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Background: Frailty, characterized by functional decline and disability, is an emerging public health concern in aging populations. Chronic inflammation and low high-density lipoprotein cholesterol (HDL-C) levels are key contributors to the progression of frailty. This study aims to examine the association between the ratio of high-sensitivity C-reactive protein (hs-CRP) to HDL-C and frailty among middle-aged and older adults in the United States.

Methods: Our study included participants aged 45 years and older from the 2015–2020 National Health and Nutrition Examination Survey (NHANES). Logistic regression and restricted cubic spline (RCS) analysis were utilized to assess the relationship between the hs-CRP/HDL-C ratio and frailty, adjusting for potential confounding covariates. Mediation analysis was performed to determine whether plasma proteins mediated this association. Least absolute shrinkage and selection operator (LASSO) regression was employed to identify variables strongly correlated with frailty, and a nomogram was subsequently developed based on these variables.

Results: Our study included 3,626 middle-aged and older participants, among whom 787(21.7%) were identified as frailty. After adjusting for all covariates, a high hs-CRP/HDL-C ratio was identified as a significant risk factor for frailty (OR = 1.736, 95% CI: 1.009–2.988). RCS analysis disclosed a nonlinear correlation between the hs-CRP/HDL-C ratio and frailty incidence. Furthermore, mediation analysis suggested that albumin and globulin partially mediated this association, accounting for 37.82% and 11.23% of the indirect effect, respectively. A nomogram, constructed using variables selected via LASSO regression, exhibited promising discriminative ability, with an area under the curve (AUC) of 79.7% (95% CI: 77.7–81.75%).

Conclusion: Our findings suggest that a higher hs-CRP/HDL-C ratio is associated with an increased risk of frailty among middle-aged and older adults. Albumin and globulin partially mediate this relationship. Additionally, the nomogram developed in our study shows strong predictive ability for identifying individuals at high risk of frailty in this population.
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1 Introduction

The global aging population is growing rapidly (1). Frailty, an age-associated clinical syndrome, serves as an important indicator for identifying individuals at high risk of adverse outcomes, including falls, hospitalization, disability, and mortality (2, 3). It is a multifactorial condition influenced by various biological mechanisms such as chronic inflammation, oxidative stress, nutritional status(e.g., albumin and diet), aging, and physical activity (4). The frailty index (FI) is a widely accepted tool for assessing frailty across populations (5). Given the wide range of complications associated with frailty, it is crucial to identify reliable biomarkers to predict and slow the progression of frailty.

Inflammation plays a crucial role in the development of frailty (6, 7). C-reactive protein (CRP), a well-established marker of inflammation, has been linked to reduced muscle mass and strength (8). However, the relationship between CRP and frailty remains inconclusive. In an observational study by Kamil R. J. et al., no significant association was found between CRP levels and frailty risk (9). Conversely, Luo et al. reported elevated CRP levels among individuals with frailty (10). High-sensitivity CRP (hs-CRP) assays, commonly used in clinical practice, enable precise detection of CRP levels and serve as valuable predictors of cardiovascular disease and stroke (11, 12). In addition to inflammatory markers, lipid metabolism also plays a role in frailty. Reduced high-density lipoprotein cholesterol (HDL-C) levels are frequently observed in individuals with chronic conditions (13). HDL-C, known for its anti-inflammatory properties, has been inversely associated with frailty in older adults (14, 15). Both hs-CRP and HDL-C are common biomarkers for assessing inflammation and lipid status in clinical settings. Previous research has established that the hs-CRP/HDL-C ratio may serve as a risk indicator for new stroke and cardiovascular issues (16). However, few studies have examined the relationship between the hs-CRP/HDL-C ratio and frailty in large, population-based cohorts. Our research aims to explore whether the hs-CRP/HDL-C ratio can serve as a useful biomarker for identifying frailty among middle-aged and older adult individuals. To achieve this, we will analyze extensive data from the National Health and Nutrition Examination Survey (NHANES) spanning from 2015 to 2020. This study presents an opportunity to identify a more reliable biomarker for frailty assessment in middle-aged and older populations.



2 Methods


2.1 Data collection and study population

The data for this study were obtained from the 2015–2020 cycles of the NHANES, a publicly available cross-sectional survey designed to evaluate the health and nutritional status of the U.S. population. Because of the COVID-19 pandemic, data obtained from 2019 to March 2020 were combined with data from the 2017–2018 cycle to form a nationally representative pre-pandemic dataset covering the period from 2017 to March 2020. A total of 3,626 participants aged 45 years and older were included in the final analysis. Individuals with incomplete data required to construct the frailty index, or with missing data for hs-CRP, HDL-C, or other selected covariates, were excluded. The final cohort is representative of approximately 7.05 million non-institutionalized residents of the U.S. A flowchart detailing participant recruitment is provided in Figure 1.
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FIGURE 1
 The participant screening flowchart.




2.2 The hs-CRP/HDL-C ratio

During all three cycles of the NHANES, serum samples were obtained for analysis. Serum levels of hs-CRP (mg/L) and HDL-C (mg/dL) were analyzed at the University of Minnesota, Minneapolis, MN. The hs-CRP/HDL-C ratio was determined by dividing the concentration of hs-CRP by the concentration of HDL-C. The hs-CRP/HDL-C ratio was categorized into quartiles (Q1–Q4) based on its distribution.



2.3 Frailty index

Frailty was evaluated using the frailty index (FI), constructed from 49 health deficits as presented in Supplementary Table S1 (17, 18). The health deficits encompassed various aspects such as cognition, dependency, depressive symptoms, comorbidities, hospital utilization and access to care, physical performance, and laboratory values. The FI was computed by dividing the total number of deficits identified in each participant by the overall number of deficits considered. This index yields a score ranging from 0 to 1, with a higher score indicating a higher number of deficits and a frailer condition. In accordance with previous research (19, 20), frailty status was categorized based on the FI score: an FI score of <0.25 denoting non-frailty, and an FI score of ≥0.25 denoting frailty.



2.4 Covariates

Multiple sociodemographic factors including age, gender (male, female), marital status (non-single and single), ethnicity (Non-Hispanic White, Non-Hispanic Black, Mexican American, and Other Race), and educational level (> High school, High school, <High school) were collected as covariates. Additionally, the family income-to-poverty ratio (FITPR) was classified as < 1.3, 1.3–3.5, and > 3.5 based on the household income to poverty guidelines ratio (21). Lifestyle factors such as physical activity and smoking status were included. Physical activity was assessed using metabolic equivalent minutes per week, calculated by multiplying the total time spent in transportation, work, and recreational activity. Physical activity was categorized as <500 and ≥500 metabolic equivalent minutes per week, based on the World Health Organization’s recommended physical activity level (22). Smoking status was classified into two categories: “no” (individuals who smoked fewer than 100 cigarettes in their lifetime, or previously smoked more than 100 cigarettes but quit and are currently nonsmokers) and “yes” (individuals who smoked more than 100 cigarettes in their lifetime and are currently smokers) (23).

For energy intake, a 2-day dietary value obtained from Day 1 and Day 2 or using data from Day 1 when Day 2 data were missing. Alcohol consumption was categorized into five groups: former drinkers, nondrinkers, mild drinkers, moderate drinkers, heavy drinkers, as indicated in previous studies (24). Medical condition data encompassed BMI (weight in kg divided by height in meters squared), serum creatinine concentration measured in mg/dL using the Jaffe rate method, and various health statuses. Diabetes mellitus status was classified into four categories: Diabetes mellitus (DM, defined as fasting glucose ≥ 7.0 mmol/L, random plasma glucose ≥ 11.1 mmol/L, two-hour OGTT blood glucose ≥ 11.1 mmoL/L; glycohemoglobin HbA1c ≥ 6.5%, self-reported physician-diagnosed diabetes, or current use of antidiabetic drugs), pre-DM (fasting glucose level should be between 6.11 mmol/L and 7.0 mmol/L, or two-hour OGTT blood glucose range from 7.7 mmol/L to less than 11.1 mmol/L), or ‘no’ (normal glucose levels). Hypertension status was determined as ‘yes’ for elevated blood pressure or medication use, and ‘no’ for normal blood pressure. Similarly, stroke status was classified as either “yes” or “no” based on participants’ self-reported history of physician-diagnosed stroke.



2.5 Statistical analysis

Data analysis was conducted using R software version 4.4.0, incorporating the nhanesR (0.9.5.0), ggplot2, rms, and mediation packages (23). In alignment with analytic guidelines, sample weights were incorporated to ensure the national representativeness of the survey. Baseline characteristics of participants were stratified by frailty status, with survey-weighted mean ± standard error [SE] for continuous variables and survey-weighted proportions for categorical variables. Group comparisons were conducted utilizing survey-weighted t-test for continuous variables and survey-weighted Rao-Scott chi-square test for categorical variables. The association between the hs-CRP/HDL-C ratio and frailty status was examined through univariate and multivariate logistic regression models. Covariates were selected based on prior literature and clinical relevance. The crude model was unadjusted for any covariates. Model I adjusted for age, gender, ethnicity, and education status. Model II further included age, gender, marital status, ethnicity, education status, BMI, energy intake, FITPR, physical activity, smoking status, alcohol user status, creatinine levels, and comorbidities (hypertension, DM, and stroke). Results of the logistic regression were presented as odds ratios (ORs) with 95% confidence intervals (CIs). Restricted cubic splines (RCS) regression were used to evaluate potential non-linear relationships between the hs-CRP/HDL-C ratio and FI score. Additionally, multivariable linear regression was used to explore the associations between the hs-CRP/HDL-C ratio and plasma proteins (albumin and globulin). Causal mediation analysis was conducted to investigate if the association between the hs-CRP/HDL-C ratio and frailty status was mediated by plasma proteins. The mediation effect was estimated using bootstrapping with 1,000 resamples, and indirect, direct, and total effects were reported.

To develop and validate a predictive nomogram, the dataset was randomly divided into a training set (70% of the data) and a validation set (30% of the data), stratified by frailty status. Least absolute shrinkage and selection operator (LASSO) regression, implemented using the glmnet package, was applied to identify the key predictors in the training set. The largest penalty parameter lambda (λ) within one standard error of the minimum binomial deviation, was selected based on tenfold cross-validation with 1,000 iterations. Variables with non-zero coefficients were retained for the final model. A nomogram was then constructed using multivariate logistic regression, and its discriminatory performance was evaluated using the receiver operating characteristic (ROC) curve. Statistical significance was defined as a two-sided p value of less than 0.05.




3 Results


3.1 Baseline characteristics

Baseline characteristics stratified by frailty status are presented in Table 1. The study comprised 3,626 participants (2,839 non-frailty and 787 frailty), comprising 1935 males and 1,691 females, with a mean age of 59.67 ± 0.34 years. The frailty group had a significantly higher mean age (63.59 ± 0.55 years) compared to the non-frailty group (58.97 ± 0.36 years, p < 0.0001). Additionally, the proportion of older individuals (≥75 years) was significantly higher in the frail group (17.07%) compared to the non-frail group (7.58%). Notably, the frailty group displayed higher values in hs-CRP/HDL-C ratios, creatinine levels, and a greater incidence of single status, diabetes mellitus(DM), hypertension, and stroke than the non-frailty group. Moreover, the frailty group displayed less values in energy intake than the non-frailty group. Significant intergroup differences were identified across a range of variables, including age, marital status, ethnicity, education level, BMI, energy intake, FITPR, physical activity, creatinine levels, smoking status, alcohol consumption, hs-CRP/HDL-C ratio, diabetes mellitus status, hypertension status, and stroke status, as delineated in Table 1.



TABLE 1 Baseline characteristics of participants.
[image: Table1]



3.2 Association between the hs-CRP/HDL-C ratio and frailty status

Table 2 illustrates the associations between the quartiles of the hs-CRP/HDL-C ratio and frailty status. After adjusting for all confounding covariates, individuals in the highest quartile of the hs-CRP/HDL-C ratio displayed a significantly higher odds ratio (OR) for frailty compared to those in the lowest quartile (OR = 1.736, 95% CI: 1.009, 2.988). The multivariable-adjusted RCS analysis revealed a non-linear relationship between the hs-CRP/HDL-C ratio and frailty, observed in the overall population as well as in subgroups of frailty and non-frailty individuals (P for nonlinear < 0.05, Figures 2A–C).



TABLE 2 Correlations between the four quartiles of hs-CRP/HDL-C ratio and frailty status.
[image: Table2]
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FIGURE 2
 RCS for the correlation between the hs-CRP/HDL-C ratio and frailty index. The RCS analysis was performed in the overall population (A), as well as in subgroups specifically categorized as frailty (B) or non-frailty (C) individuals.




3.3 Associations between the hs-CRP/HDL-C ratio and plasma proteins

Plasma proteins, particularly albumin and globulin, have been associated with nutrition and inflammation (25). In our study, we employed a multivariate linear regression model to explore the connections between the hs-CRP/HDL-C ratio and these plasma proteins. Notably, as depicted in Table 3, the hs-CRP/HDL-C ratio displayed a significantly negative correlation with albumin (β = −0.011; 95% CI –0.013, –0.010, p < 0.0001), while showing a positive association with globulin (β = 0.007; 95% CI 0.006, 0.008, p < 0.0001).



TABLE 3 Multivariate linear regression of hs-CRP/HDL-C ratio with plasma proteins.
[image: Table3]



3.4 The mediating role of plasma proteins in the association between the hs-CRP/HDL-C ratio and frailty

As illustrated in Figure 3, both albumin and globulin displayed significant mediation effects on the association between the hs-CRP/HDL-C ratio and frailty, with mediated proportions of 37.82% (p < 0.001, Figure 3A) and 11.23% (p = 0.016, Figure 3B), respectively.

[image: Figure 3]

FIGURE 3
 Path diagram illustrating the mediating role of plasma proteins. The graphs in (A,B) showed the mediating role of albumin and globulin, respectively.




3.5 LASSO regression and nomogram model

LASSO regression was employed to identify the relevant factors most associated with frailty. The LASSO regression model selected nine factors with non-zero coefficients in the training dataset, including the hs-CRP/HDL-C ratio, age, BMI, gender, FITPR, smoke, DM status, hypertension status, and stroke status (Figure 4) in the final model. These nine independent predictors were subsequently included in the nomogram construction (Figure 5). The ROC analysis demonstrated that the nomogram exhibited strong discriminatory power, with an AUC of 79.7% (95% CI 77.7–81.75%) in the training set and an AUC of 78.2% (95% CI 75.0–81.4%) in the validation set (Figure 6).

[image: Figure 4]

FIGURE 4
 LASSO regression analysis to identify key variables most correlated with frailty. (A) A LASSO regression coefficient plot was constructed. Each curve represents the trajectory of an individual feature coefficient. (B) Cross-validation plot.


[image: Figure 5]

FIGURE 5
 Nomogram for predicting the risk of frailty. The points corresponding to each feature were summed to obtain a total score, and a vertical line was drawn from the total score to determine the ‘frailty risk’. The red points illustrate a specific example: for a 67-year-old male participant with DM and hypertension, but a low hs-CRP/HDL-C ratio, the predicted probability of frailty is 34.1%.
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FIGURE 6
 ROC curves for predicting frailty among middle-aged and older adults, presented for the training dataset (A) and the validation dataset (B).





4 Discussion

The prevalence of frailty is increasing with the aging population. Frailty, characterized by functional decline and increased risk of adverse outcomes such as falls, hospitalizations, and complications (26), arises from multisystem dysregulation and metabolic imbalances (4). Its diagnosis remains clinically challenging, and delayed recognition may lead to increased healthcare costs. Systemic inflammation has been linked to frailty risk (18). A 3-year longitudinal study in China revealed that hs-CRP contributes to frailty development (10). Besides, higher HDL-C levels have been associated with improved well-being and physical health (15, 27). HDL-C, with its roles in reverse cholesterol transport, anti-inflammatory, and antioxidant functions, may exert protective effects against age-related diseases (28). The hs-CRP/HDL-C ratio, a composite marker of inflammation and lipid status, reflects the balance between pro- and anti-inflammatory processes. This ratio has been recognized as a clinically relevant biomarker for cardiovascular diseases(CVD), metabolic dysfunction-associated steatotic liver disease (MASLD), advanced liver fibrosis, and poor outcomes in acute ischemic stroke (16, 29, 30), due to its simplicity and clinical relevance. These conditions, in turn, are known contributors to frailty. CVD may promote frailty by reducing physical activity and functional capacity (31). Similarly, the progression of MASLD is frequently accompanied by sarcopenia, insulin resistance, and chronic inflammation, all of which are implicated in frailty development (32). In older stroke patients, diminished multi-organ function and physiological reserve may reduce the ability to respond to external stressors, thereby increasing frailty risk (33). Therefore, an elevated hs-CRP/HDL-C ratio may contribute to frailty development through its associations with chronic comorbidities and systemic dysfunction. In our nationally representative U.S. sample, we observed a significant and non-linear association between the hs-CRP/HDL-C ratio and frailty risk among middle-aged and older adults. Collectively, these findings suggest that the hs-CRP/HDL-C holds promise as a potential biomarker for frailty assessment in this population.

The precise mechanisms underlying the association between the hs-CRP/HDL-C ratio and frailty remain elusive. Albumin, a vital serum protein component, exerts nutritional and antioxidant functions, whereas globulin, an immunoglobulin type, is indicative of systemic inflammatory activity (34, 35). Hypoalbuminemia, which worsens with age, is associated with both malnutrion and inflammation (36), and prior studies have identified albumin as a potential biomarker for frailty (37, 38). In our analysis, the hs-CRP/HDL-C ratio was negatively associated with albumin and positively related to globulin. These plasma proteins partially mediated the relationship between the hs-CRP/HDL-C ratio and frailty, suggesting their roles in inflammation-related frailty pathogenesis.

Identifying critical predictors is essential for the prevention and early management of frailty. In this study, LASSO regression was employed for variable selection. Our analysis identified the hs-CRP/HDL-C ratio, age, BMI, gender, FITPR, smoke, DM status, hypertension status, and stroke status as key predictors of frailty. Frailty, a clinical syndrome characterized by diminished muscle mass and physical activity, is closely linked to aging (39). Sex differences also influence frailty risk; men generally have greater muscle mass than women due to higher androgen levels (40). Elevated BMI is linked to increased comorbidities, such as diabetes and cardiovascular disease, and has been related to higher frailty risk in older adults (41). Beyond physiological factors, social health factors such as poverty is associated with frailty by reflecting cumulative health risks over time (42). Besides, tobacco use has been associated with telomere shortening, sarcopenia, reduced gait speed, and physical inactivity, indicating its potential role in age-related frailty (43). Hypertension may elevate frailty risk through mechanisms involving polypharmacy, physical and cognitive decline, and fall susceptibility in older adults (44). Similarly, DM promotes frailty via dysglycemia, sarcopenia, decreased muscle strength, and multimorbidity (45). In older patients, stroke may contribute to frailty through neurological dysfunction, sarcopenia and malnutrition (46). Our study supports a positive association between the hs-CRP/HDL-C ratio and frailty. Based on the identified predictors, we constructed a nomogram to serve as a predictive tool for frailty risk. This model may assist clinicians to efficiently identify individuals at high risk of frailty and initiate appropriate interventions in a timely manner.

Several limitations were identified in our study. First, we did not evaluate the cumulative impact of the hs-CRP/HDL-C ratio on frailty status. Second, the retrospective nature of self-reported data, such as smoking and alcohol use, may lead to recall bias, potentially leading to misclassification. Third, due to the observational design, causal relationships between hs-CRP/HDL-C and frailty cannot be determined. Although we adjusted for a wide range of potential confounders, there may be residual confounding from unmeasured factors that influence the association. While NHANES provides a nationally representative sample, our findings may not be applicable to individuals with specific health conditions-such as rare or severe conditions. Therefore, future study in specific populations is needed to validate our results and improve clinical applicability. Moreover, multiple biomarkers reflecting oxidative stress, nutrition, and aging—such as oxidative balance score (OBS), composite dietary antioxidant index (CDAI), albumin, globulin, and klotho—have been proposed in relation to frailty (4). Previous studies showed that OBS or CDAI has significant associations with frailty (47, 48). Although our primary focus was the hs-CRP/HDL-C ratio, we also evaluated additional markers (e.g., albumin, globulin) and demonstrated their partial mediating roles in the association between hs-CRP/HDL-C ratio and frailty. Nonetheless, some relevant biomarkers were not included in our analysis, limiting our ability to capture the full biological complexity of frailty. Future prospective studies incorporating more comprehensive data, as well as longitudinal or interventional designs, are needed to validate these findings and further explore the underlying mechanisms.



5 Conclusion

In summary, this cross-sectional study of middle-aged and older participants demonstrated a positive association between frailty and the hs-CRP/HDL-C ratio. Plasma proteins, including albumin and globulin, were identified as mediators in this correlation. Through LASSO regression, the key factors correlated with frailty were identified, and a nomogram was subsequently developed to estimate frailty risk. These findings emphasize the critical role of the hs-CRP/HDL-C ratio in predicting frailty risk, highlighting its potential clinical utility.
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