DM requires validation.Novel ultrasound techniques such as speckle-tracking echocardiography enhance diagnostic accuracy for stage B HF by detecting subtle myocardial strain abnormalities. Continued innovation in cardiac ultrasound will undoubtedly refine HF risk assessment. Moreover, recent research has achieved substantial progress in elucidating mechanisms underlying diabetes-induced myocardial damage, with key insights into mitochondrial dysfunction, apoptosis and ferroptosis regulation (179, 180). Developing precisely targeted therapeutic agents against these mechanisms holds promise for early and precise prevention of T2DM-mediated HF progression.




10 Conclusion

As a major cardiovascular complication in T2DM, HF poses significant clinical challenges.Advances in clinical risk stratification, biomarker profiling, and echocardiographic techniques for predicting HF onset, coupled with the development of novel therapeutics such as SGLT2 inhibitors, MRAs, and GLP-1 receptor agonists, hold promise for reducing the contemporary burden of HF in T2DM. Nevertheless, effective tools for screening high-risk individuals and targeted interventions to mitigate T2DM-driven pathophysiological mechanisms of HF have yet to be established.Consequently, bridging these translational gaps demands sustained advancement across developing accurate HF risk-stratification tools, identifying robust biomarkers and next-generation echocardiographic innovations, creating molecularly targeted therapeutics and ensuring their effective clinical translation.
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Objective: Hyperglycemia and insulin resistance (IR) are common in patients with acute ST-segment elevation myocardial infarction (STEMI). However, the impact of IR on coronary microcirculatory function in non-diabetic STEMI patients remains unclear. This study aimed to investigate the relationship between IR and coronary microcirculation function and the incidence of major adverse cardiovascular events (MACE) at one year after Percutaneous Coronary Intervention (PCI) in non-diabetic STEMI patients.



Methods: A total of 298 non-diabetic STEMI patients who underwent emergency PCI between 2022 and 2024 were retrospectively enrolled. Patients were divided into low, medium, and high groups based on Homeostasis Model Assessment of Insulin Resistance (HOMA-IR tertiles). Coronary microcirculation function was assessed using the index of microcirculatory resistance (IMR) and coronary flow reserve (CFR). IMR, CFR, and MACE were compared among the three groups. Pearson correlation was used to analyze the relationships between HOMA-IR and IMR/CFR. Logistic regression was used to identify predictors of microcirculatory dysfunction, and Cox regression was used to assess risk factors for MACE.



Results: IMR increased and CFR decreased with rising HOMA-IR levels (P < 0.001). HOMA-IR was positively correlated with IMR and negatively correlated with CFR. Patients with higher HOMA-IR levels had significantly higher 1-year MACE incidence than those with lower HOMA-IR. Multivariate logistic regression analysis showed that high HOMA-IR was an independent predictor of elevated IMR (≥25) and reduced CFR (<2.0). Multivariate Cox regression analysis indicated that high HOMA-IR was an independent risk factor for MACE.



Conclusion: In non-diabetic STEMI patients, elevated HOMA-IR is closely associated with coronary microcirculatory dysfunction and increased risk of 1-year MACE. Routine assessment of HOMA-IR may help identify high-risk individuals and support the development of individualized treatment strategies.
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1 Introduction

Acute ST-segment elevation myocardial infarction (STEMI) is a severe form of acute coronary syndrome characterized by rapid onset and high mortality. Emergency percutaneous coronary intervention (PCI) has been widely adopted to reduce the extent of myocardial necrosis and improve both short- and long-term outcomes (1–4). However, even after successful recanalization of the infarct-related artery, a substantial proportion of patients still experience coronary microcirculatory dysfunction post-PCI. This is often manifested as poor myocardial perfusion or the no-reflow phenomenon, which significantly compromises therapeutic efficacy (5–7). Coronary microvascular dysfunction is not only a critical pathophysiological mechanism but has also been strongly associated with adverse cardiovascular events (MACE) following PCI (8).

In recent years, studies have shown that insulin resistance (IR) is prevalent not only in diabetic populations but also in non-diabetic patients with acute myocardial infarction. Moreover, the underlying metabolic disturbances associated with IR may exacerbate ischemia-reperfusion injury and further impair microvascular function (9–11). Although IR is common among STEMI patients, its impact on coronary microcirculation and clinical outcomes has not been thoroughly studied. Particularly in non-diabetic individuals, the clinical significance of “latent IR” has been underrecognized, underscoring the need for further exploration through both mechanistic and retrospective clinical investigations (12–14).

It is worth noting that although some studies suggest that IR may affect coronary perfusion and myocardial repair through various mechanisms (15), systematic research on the relationship between IR, microcirculatory function, and clinical prognosis in non-diabetic STEMI patients remains limited. This study addresses this gap with several innovative aspects. First, it focuses specifically on non-diabetic STEMI patients, thereby eliminating confounding effects of diabetes and its treatments on insulin metabolism and vascular function, and allowing a more accurate assessment of true IR as reflected by the Homeostasis Model Assessment of Insulin Resistance (HOMA-IR) index. Second, the study uses the index of microcirculatory resistance (IMR) and coronary flow reserve (CFR) for evaluation, which are more sensitive and quantitative than traditional TIMI flow grading, providing a more precise assessment of microcirculatory perfusion post-PCI. Third, by examining both immediate microcirculatory function and 1-year MACE during follow-up, the study offers a comprehensive view of the short-term pathophysiology and long-term clinical outcomes associated with IR, adding practical clinical relevance.

Therefore, this study retrospectively enrolled non-diabetic STEMI patients who underwent emergency PCI between 2022 and 2024. IR status was assessed using the HOMA-IR index. We investigated the association between IR and post-PCI coronary microcirculation (as measured by IMR and CFR), as well as 1-year MACE. Multivariate logistic regression and Cox proportional hazards models were used to determine whether IR is an independent predictor of microvascular dysfunction and adverse cardiovascular outcomes, with the aim of providing clinical evidence for early risk stratification and individualized intervention strategies in this patient population.



2 Methods


2.1 Study design and participants

This was a single-center, retrospective cohort study. A total of 298 hospitalized patients diagnosed with STEMI who underwent emergency PCI at our hospital between January 2022 and December 2024 were enrolled.

Inclusion criteria: (1) STEMI was diagnosed by trained clinicians according to the Fourth Universal Definition of Myocardial Infarction; (2) completion of emergency PCI within 24 h of admission; (3) Fasting blood glucose and insulin measured within 48 h after admission were used to calculate the HOMA-IR index, minimizing the influence of stress hyperglycemia; (4) All patients were non-diabetic, with no history of diabetes or use of hypoglycemic agents; abnormal blood glucose (ABG) was defined as fasting glucose ≥7.0 mmol/L or random glucose ≥11.1 mmol/L according to the Fourth Universal Definition of Myocardial Infarction.

Exclusion criteria: (1) a prior diagnosis of diabetes or HbA1c ≥ 6.5%; (2) chronic inflammatory disease, malignancy, or renal insufficiency (eGFR < 30 mL/min·1.73 m2, calculated by the CKD-EPI equation); (3) Cardiogenic shock or need for mechanical circulatory support; prior myocardial infarction (MI), PCI, or CABG; emergency PCI for NSTEMI or variant angina; or unstable angina and elective angiography for stable CAD were excluded to ensure a homogeneous population of first-onset STEMI patients treated with emergency PCI; (4) incomplete clinical data or loss to follow-up.

Patients were stratified into three groups based on admission HOMA-IR (Homeostasis Model Assessment of Insulin Resistance) tertiles: low HOMA-IR group, medium HOMA-IR group, and high HOMA-IR group.

This study was conducted in accordance with the ethical principles of the Declaration of Helsinki and its amendments and was approved by the institutional ethics committee. All data were anonymized and used solely for academic research. The original data were obtained from the hospital's electronic medical records and coronary physiology measurement platform.



2.2 Measurement of variables and grouping

Fasting blood glucose (FBG) and fasting insulin (FINS) data were retrieved retrospectively from the hospital's electronic laboratory records. All tests had been performed as part of routine clinical assessments within 48 h of admission, according to standardized institutional laboratory procedures. Fasting venous blood samples, obtained the morning after admission following the hospital's standard fasting protocol (≥8 h), were used for laboratory analyses. Glucose and insulin were measured in the hospital's central laboratory using automated biochemical analyzers, and the results were expressed in mmol/L and μU/mL, respectively.

Values considered implausible (e.g., due to data entry or assay errors) were verified against original laboratory reports by two independent investigators before inclusion. The HOMA-IR index was calculated using the formula: The HOMA-IR index was calculated using the formula: HOMA-IR = FINS (μU/mL) × FBG (mmol/L)/22.5.

Immediately after PCI, coronary microcirculatory function was assessed using a pressure/temperature sensor-tipped guidewire (PressureWire X, Abbott, USA). The following parameters were measured: Index of Microcirculatory Resistance (IMR): calculated as distal coronary pressure multiplied by mean transit time; IMR ≥ 25 was defined as elevated microvascular resistance. Coronary Flow Reserve (CFR): defined as the ratio of hyperemic to baseline coronary blood flow; CFR < 2.0 was considered reduced microvascular reserve. All assessments were performed immediately after PCI by experienced technicians using a standard adenosine-induced hyperemia protocol.



2.3 Follow-up and observational indicators

All patients were followed for at least one year. Follow-up data were collected via outpatient visits or telephone interviews. MACE included all-cause death, recurrent myocardial infarction, rehospitalization for heart failure, and target vessel revascularization. The first occurrence of any of these events was recorded as MACE.

Primary study endpoints included: immediate post-PCI IMR and CFR values; presence of microcirculatory dysfunction (IMR ≥ 25 and/or CFR < 2.0); and incidence of MACE within one year.



2.4 Statistical analysis

All statistical analyses were performed using SPSS version 26.0 (IBM Corporation, USA). Continuous variables were tested for normality and expressed as mean ± standard deviation. One-way analysis of variance (ANOVA) was used for comparison among the three groups, with Bonferroni correction for pairwise comparisons. Categorical variables were presented as counts and percentages and compared using the chi-square test or Fisher's exact test as appropriate. Pearson correlation coefficients were used to assess linear relationships between HOMA-IR and IMR/CFR. Multivariate logistic regression was used to evaluate the predictive value of HOMA-IR for microcirculatory dysfunction (defined as IMR ≥ 25 and/or CFR < 2.0), with variables selected based on clinical relevance and univariate analysis results. Cox proportional hazards models were used to analyze the relationships between HOMA-IR, IMR, CFR, and 1-year MACE, with hazard ratios (HRs) and 95% confidence intervals (CIs) calculated after adjustment for potential confounders. A two-tailed P value < 0.05 was considered statistically significant.




3 Results


3.1 Baseline characteristics across HOMA-IR tertiles

A total of 298 non-diabetic STEMI patients were included in this study and divided into three groups based on HOMA-IR tertiles: low (n = 99), medium (n = 100), and high (n = 99). There were no statistically significant differences among the three groups in terms of age, sex, BMI, smoking history, hypertension, admission glucose, HbA1c, lipid profile, creatinine, or left ventricular ejection fraction (LVEF) (all P > 0.05), indicating good comparability across groups (Table 1).



TABLE 1 Baseline characteristics Among HOMA-IR groups.



	Variable
	Low HOMA-IR (n = 99)
	Medium HOMA-IR (n = 100)
	High HOMA-IR (n = 99)
	F/χ2
	P-value





	Age (years)
	60.2
	61.4
	62.1
	0.80
	0.426



	Male (%)
	72 (72.7%)
	74 (74.0%)
	75 (75.8%)
	0.25
	0.882



	BMI (kg/m2)
	24.8
	25.1
	25.6
	0.83
	0.412



	Smoking history (%)
	51 (51.5%)
	55 (55.0%)
	56 (56.6%)
	0.46
	0.633



	Hypertension (%)
	46 (46.5%)
	50 (50.0%)
	52 (52.5%)
	0.62
	0.537



	Admission glucose (mmol/L)
	6.1
	6.3
	6.5
	1.08
	0.281



	HbA1c（%）
	5.7
	5.8
	5.9
	0.89
	0.372



	Total cholesterol (mmol/L)
	4.3
	4.5
	4.6
	0.97
	0.334



	LDL-C (mmol/L)
	2.6
	2.7
	2.8
	1.06
	0.291



	Creatinine (μmol/L)
	83.2
	85.1
	86.7
	0.82
	0.439



	LVEF (%)
	53.4
	52.8
	52.2
	0.73
	0.468




	Data are presented as means for continuous variables or counts (percentages) for categorical variables. HOMA-IR, Homeostasis Model Assessment of Insulin Resistance; BMI, body mass index; HbA1c, glycated hemoglobin; LDL-C, Low-density lipoprotein cholesterol; LVEF, Left ventricular ejection fraction. Comparisons among the three HOMA-IR groups were performed using one-way analysis of variance (ANOVA) for continuous variables and chi-square (χ2) tests for categorical variables. P  <  0.05 was considered statistically significant.









3.2 Coronary microcirculatory function by HOMA-IR level

To explore the effect of insulin resistance on coronary microcirculatory function, we compared post-PCI IMR and CFR values among the three groups. IMR was significantly higher, and CFR significantly lower, in the high HOMA-IR group (P < 0.001 for both) (Table 2). Bonferroni post hoc comparisons revealed that IMR was significantly higher in the high HOMA-IR group than in the medium (P = 0.004) and low groups (P < 0.001). Similarly, CFR was significantly lower in the high group than in the other two (both P < 0.001), suggesting that higher IR is associated with increased microvascular resistance and decreased coronary flow reserve.



TABLE 2 Coronary microcirculatory function Among HOMA-IR groups.



	Indicator
	Low HOMA-IR (n = 99)
	Medium HOMA-IR (n = 100)
	High HOMA-IR (n = 99)
	F-value
	P-value
	Bonferroni comparison





	IMR
	21.8 ± 7.2
	25.7 ± 8.4
	29.6 ± 9.1
	14.89
	<0.001
	High > Medium (P = 0.004); High > Low (P < 0.001)



	CFR
	21.8 ± 7.2
	2.39 ± 0.51
	2.01 ± 0.49
	22.17
	<0.001
	High < Medium (P < 0.001); High < Low (P < 0.001)




	Data are expressed as mean  ±  standard deviation. IMR, Index of microcirculatory resistance; CFR, Coronary flow reserve; HOMA-IR, Homeostasis Model Assessment of Insulin Resistance. Comparisons among the three groups were performed using one-way analysis of variance (ANOVA), with Bonferroni correction for pairwise multiple comparisons. Higher IMR indicates increased microvascular resistance, while lower CFR reflects reduced coronary flow reserve. P < 0.05 was considered statistically significant.









3.3 Correlation between HOMA-IR and microcirculatory parameters

We further analyzed the correlation between HOMA-IR and microvascular indicators. As shown in Table 3, HOMA-IR was significantly positively correlated with IMR (r = 0.436, P < 0.001), and negatively correlated with CFR (r = –0.408, P < 0.001). These findings support a strong association between higher IR and impaired coronary microcirculatory function.



TABLE 3 Correlation between HOMA-IR and microcirculatory function.



	Indicator
	Correlation coefficient (r)
	P-value
	Direction
	Clinical interpretation





	HOMA-IR vs. IMR
	0.436
	< 0.001
	Positive
	Higher HOMA-IR → Higher microvascular resistance



	HOMA-IR vs. CFR
	−0.408
	< 0.001
	Negative
	Higher HOMA-IR → Lower coronary flow reserve




	HOMA-IR, Homeostasis Model Assessment of Insulin Resistance; IMR, index of microcirculatory resistance; CFR, coronary flow reserve. Correlation analysis was performed using Pearson correlation coefficients to evaluate the linear relationship between HOMA-IR and microcirculatory function parameters. A positive correlation indicates a direct relationship, while a negative correlation indicates an inverse relationship. P < 0.05 was considered statistically significant.









3.4 Logistic regression: predictive value of HOMA-IR for microvascular dysfunction

Based on the established correlation between HOMA-IR and microcirculatory parameters, we further explored whether HOMA-IR serves as an independent predictor of coronary microvascular dysfunction. According to previous literature and clinical guidelines, IMR ≥ 25 and CFR < 2.0 were defined as the thresholds for microcirculatory dysfunction. Univariate analysis revealed that the incidence of dysfunction was significantly higher in the high HOMA-IR group (61.6%) than in the low HOMA-IR group (28.3%) (χ2 = 21.76, P < 0.001). After adjusting for age, sex, LVEF, and Killip classification, multivariate logistic regression showed that high HOMA-IR was an independent risk factor for elevated IMR (P = 0.001) and a significant predictor of reduced CFR (P = 0.006) (Table 4). These findings suggest that not only is insulin resistance linearly associated with microvascular injury, but its elevation is also an independent risk factor for coronary microcirculatory dysfunction, highlighting its potential value for clinical risk identification.



TABLE 4 Logistic regression analysis of HOMA-IR and coronary microvascular dysfunction.



	Dependent variable
	Independent variable
	Adjusted factors
	OR
	95% CI
	P-value





	IMR ≥ 25
	HOMA-IR (High vs. Low)
	Age, sex, LVEF, Killip class
	2.84
	1.52–5.29
	0.001



	CFR < 2.0
	HOMA-IR (High vs. Low)
	Age, sex, LVEF, Killip class
	2.41
	1.28–4.55
	0.006




	Logistic regression models were used to evaluate whether high HOMA-IR levels were independently associated with coronary microvascular dysfunction, defined as IMR ≥ 25 or CFR < 2.0. HOMA-IR, Homeostasis Model Assessment of Insulin Resistance; IMR, index of microcirculatory resistance; CFR, coronary flow reserve; LVEF, left ventricular ejection fraction; OR, Odds ratio; CI, Confidence interval. models were adjusted for age, sex, LVEF, and Killip classification at admission. P < 0.05 was considered statistically significant.









3.5 One-year MACE incidence and Its association with HOMA-IR

To further assess the impact of insulin resistance on long-term clinical outcomes, we conducted a 12-month follow-up for all three HOMA-IR groups to monitor MACE, including all-cause mortality, recurrent myocardial infarction (MI), heart failure hospitalization, and target vessel revascularization. As shown in Table 5, a total of 68 MACE events (22.8%) occurred during follow-up, including 18 deaths, 12 recurrent MIs, 26 heart failure hospitalizations, and 12 revascularizations. The incidence of MACE significantly differed among the three groups (χ2 = 14.82, P = 0.001), with the highest occurrence in the high HOMA-IR group. Kaplan–Meier survival curves demonstrated that patients in the high HOMA-IR group had the lowest event-free survival, and the difference was statistically significant (Log-rank P < 0.001). These results indicate that elevated HOMA-IR levels are associated with increased risk of MACE in non-diabetic STEMI patients within 1 year post-PCI and may serve as a potential biomarker for long-term risk stratification.



TABLE 5 One-Year MACE incidence across HOMA-IR groups.



	HOMA-IR group
	MACE cases (%)
	All-cause death
	Recurrent MI
	HF hospitalization
	Revascularization





	Low
	13 (13.1%)
	3
	2
	5
	3



	Medium
	21 (21.0%)
	6
	4
	9
	2



	High
	32 (32.3%)
	9
	6
	12
	5




	MACE, major adverse cardiovascular events; MI, myocardial infarction; HF, heart failure; HOMA-IR, Homeostasis Model Assessment of Insulin Resistance. MACE was defined as the first occurrence of any of the following events within 12 months after PCI: all-cause death, recurrent MI, hospitalization for heart failure, or target vessel revascularization. Event data were collected through outpatient visits and/or structured telephone follow-up. Differences in MACE incidence across HOMA-IR groups were analyzed using the chi-square test. P < 0.05 was considered statistically significant.









3.6 Cox regression analysis: HOMA-IR as an independent predictor of MACE

To determine whether HOMA-IR is an independent predictor of long-term adverse cardiovascular outcomes, we constructed a multivariate Cox proportional hazards model, adjusting for potential confounders including age, Killip class, LVEF, peak troponin levels, and pre-procedural TIMI flow grade. The analysis revealed that high HOMA-IR was an independent predictor of MACE (HR = 2.76, P < 0.001). In addition, IMR ≥ 25 (P = 0.013) and CFR < 2.0 (P = 0.011) were also independently associated with higher MACE risk (Table 6). These results underscore the prognostic value of HOMA-IR in non-diabetic STEMI patients and emphasize the importance of assessing coronary microvascular function in postoperative risk stratification. The multivariate Cox regression outcomes are visually summarized in Figure 1, showing that elevated HOMA-IR, IMR ≥ 25, and CFR < 2.0 were all independently associated with increased risk of MACE.



TABLE 6 Cox regression analysis: predictors of One-year MACE.



	Variable
	HR
	95% CI
	P-value





	HOMA-IR (High vs. Low)
	2.76
	1.58–4.83
	<0.001



	IMR ≥ 25
	2.12
	1.17–3.85
	0.013



	CFR < 2.0
	2.36
	1.21–4.59
	0.011




	Cox proportional hazards regression models were used to identify independent predictors of 1-year major adverse cardiovascular events (MACE). HR, HAZARD Ratio; CI, confidence interval; HOMA-IR, Homeostasis Model assessment of Insulin Resistance; IMR, index of microcirculatory resistance; CFR, coronary flow reserve. The models were adjusted for potential confounders, including age, Killip class, left ventricular ejection fraction (LVEF), peak troponin level, and pre-procedural TIMI flow grade. P < 0.05 was considered statistically significant.








[image: Forest plot graphic showing hazard ratios for three risk factors: HOMA-IR high vs. low with a hazard ratio of 2.76 (confidence interval 1.58 to 4.83, p-value less than 0.001), IMR greater than or equal to 25 with hazard ratio 2.12 (confidence interval 1.17 to 3.85, p-value 0.013), and CFR less than 2.0 with hazard ratio 2.36 (confidence interval 1.21 to 4.59, p-value 0.011). Red squares represent hazard ratios and blue lines represent confidence intervals, plotted on a horizontal axis labeled hazard ratio from 0.0 to 5.0.]
FIGURE 1
Forest plot of multivariate Cox regression analysis for predictors of 1-year major adverse cardiovascular events (MACE).





4 Discussion

This study demonstrated that in non-diabetic patients with STEMI, elevated insulin IR, as measured by HOMA-IR, was closely associated with coronary microcirculatory dysfunction after PCI. Specifically, higher HOMA-IR levels correlated with increased IMR and decreased CFR. Further analyses confirmed that HOMA-IR was an independent predictor of both microvascular dysfunction and 1-year MACE, indicating that IR has important prognostic implications even in the absence of overt diabetes.

Our findings highlight several potential pathophysiological mechanisms linking IR to microcirculatory dysfunction in non-diabetic STEMI patients. IR is known to reduce endothelial nitric oxide (NO) bioavailability and impair vasodilation, which may lead to coronary microvascular constriction and reperfusion deficits (16). Moreover, IR activates oxidative stress and the NF-κB signaling pathway, promoting the release of proinflammatory cytokines such as IL-6 and TNF-α, thereby exacerbating myocardial apoptosis and microvascular damage (17, 18). Elevated IR also increases levels of plasminogen activator inhibitor-1 (PAI-1) and enhances platelet aggregation, fostering a prothrombotic state that may hinder effective reperfusion and contribute to increased IMR and reduced CFR (19). Additionally, under insulin-resistant conditions, the myocardium shifts its primary energy source from glucose to fatty acids, which increases oxygen consumption and perpetuates a “metabolism-perfusion mismatch,” further impairing reperfusion quality and myocardial recovery (20, 21). Unlike previous studies that primarily focused on diabetic populations, our study is among the first to confirm these mechanisms' impact on microvascular function and clinical outcomes in non-diabetic individuals, underscoring the need to recognize and manage IR as a “hidden metabolic risk”.

This study suggests that HOMA-IR could serve as a potential biomarker for evaluating microvascular function and long-term prognosis in non-diabetic STEMI patients. In clinical practice, patients with elevated IR may benefit from early lifestyle interventions and possibly insulin-sensitizing therapies to improve microvascular perfusion and reduce MACE risk. Future research should focus on prospective interventional trials to evaluate the clinical benefits of targeting IR in STEMI populations. Furthermore, advanced imaging techniques such as cardiac MRI may help clarify the structural basis and evolution of microvascular dysfunction. The development of combined predictive models incorporating IR and other metabolic biomarkers (e.g., SII, NLR) also holds promise for future exploration.

Despite the important clinical implications of our findings, several limitations should be acknowledged. First, this was a single-center retrospective study, which may introduce selection bias and limit the generalizability of the results. Future multicenter prospective investigations are warranted to confirm these observations. Second, insulin resistance was assessed solely using the HOMA-IR index. Although this measure is widely accepted in clinical research, it is subject to assay variability and lacks the ability to track longitudinal changes over time. Third, detailed quantitative coronary angiographic data (e.g., the number of vessels with ≥50% stenosis or lesion complexity) were not systematically available, as the primary focus of this study was microcirculatory physiology rather than epicardial anatomy. Nonetheless, all included patients had angiographically confirmed culprit lesion occlusion consistent with STEMI, ensuring a homogeneous study population. Finally, noninvasive endothelial assessments (e.g., reactive hyperemia index), inflammatory markers (e.g., C-reactive protein, fibrinogen), and metabolic indicators (e.g., waist circumference, waist-to-hip ratio) were not analyzed, and the role of fractional flow reserve (FFR) in assessing stable plaques was beyond the study's scope. Future prospective studies integrating inflammatory, metabolic, endothelial, and angiographic parameters are needed to further elucidate the interplay among insulin resistance, endothelial dysfunction, and coronary microcirculatory impairment.



5 Conclusion

In summary, elevated HOMA-IR levels in non-diabetic patients with ST-segment elevation myocardial infarction (STEMI) were significantly associated with coronary microcirculatory dysfunction after PCI and predicted an increased risk of 1-year major adverse cardiovascular events (MACE). HOMA-IR was not only an independent predictor of microvascular impairment but also a strong indicator of long-term adverse prognosis. These findings emphasize the clinical importance of routine assessment of insulin resistance in non-diabetic patients and provide a potential reference for early risk stratification and individualized secondary prevention strategies in STEMI management.
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