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Objective: This research is to analyze the connection between NHHR and CKD occurrence using NHANES from 2001 to 2018. It will evaluate the feasibility of NHHR as a tool for predicting CKM syndrome and offer valuable insights for personalized treatment approaches within the U.S. population.

Methods: Data from 16,575 individuals aged 20 to 69 years were analyzed, having excluded those who were pregnant and individuals with incomplete data. CKM syndrome was characterized by the simultaneous presence of CKD and Cardiometabolic Syndrome (CMS). For the statistical analysis, weighted logistic regression models were applied, accounting for variables such as age, gender, ethnicity, educational background, marital status, lifestyle factors, and preexisting health conditions. Differently, restricted cubic splines (RCS) were applied to investigate any possible nonlinear relationships between NHHR and CKM in the study.

Results: The research revealed that the occurrence of CKM syndrome was more prevalent among individuals aged 60 and older, with women representing 55.36% of those affected. Additionally, NHHR levels were notably elevated in CKM patients when compared to those without CKM (p < 0.0001). As NHHR increased, the prevalence of CKM also rose, with the highest prevalence in the highest NHHR quartile (Q4: 36.06%). A positive connection between NHHR and CKM was indicated by multivariable logistic regression, especially in the upper quartiles of NHHR (Q3 and Q4). Moreover, RCS analysis displayed a noteworthy nonlinear connection between NHHR and CKM occurrence. The subgroup analysis uncovered significant interactions influenced by BMI and Hypertension.

Conclusion: With the rising global prevalence of CKM syndrome, early identification of high-risk individuals using NHHR could inform targeted prevention and intervention strategies. Future research should focus on validating NHHR in diverse populations and exploring its clinical utility, as well as examining its relationship with other biomarkers of metabolic dysfunction to better understand CKM syndrome’s complex pathophysiology.
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Introduction

In recent years, the cardiovascular-kidney-metabolic (CKM) syndrome has gained attention as a major public health issue worldwide, owing to its profound effect on both disease burden and mortality rates. CKM syndrome refers to the complex interplay of cardiovascular diseases (CVD), chronic kidney disease (CKD), and metabolic conditions like obesity and Diabetes Mellitus (DM) (1, 2). These conditions often coexist, forming a complex web of pathophysiological mechanisms that significantly increase the risks of both morbidity and mortality, particularly through cardiovascular complications. Extensive research has also confirmed the intricate interrelationships between the cardiovascular, renal, and metabolic systems (3). CKD is widely acknowledged as a significant contributor to CVD, with a reduced estimated glomerular filtration rate (eGFR) closely linked to a heightened risk of CVD and mortality (4). Additionally, the incidence of DM among patients with heart failure is approximately 20%, which is roughly four times higher than in those without heart failure, where the prevalence ranges from 4 to 6% (5). Recent data also shows that nearly 40% of individuals with DM are concurrently affected by CKD (6). In recent decades, the prevalence of CKM syndrome has risen dramatically, driven largely by demographic changes such as aging populations and an increase in lifestyle-related risk factors, including sedentary behavior, unhealthy diets, and rising obesity rates (7). As a result, CKM syndrome has become a major public health challenge worldwide, requiring more comprehensive strategies for early identification, prevention, and management of its associated risks.

The pathogenesis of CKM syndrome is complex, involving metabolic disturbances, chronic low-grade inflammation, endothelial dysfunction, and other contributing factors. Dyslipidemia is considered a significant to the onset of CKM syndrome, with the low-density lipoprotein cholesterol (LDL-C) to high-density lipoprotein cholesterol (HDL-C) ratio being particularly influential. This ratio, as a key marker of lipid metabolism, can well identify and predict the CKM syndrome (8). Recently, the non-high-density lipoprotein cholesterol to high-density lipoprotein cholesterol ratio (NHHR) has garnered significant attention as a novel biomarker for evaluating health risks. NHHR serves as an indicator of an individual’s overall lipid metabolic health and is strongly linked to several chronic conditions. Studies demonstrate that higher NHHR would cause an increased risk of CVD, metabolic syndrome (MetS), and CKD (9–12). With the global increase in obesity and DM, NHHR has become an important focus of academic research as a potential indicator of metabolic disease risk.

While research has demonstrated the connection between NHHR and other severe diseases, the precise correlation with CKM syndrome remains inadequately examined. Consequently, this study intends to examine NHHR and the occurrence of CKD utilizing data sourced from the National Health and Nutrition Examination Survey (NHANES) spanning the years 2001–2018. The ultimate goal is to assess NHHR as a predictive indicator to guide individualized treatment strategies for CKM syndrome. In addition, we will consider various factors, such as age, gender, body mass index (BMI), and blood pressure, to provide more reliable evidence for the early identification and intervention of CKM syndrome.



Materials and methods


Research design and subjects

The NHANES, conducted by the National Center for Health Statistics (NCHS) at the Centers for Disease Control and Prevention (CDC), a cross-sectional, multi-stage probability survey designed to assess the health and nutrition status of individuals in the United States (13). The study protocol was approved by the NCHS Ethics Review Board, and all participants provided written informed consent. This analysis is based on data from the NHANES dataset covering the period from 2001 to 2018, which is available (14).1

Initially, there were 91,351 participants who took part in the study. Throughout the selection process, 42,412 individuals were removed because they were either under 20 years old or pregnant. Additionally, 8,754 participants were excluded due to absent NHHR or CKM data, while 23,610 were excluded due to missing data on covariates including marital status, income-to-poverty ratio, education level, body mass index (BMI), alcohol consumption, smoking habits, CVD, hyperlipidemia, hypertension, and diabetes mellitus (DM), LDL-C/HDL-C. As a result, the analysis ultimately included 16,575 qualified participants. The sample selection method is illustrated in Figure 1.
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FIGURE 1
 Flowchart displaying the selection of participants.




Diagnosis approach to cardiovascular-kidney-metabolic syndrome

CKM syndrome is presently without a standardized diagnostic criterion. In this research, CKM syndrome is characterized by the simultaneous presence of CKD and Cardiometabolic Syndrome (CMS) (15). The diagnosis of Metabolic Syndrome (MS) was based on the NCEP-ATP III criteria, which require the presence of at least three of the following five factors: central obesity (waist circumference ≥ 102 cm for men or ≥ 88 cm for women), elevated triglycerides (≥150 mg/dL), low HDL cholesterol (HDL-C < 40 mg/dL for men or < 50 mg/dL for women), hypertension (systolic BP ≥140 mmHg or diastolic BP ≥90 mmHg), and hyperglycemia (fasting plasma glucose ≥100 mg/dL or use of antidiabetic medications). CKD was identified when the estimated Glomerular Filtration Rate (eGFR) fell below 60 mL/min/1.73 m2, or when the urinary albumin-to-creatinine ratio (UACR) exceeded 30 mg/g. The eGFR was determined utilizing the CKD-EPI creatinine equation established in 2009 (16).



Demographic characteristics and other covariates

The study considered a range of covariates, including factors such as race and ethnicity, educational level, marital status, the poverty-income ratio (PIR), smoking and alcohol consumption habits, physical activity levels, and various metabolic and cardiovascular health conditions. Ethnicity or race was classified as Mexican American, Non-Hispanic White, Non-Hispanic Black, and other racial categories. Educational attainment was classified into three categories: less than high school, high school graduate, and higher than high school. Marital status was divided into groups such as married or living with a partner, widowed/divorced/separated, and never married. The Poverty Income Ratio (PIR) reflected family income relative to the federal poverty line, adjusting for inflation and family size.

Smoking habits were categorized into three groups: individuals who have never smoked (defined as consuming fewer than 100 cigarettes in their lifetime), those who are former smokers (those who have smoked more than 100 cigarettes but no longer do), and current smokers (individuals who have smoked more than 100 cigarettes and continue to smoke). Alcohol consumption was classified into five groups: non-drinkers, former drinkers, light drinkers (females ≤1 drink per occasion, males ≤2 drinks per occasion), moderate drinkers (females 2–3 drinks per occasion, males 3–4 drinks per occasion, or individuals who binge drink at least twice a month), and heavy drinkers (females ≥4 drinks/session, males ≥5 drinks/session, or at least 5 binge drinking episodes per month) (17). For blood pressure measurement, the average SBP and DBP were calculated from multiple readings, excluding the first measurement. Diastolic values of zero were not used in the calculation; If every diastolic measurement registered as zero, the mean would be deemed as zero, particularly when there is just a single blood pressure reading, it was considered as the average. Individuals diagnosed with hypertension by a healthcare provider or were undergoing antihypertensive therapy were also included in the hypertension group. Waist circumference, weight, and height were measured following established protocols, while serum TG and HDL-C levels were determined, and fasting plasma glucose was measured in plasma. Hyperlipidemia was defined by any of the following criteria: triglyceride levels ≥150 mg/dL, total cholesterol ≥200 mg/dL, LDL cholesterol ≥130 mg/dL, or HDL cholesterol levels (men <40 mg/dL, women <50 mg/dL), or the use of medications aimed at lowering lipid levels. DM was diagnosed based on one or more of these conditions: a clinical diagnosis of DM, HbA1c ≥6.5%, fasting blood glucose ≥7.0 mmol/L, random blood glucose ≥11.1 mmol/L, a two-hour OGTT blood glucose ≥11.1 mmol/L, or the use of antidiabetic medications or insulin. CVD was characterized by the existence of any of the subsequent conditions: coronary artery disease, congestive heart failure, myocardial infarction, stroke, or angina.



Statistical analysis

For analyzing categorical data, Chi-square tests were conducted, while Wilcoxon test were applied to assess continuous variables in order to identify differences across groups. To evaluate the relationship between NHHR and CKM syndrome, weighted logistic regression models were utilized. The models incorporated various adjustment variables, including age, sex, race, marital status, PIR, education level, BMI, alcohol use, smoking habits, cardiovascular disease, hypertension, hyperlipidemia, and diabetes mellitus. Additionally, restricted cubic splines (RCS) were used to assess potential nonlinear relationships between NHHR and CKM. The performance of the model is evaluated using the ROC curve, specifically through the AUC value. Additionally, the relationship between NHHR and CKM risk is illustrated via a Nomogram, which enhances intuitive risk prediction.

The data for this study were sourced from the publicly available NHANES datasets, and the process of data collection complied with established ethical standards, which included obtaining written informed consent from every participant. This investigation conformed to pertinent ethical guidelines and operational protocols. All statistical analyses were performed using R software (version 4.3.2) along with the “nhanesR” package (R Core Team, 2023). Statistical significance is defined as a p value of less than 0.05.




Results


Demographic and clinical characteristics of the participants at baseline

The baseline characteristics of participants with and without CKM from the NHANES dataset between the years 2001 and 2018 are displayed in Table 1. The results indicate a higher prevalence of CKM in individuals aged 60 and above, with females accounting for 55.36% of the patients (p < 0.05). Notably, the NHHR of CKM patients was significantly higher than that of non-CKM patients (p < 0.0001). Notable variations in other sample characteristics, such as marital status, education, BMI, alcohol use, smoking habits, presence of CVD, hypertension, hyperlipidemia, DM, and LDL-C/HDL-C were also found between the two groups (p < 0.05). The range of NHHR quartiles was 0.284–1.912, 1.912–2.622, 2.622–3.514, and 3.514–26.667. The prevalence rates increased from 17.77% in Q1 to 36.06% in Q4. The prevalence of CKM syndrome significantly increased with higher NHHR quartiles.



TABLE 1 Baseline characteristics of participants by CKM from the NHANES, 2001–2018.
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The relationship between NHHR and CKM

Table 2 illustrates the relationship between NHHR and CKM, evaluated through multivariable logistic regression models, both with and without the inclusion of covariates. In this evaluation, model 1 adjusted for demographic factors (age, gender, and race); model 2 additionally incorporated more demographic and socioeconomic variables (marital status, education level, PIR, BMI, alcohol, and smoking); while model 3 included all potential confounders outlined in the methods section. When using Q1 as the reference group, model 1 identifies a notable positive relationship between NHHR and CKM in the Q2, Q3, and Q4 categories (Model 1: OR, 1.463; 95% CI: 1.383, 1.547; p < 0.05). Similarly, both models 2 and 3 continue to show a strong positive link between NHHR and CKM in the Q4 categories (Model 2: OR, 1.298; 95% CI: 1.216, 1.386; p < 0.05; Model 3: OR, 1.270; 95% CI: 1.179, 1.369; p < 0.05). When using Q1 as the control group, a significant positive correlation persists between NHHR Q4 (3.514, 26.667) and CKM in Model 3, with an odds ratio (OR) of 1.836; 95% confidence interval (CI): 1.418, 2.377; p < 0.05. Additionally, the trend test yields a value less than 0.05.



TABLE 2 Relationship between NHHR and CKM in the logistic regression models from the NHANES, 2001–2018.
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Nonlinear association between NHHR and CKM

In the analysis, we used RCS regression analysis to explore the nonlinear relationship between NHHR and CKM (Figure 2). The findings indicated a notable nonlinear correlation between NHHR and CKM (p < 0.001), and the overall relationship was highly statistically significant (p < 0.001). Specifically, as NHHR increased, the OR for CKM risk gradually increased, with a marked rise in CKM risk at higher NHHR levels. However, within the lower range of NHHR, the OR showed a downward trend, suggesting that CKM risk may decrease at lower NHHR values.

[image: Figure 2]

FIGURE 2
 Restricted cubic spline of the association between NHHR levels and CKM adjusted for all covariates.




Subgroup analysis

In the subgroup analysis, our results show a significant interaction between BMI and Hypertension (with P for interaction = 0.02 for BMI and P for interaction = 0.007 for Hypertension, as shown in Table 3 and Figure 3). This indicates that with the increase in NHHR, the risk of CKM also rises. However, no such difference was observed in other subgroups.



TABLE 3 Results of subgroup analysis.
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FIGURE 3
 Results of subgroup analysis.




ROC curve analysis and nomogram model

The ROC curve in Figure 4A demonstrates that the AUC values for the two models are 0.774 (95% CI: 0.763–0.784) and 0.563 (95% CI: 0.549–0.578), respectively. A higher AUC value indicates superior classification performance of the model. The NHHR model exhibits a higher AUC value, suggesting that its classification performance surpasses that of the LDL-C/HDL-C model. The Nomogram in Figure 4B illustrates the point distribution for NHHR and the corresponding relationship between total points and risk. This Nomogram allows for an intuitive visualization of the contribution of various variable values to the total points, as well as the linear relationship between total points and risk.
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FIGURE 4
 (A) ROC curve analysis (B) Nomogram model analysis.





Discussion

The growing global burden of CKM syndrome has prompted significant interest in identifying reliable biomarkers that can predict its onset and progression. This research employed information from the NHANES program, which took place from 2001 to 2018, representing a distinctive dataset that offers in-depth perspectives on the health and nutritional conditions of the U.S. populace. Data was gathered through interviews, standardized physical assessments, and biological samples. As far as we are aware, this is the first in-depth study to explore the relationship between NHHR and CKM syndrome in a large and diverse population. Our findings reveal that, even after accounting for various demographic, socioeconomic, and clinical variables, elevated NHHR values are notably correlated with a greater likelihood of developing CKM syndrome. This association suggests that NHHR, as a comprehensive lipid metabolism biomarker assessing CVD risk, may be a vital factor in the development and progression of CKM syndrome. Analyses of sensitivity provided additional backing for the reliability of this association, enhancing the likelihood of NHHR being an important predictive measure for the risk of CKM syndrome. Our findings align with existing literature, underscoring the importance of systemic health factors in maintaining cardiovascular, renal, and metabolic function. Previous studies have shown that in CKM syndrome mouse models, a Western diet rich in fats, carbohydrates, and salt led to more profound and significant metabolic, cardiac, vascular, and renal dysfunction and damage (8).

The association between NHHR and CKM syndrome can be explained through multiple interconnected pathophysiological mechanisms. Lipid dysregulation, characterized by elevated levels of atherogenic lipoproteins (such as non-HDL-C) and reduced levels of protective HDL-C, contributes to endothelial dysfunction, inflammation, and metabolic disturbances—key features that drive the development of CKM syndrome (18). The latest research suggests that HDL-lncRNA LEXIS may be useful to better identify FH subjects with more pronounced vascular damage (19). Moreover, studies suggest that non-HDL cholesterol serves as a more dependable indicator of cardiovascular incidents compared to conventional lipid indicators, like total cholesterol or LDL cholesterol, emphasizing its significance as a risk element in relation to CKM syndrome. Studies have also shown that, in addition to prominent glucose metabolism abnormalities, diabetic patients often exhibit atherosclerotic lipid abnormalities, characterized by elevated non-HDL-C and triglyceride (TG) levels, along with reduced HDL-C concentrations (12, 20, 21). The advantages of NHHR in cardiovascular disease assessment have also been highlighted (22), recent studies also indicate that NHHR is crucial for independently evaluating the risks associated with non-alcoholic fatty liver disease (NAFLD), CKD, and MetS (23–25).

The findings of our research have substantial relevance for assessing risk, preventing, and treating CKM syndrome. Elevated NHHR typically reflects dyslipidemia and lipid metabolism abnormalities, which may indicate underlying pathological processes such as systemic inflammation, endothelial dysfunction, and atherosclerosis. This insight helps identify individuals at high risk for CKM syndrome at an early stage. By monitoring NHHR, clinicians can develop personalized intervention strategies. For instance, for patients with higher NHHR, interventions like improving lipid metabolism, controlling body weight, and enhancing anti-inflammatory treatments can be employed to reduce the risk of developing CKM syndrome. NHHR not only plays a crucial role in clinical risk assessment but can also serve as a biomarker in clinical trials to evaluate treatment effects. For example, in the development of new lipid-regulating drugs, NHHR could be an important indicator for assessing the drug’s impact, particularly in the treatment of cardiovascular and renal diseases. In conclusion, using NHHR as a predictor of CKM syndrome can enhance the sensitivity of clinical diagnoses and enable early detection, providing a theoretical basis and practical guidance for individualized treatment, preventive management, and drug development.

Our study data indicate that individuals aged over 60 years of age, females, those with lower educational attainment, BMI > 30, a history of CVD, smoking, hyperlipidemia, hypertension, and DM exhibit an elevated NHHR, which in turn impacts the prevalence of CKM syndrome. This paper discusses the elderly population as a case example, highlighting that with age, various physiological systems, particularly the cardiovascular, renal, and metabolic systems, undergo gradual deterioration. Older adults often present with chronic low-grade inflammation, endothelial dysfunction, and metabolic disturbances, all of which collectively contribute to the onset of CKM syndrome.

Specifically, the insulin sensitivity of older adults generally decreases, fat distribution changes, and cardiovascular risk increases. These physiological alterations make older individuals more susceptible to CVD, CKD, and metabolic disorders. The prevalence of CVD rises significantly with age. A cohort study conducted in the Netherlands showed that the incidence of CVD increased with age, from less than 9% in those under 65 years to 28% in those aged ≥65 years (26). Additionally, the occurrence of MetS is markedly elevated in older adults. A study conducted in China involving middle-aged and elderly individuals found that around 42.81% of those aged 65 years and above are diagnosed with MetS (27). In a similar trend, the global incidence of chronic kidney disease among older adults has also increased. A thorough examination of the worldwide impact of chronic kidney disease conducted in 2010 revealed that the rates of CKD stages escalate with advancing age, particularly showing significant growth within the demographic of individuals aged 65 and above. In this cohort, the incidence of end-stage renal disease (ESRD) is increasing at the fastest rate, while the overall prevalence of CKD has grown from 10.3 to 13.1%. Notably, for individuals over 70 years, the increase in prevalence is especially marked, climbing from 37 to 47% (28). These findings further emphasize that with advancing age, the interaction between cardiovascular, renal, and metabolic diseases significantly elevates the risk of CKM syndrome.

Furthermore, our subgroup analysis elaborates on the CKM risk in specific high-risk populations. The risk of CKM varies significantly across individuals with different BMI and marital statuses. Obesity is strongly associated with atherosclerosis, coronary artery disease, and hypertension, with the risk of CVD increasing as BMI rises (29). Obesity also places additional burden on the kidneys, leading to hypertension, hyperglycemia, and hyperlipidemia, which in turn impair renal function (30). High BMI is typically linked to MetS (e.g., hyperglycemia, hyperlipidemia, abdominal obesity), which collectively exacerbates the risk of CVD and kidney disorders (31).

Marriage status is another important factor influencing cardiovascular, renal, and metabolic health through various social, psychological, and physiological mechanisms. Married or cohabiting individuals tend to have stronger social support systems and better health behaviors, resulting in a lower CKM risk. In contrast, unmarried or divorced individuals, due to lack of social support and higher life stress, are at a higher CKM risk. A review suggests that being married is linked to a reduced likelihood of experiencing factors that contribute to CVD and leads to improved general health (32). Consequently, intervention strategies must be customized to fit the attributes of various BMI and marital status categories to efficiently decrease the occurrence of CKM syndrome and elevate the patients’ quality of life.

The NHANES serves as a crucial instrument for assessing the health condition of the U.S. population and offers essential information for research in public health. Nevertheless, it is crucial to recognize certain limitations within this dataset. Initially, NHANES mainly functions as a cross-sectional survey, offering data based on a specific moment. This framework constrains its capability to determine causal links or monitor evolving changes over time. Additionally, some of the data in NHANES (e.g., lifestyle factors, dietary habits, smoking, and alcohol consumption) rely on self-reports, which may introduce biases or inaccuracies, particularly when respondents are asked about sensitive behaviors or health conditions. Furthermore, missing data, especially in long-term follow-ups, can compromise the reliability and accuracy of the analysis. To validate the results of this research and investigate the time-related dynamics of the connection between NHHR and CKM syndrome, upcoming studies ought to include longitudinal approaches or the integration of follow-up information. Moreover, integrating biological samples and objective measurements (such as urine or blood samples) could help verify the findings and reduce reliance on self-reported data. Additionally, methods such as multiple imputation or other techniques for handling missing data (e.g., maximum likelihood estimation) should be employed to mitigate the impact of missing data and enhance the robustness of the analysis. These approaches would improve our understanding of the factors associated with CKM syndrome and provide more accurate insights for future prevention and intervention strategies. Although the NHANES data constitutes a substantial database, its sample is limited to the American population. Consequently, the variations in genetic, cultural, and dietary factors among other populations remain unaddressed, which restricts the global applicability of the research findings.



Conclusion

This research underscores the promise of NHHR as an uncomplicated and economical biomarker for evaluating the risk associated with CKM syndrome. Given the rising global prevalence of CKM syndrome, early identification of individuals at high risk using NHHR could help inform targeted prevention and intervention strategies, potentially reducing the burden of this multifactorial syndrome. Future research should focus on further validating NHHR as a predictive marker for CKM syndrome in diverse populations and exploring its utility in clinical practice. Additionally, the interplay between NHHR and other biomarkers of metabolic dysfunction warrants further investigation to better understand the complex pathophysiology of CKM syndrome.
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