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Background: Advanced cardiovascular-kidney-metabolic (CKM) syndrome refers to stages 3 and 4 of CKM syndrome, which are associated with higher mortality compared to earlier stages (0–2). The albumin (ALB)-to-neutrophil/lymphocyte ratio (ANLR) is a new predictive marker that participates in immune inflammation and dietary status. However, the influence of ANLR on all-cause mortality (ACM) and cardiovascular mortality (CVM) in individuals with advanced CKM syndrome remains unclear. This investigation aims to examine the link between ANLR and both ACM and CVM in this population using data from a large-scale cross-sectional survey in the United States.

Methods: Data were from the National Health and Nutrition Examination Survey (NHANES) spanning 1999 to 2018, a nationally representative cross-sectional survey with longitudinal mortality follow-up from the National Death Index. The formula of ANLR is ALB/NLR. The diagnostic criteria of CKM syndrome was based on the concept proposed by the American Heart Association and modified criteria adapted for NHANES data availability. The outcomes of interested included ACM and CVM. A 1:1 propensity score matching (PSM) approach was used to control for potential confounding variables. The threshold value of ANLR influencing survival was determined using maximally selected rank statistics, which is based on the log-rank test. This method identifies the optimal cutoff for continuous variables where the difference in survival rates is most pronounced, making it particularly well-suited for analyzing time-to-event data, such as survival outcomes. Kaplan–Meier survival analysis and multivariate Cox proportional hazards models were employed to assess the effects of ANLR on both ACM and CVM. Restricted cubic spline (RCS) analysis evaluated the linear or non-linear association between ANLR and mortality outcomes. Stratified analysis and interaction testing were carried out to estimate the influence of covariates on the ANLR-mortality correlation.

Results: A total of 3,266 adults with advanced CKM syndrome (41.12% male) were included in the analysis, with median (interquartile range) age of 73 (63–80). Prior to PSM, and fully adjustment, the lowest ANLR Tertile 1 was related to significantly higher risks of ACM (hazard ratio [HR]: 1.58, 95% confidence interval [CI]: 1.39–1.78, p < 0.001) and CVM (HR: 1.65, 95% CI: 1.34–2.04, p < 0.001) compared to the highest Tertile 3. After applying PSM, and fully adjusting for confounders, an ANLR score below 1.04 was independently linked to increased risks of both CVM (HR: 2.02, 95% CI: 1.49–2.75, p < 0.001) and ACM (HR: 1.52, 95% CI: 1.27–1.81, p < 0.001). Interaction tests revealed no significant interactions for CVM across subgroups (All Pinteraction > 0.05). Regarding ACM, interactions were noted between ANLR and age, gender, and CKM stages (All Pinteraction < 0.05). RCS analysis indicated an L-shaped link between ANLR and both ACM and CVM, both before and after PSM (all Pnon-linearity < 0.001). The predictive value of ANLR, NLR, and ALB for CVM and ACM in individuals with advanced CKM syndrome demonstrated that ANLR and NLR exhibited comparable predictive capabilities for both ACM and CVM, outperforming ALB. Furthermore, the predictive performance of ANLR and NLR for ACM was superior to that for CVM.

Conclusion: Lower ANLR values, indicative of elevated systemic inflammation and malnutrition, are independently linked to increased risks of both ACM and CVM in individuals with advanced CKM syndrome in the US. These readily accessible and low-cost blood markers could serve as valuable prognostic indicators for identifying high-risk individuals. Future research should focus on incorporating additional biomarkers, validating the indices in larger and more diverse cohorts, and employing advanced analytical methods to refine the diagnostic efficiency of ANLR and NLR for better clinical utility.
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Introduction

In October 2023, the American Heart Association (AHA) proposed the concept of cardiovascular-kidney-metabolic (CKM) syndrome, highlighting the interconnection between metabolic disorders, including diabetes and obesity, and both renal and cardiovascular disorders (1). CKM syndrome is identified as a systemic condition recognized by complex interactions among metabolic risk factors, chronic kidney disease (CKD), and cardiovascular diseases (CVDs) (1). This hypothesis is progressively substantiated by scientific research, illustrating a constant association among metabolic dysfunctions, CVDs, and CKD, with these illnesses often co-occurring in patients (2, 3). All of these diseases are associated with reduced survival rates and increased mortality risks (3). The common pathogenic pathways indicate that the advancement of one disease may aggravate the others, potentially resulting in deteriorated clinical outcomes for those affected. Advanced CKM syndrome corresponds to stages 3 and 4 of CKM syndrome (4). Individuals in these stages face a very high risk of CKD and a 10-year risk of CVDs. Many also have pre-existing CVDs, such as coronary heart disease (CHD), angina, myocardial infarction (MI), heart failure (HF), or stroke (4). Compared to those with non-advanced CKM syndrome (stages 0–2), individuals in the advanced stages experience higher mortality. This ongoing burden presents a significant public health threat, emphasizing the requirement for continued attention to approaches of prevention and treatment targeting modifiable risk factors to reduce its global impact.

Emerging literature further supports the interconnectedness of cardiovascular and renal dysfunction. Zhao et al. (5) proposed a classification of cardiorenal syndromes and emphasized shared mechanisms such as hemodynamic imbalance, neurohormonal activation, oxidative stress, inflammation, and fibrosis. Zhang et al. (6) identified trimethylamine oxide, a gut microbial metabolite, as a key circulating mediator implicated in both heart failure and CKD progression, highlighting the gut–heart–kidney axis. In parallel, Zhu et al. (7) summarized how clinical features of CKD–CVD often diverge from typical CVD presentations, with nontraditional factors (e.g., uremic toxins, mineral metabolism disorder) playing key roles. They also advocated for integrated Chinese and Western medicine approaches to delay progression. Additionally, a recent review (8) highlighted the utility of biomarkers like NT-proBNP and Galectin-3 for early recognition of cardiorenal dysfunction and emphasized proactive intervention strategies.

Systemic inflammation has a central function in several chronic disorders, influencing the cardiovascular, renal, and metabolic systems (9–11). It is characterized by increased concentrations of pro-inflammatory cytokines such as TNF-α, IL-6, and C-reactive protein, which facilitate atherosclerosis, endothelial dysfunction, and vascular rigidity, contributing to hypertension and HF (12, 13). In renal disorders, inflammation damages the kidneys through glomerular damage and fibrosis, accelerating CKD progression (14). Inflammation is metabolically related to insulin resistance, a hallmark of type 2 diabetes and metabolic syndrome, which exacerbates visceral fat accumulation and subsequent inflammation (15).

The neutrophil-to-lymphocyte ratio (NLR), measured from neutrophil and lymphocyte numbers, offers a measurement of systemic inflammation, with higher NLR indicating greater inflammation. Investigations have established NLR as a reliable inflammation marker, illustrating its prognostic value in oncology, diabetes, and CVDs (16–19), where elevated NLR levels are associated with worse outcomes (20–23). Additionally, albumin (ALB), frequently employed to assess dietary status, has a strong association with the occurrence and death risk of several chronic disorders (24–28).

The ALB / neutrophil-to-lymphocyte ratio (ANLR), which combines the neutrophil-to-lymphocyte ratio (NLR) and ALB, has appeared as a novel integrated index for assessing both inflammation and nutritional status. Recent studies have indicated that ANLR is negatively correlated with diabetic foot ulcers (29). However, its relationship with mortality outcomes in advanced CKM syndrome remains to be investigated. We hypothesize that ANLR, due to its accessibility and relevance, is a suitable marker for exploring the interaction between nutrition, inflammation, and death in individuals with advanced CKM syndrome. This cross-sectional investigation represents the first attempt to evaluate the correlation between ANLR and mortality outcomes in this population using the National Health and Nutrition Examination Survey (NHANES) data. Our findings aim to provide valuable insights for developing personalized strategies to prevent mortality in advanced CKM syndrome.



Methods


Study design and participants

The NHANES is a set of cross-sectional surveys with a complicated sampling strategy intended to assess the health and dietary status of the non-institutionalized US population across all age groups (30). Each participant was monitored until death. This cross-sectional cohort investigation included outcomes from the 1999–2018 NHANES cycles.

The initial sample included 101,316 participants from the NHANES fasting subsample (1999–2018). After excluding 40,235 individuals aged under 20 years, 55,081 participants remained. Additional exclusions were made for those with insufficient data for diagnosing CKM syndrome (n = 29,858), those diagnosed with CKM syndrome stages 0–2 (n = 20,547), and participants missing data on ALB, neutrophil, or lymphocyte counts (n = 251). This left 4,425 participants for analysis. Additional exclusions were implemented due to absent covariate (n = 1,158) and mortality data (n = 1). The final cohort for analysis comprised 3,266 participants (Figure 1).
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FIGURE 1
 Participant selection algorithm for the NHANES 1999–2018 analytic cohort.


The NHANES protocol received approval from the Institutional Review Board for the National Center for Health Statistics (currently known as the Ethics Review Board), which permitted the release of the data files for public use. A written informed consent was provided from each participant prior to data collection. This study adhered to the Strengthening the Reporting of Observational Studies in Epidemiology (STROBE) instructions for cohort investigations.



ANLR calculation, and determination of optimal threshold value of ANLR

Data on ALB, neutrophil, and lymphocyte counts were collected, and the ANLR was computed using the formula previously outlined (29):
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The ANLR were computed using values obtained from liver function tests and routine blood tests. Currently, no established cutoffs exist to differentiate high from low values for ANLR. To address this, we employed the maximally selected rank statistics method to identify the optimal threshold points for it (31). This statistical technique, which is based on the log-rank test, identifies the most significant cutoff in continuous variables where the disparity in survival rates is most pronounced. It is particularly well-suited for time-to-event data, such as survival outcomes. Using this data-driven approach, the identified cutoff values were 1.04 for ANLR (Figure 2).
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FIGURE 2
 ANLR cutoff determination using maximized rank statistics.


To mitigate the risk of overfitting, we applied a Bonferroni-adjusted significance level and further performed internal validation via bootstrap resampling (n = 1,000). The Bootstrap analysis indicates that the distribution of the cutoff values of ANLR is concentrated and close to 1.04, suggesting that the result is stable. This stability reflects the minimal fluctuation of the cutoff values during repeated sampling, further validating the reliability of the model estimation. Moreover, the 95% confidence interval (CI) is ranging from 0.942 to 2.497, and the original cutoff value of 1.04 falls within this interval. This indicates that the cutoff estimate is statistically reliable. Therefore, considering both the Bootstrap distribution and the CI, the original cutoff estimate can be regarded as stable and robust (Supplementary Figure S1). Figure 2 illustrates the distribution of ANLR values and their relationship with mortality outcomes, highlighting the association between ANLR values < 1.04 and increased mortality risk. Following this, participants were stratified into two distinct groups based on the threshold value.



Assessment of CKM syndrome

CKM syndrome was classified into five stages (0–4) based on modified criteria adapted for NHANES data availability, referencing the AHA definitions (1) and prior large-scale analyses (30, 32). Due to the absence of certain diagnostic tools (e.g., coronary artery calcium [CAC] scores, NT-proBNP, echocardiography, Ankle-Brachial Index [ABI]), we used proxy indicators as detailed below.

Stage 0: Participants with normal body mass index (BMI) (<25 kg/m2), waist circumference (WC) (< 88 cm for women, < 102 cm for men), and these participants will not be classified into a higher stage category (normoglycemia, normotension, normal lipid profile, no evidence of CKD or clinical/subclinical CVD).

Stage 1: Participants with elevated BMI (≥ 25 kg/m2), increased waist circumference (≥ 88 cm for women, ≥ 102 cm for men), or prediabetes (hemoglobin A1c [HbA1c]: 5.7–6.4% or fasting blood glucose [FBG]: 100–125 mg/dL), without the presence of other metabolic risk factors or CKD.

Stage 2: Participants with metabolic risk factors or moderate-to-high-risk CKD per KDIGO guidelines (33). Metabolic risk factors included elevated triglycerides (TG) (≥ 135 mg/dL), hypertension, diabetes, or metabolic syndrome (≥ 3 of the following: elevated WC, low HDL [< 40 mg/dL for men, < 50 mg/dL for women], elevated TG [≥150 mg/dL], elevated blood pressure [systolic ≥130 mmHg, diastolic ≥80 mmHg], or prediabetes).

Stage 3: Participants with very high CKD risk was characterized by either Stage G4 or G5 CKD (eGFR < 30 mL/min/1.73 m2) or a classification of very high risk based on KDIGO guidelines, determined by GFR and UACR (eGFR < 30 mL/min/1.73m2 or UACR ≥ 300 mg/g) (33), or a calculated 10-year atherosclerotic cardiovascular disease risk (ASCVD) ≥ 20% [https://professional.heart.org/en/guidelines-and-statements/prevent-calculator], based on pooled cohort equations.

Stage 4: Participants with a self-reported physician diagnosis of CHD, stroke, angina, CHF, or MI. Atrial fibrillation (AF) and peripheral artery disease (PAD) were not included due to data unavailability.

Advanced CKM syndrome was defined as encompassing stages 3 and 4 of CKM syndrome, in alignment with the classification by Zhu et al. (4). The specific NHANES variables used for each criterion are listed in Supplementary Table S1.



Outcomes

This study evaluated two mortality outcomes: all-cause mortality (ACM) and cardiovascular mortality (CVM). ACM refers to death from any cause, while CVM specifically pertains to death attributed to CVDs. Mortality outcomes were acquired from the National Death Index (NDI) and linked to NHANES data up to December 31, 2019.



Covariates

Drawing from existing literature and biological plausibility, a comprehensive set of covariates known to influence outcomes in advanced CKM syndrome was considered. These included demographic factors (age, sex, and race), socioeconomic predictors (marital status, educational attainment, and the family poverty-income ratio [PIR]), lifestyle and health habits (BMI, smoking habits, alcohol intake), and comorbidities such as hypertension, diabetes, hyperlipidemia, liver condition, CHD, CHF, MI, angina, stroke, CKD, and cancer. Laboratory parameters, including neutrophil, lymphocyte, ALB, TG, high-density lipoprotein (HDL), and HbA1c, were also included. By adjusting for these factors, we sought to minimize confounding influences and enhance the robustness of our analysis on the relationship between ANLR and both CVM and ACM in individuals with advanced CKM syndrome.



Propensity score matching

Due to the retrospective design of this study, which is susceptible to selection bias and possible confounding variables, propensity score matching (PSM) was utilized to rectify these concerns and reduce their influence. A logistic regression model was utilized to produce propensity scores, and individuals were thereafter matched in a 1:1 ratio according to these scores. The covariates’ selection for the PSM procedure was informed by an extensive review of relevant literature. These covariates included demographic factors, socioeconomic indicators, lifestyle factors, clinical characteristics, and laboratory parameters. This rigorous selection process ensured the inclusion of scientifically relevant and contextually appropriate covariates.

To minimize discrepancies between matched pairs, the closest neighbor matching algorithm was applied with a caliper width of 0.1. The effectiveness of the PSM in balancing baseline characteristics between groups was evaluated by calculating the absolute standardized differences (ASDs). ASD values below 0.10 following matching indicated that the potential biases and confounding factors had been effectively addressed, confirming a fair comparison between the groups for subsequent analyses.



Statistical analysis

We applied methods to account for masked variance and used a weighting approach (34). Continuous variables were expressed as means with interquartile ranges (IQR) and compared via the t-test or Mann–Whitney U-test based on normality evaluated by the Shapiro–Wilk test. Categorical variables were reported as counts and proportions, with comparisons made using Fisher’s exact test or the Chi-square test. The ideal ANLR cutoff for predicting ACM and CVM was determined using maximally selected rank statistics, set at 1.04 to optimize the risk ratio.

To validate the proportional hazards (PH) assumption, we utilized both graphical and statistical methods. The statistical assessment was performed using Schoenfeld residuals and the Grambsch-Therneau test, while visual validation was carried out via Kaplan–Meier (KM) survival curves. The Cox PH model was used to account for censored data, considering individuals who had no experience of the event during the investigation as non-events. The analysis followed each participant’s timeline from the baseline assessment to either death or the study endpoint.

The Cox PH model identified significant predictors of mortality through both univariate and multivariate analyses. Outcomes are presented as hazard ratios (HRs) with 95% confidence intervals (CIs). Model 1 was unadjusted; Model 2 was adjusted for age, sex, and race; Model 3 involved additional adjustments for education level, family PIR, tobacco consumption, alcohol intake, and BMI. Disease variables that are integral to CKM syndrome diagnosis—such as CHD, stroke, CKD, diabetes, hypertension, and hyperlipidemia—were excluded to avoid overadjustment and collider bias. Subgroup analyses were carried out to explore ANLR influence on mortality outcomes across different participant groups and comorbid conditions, using a multivariate Cox PH model. Factors considered included age (categorized into 20–59 years and ≥ 60 years), gender, race/ethnicity, hypertension, diabetes, hyperlipidemia, stroke, and CKM stages. Additionally, ANLR was divided into tertiles to examine its relationship with ACM and CVM, with comparisons made between the highest tertile (reference) and other groups.

Restricted cubic splines (RCS) were employed for adaptable curve fitting to examine possible non-linear associations. Generalized additive models were utilized to evaluate the impact of ANLR on mortality. The placement and quantity of knots were established based on previous research and preliminary analyses, specifically in the 10th, 50th, and 90th percentiles of the ANLR distribution, which were corroborated through first-model diagnostics. Statistical significance was deemed for two-sided testing at p < 0.05. Data analysis was conducted utilizing SPSS Statistics 26 and R statistical software (version 4.2.2) to guarantee thorough assessment.




Results


Characteristics of the included advanced CKM syndrome participants pre-PSM

The baseline characteristics and findings of individuals prior to PSM are summarized in Table 1. The total sample size was 3,266, with participants classified into two groups according to the ideal ANLR cutoff: low ANLR (440 participants) and high ANLR (2,826 participants). Internal validation via 1,000 bootstrap iterations yielded a median optimal cutoff of 1.04, suggesting that the data-driven threshold is relatively stable. The frequency distribution of bootstrap-derived cutoffs is shown in Supplementary Figure S1. The low ANLR group had a significantly higher median age (76.5 vs. 72.0 years) and a lower proportion of males (37.05% vs. 41.26%) compared to the high ANLR group. Significant variations were noticed between the groups in age, ethnicity, marital status, tobacco consumption, hyperlipidemia, stroke, CKD, CKM stage, and cancer, while no significant differences were found for gender, education level, family PIR, alcohol consumption, hypertension, diabetes, MI, angina, liver conditions, and BMI. Physiological markers indicated a significant elevation in neutrophil concentrations in the low ANLR group, while the high ANLR group demonstrated higher levels of ALB, lymphocytes, and TG. No significant differences were noted in HDL or HbA1c levels. Clinically, the low ANLR group exhibited significantly higher rates of CVM (26.14% vs. 17.34%, p < 0.001) and ACM (68.41% vs. 47.17%, p < 0.001) compared to the high ANLR group.


TABLE 1 Baseline characteristics and findings prior to PSM.


	Variables
	Overall (n = 3,266)
	ANLR
	P-value



	Low (n = 440)
	High (n = 2,826)

 

 	ANLR, median (IQR) 	1.81 (1.31–2.49) 	0.84 (0.69–0.95) 	1.95 (1.51–2.64) 	<0.001


 	Age, years, median (IQR) 	73 (63–80) 	76.5 (70–80) 	72 (62–80) 	<0.001


 	Sex, male, n (%) 	1,343 (41.12) 	163 (37.05) 	1,180 (41.76) 	0.06


 	Race, n (%) 	 	 	 	<0.001


 	 Mexican American 	385 (11.79) 	38 (8.64) 	347 (12.28) 	


 	 Non-Hispanic Black 	624 (19.11) 	42 (9.54) 	582 (20.59) 	


 	 Non-Hispanic White 	1918 (58.73) 	328 (74.55) 	1,590 (56.26) 	


 	 Other Hispanic 	198 (6.06) 	18 (4.09) 	180 (6.37) 	


 	 Other 	141 (4.32) 	14 (3.18) 	127 (4.49) 	


 	Marital status, n (%) 	 	 	 	0.04


 	 Divorced/Widowed/separated 	1,223 (37.45) 	188 (42.73) 	1,035 (36.62) 	


 	 Married/Partnered 	1894 (57.99) 	236 (53.64) 	1,658 (58.67) 	


 	 Never married 	149 (4.56) 	16 (3.64) 	133 (4.71) 	


 	Education, n (%) 	 	 	 	0.93


 	 Above HS 	1,314 (40.23) 	179 (40.68) 	1,135 (40.16) 	


 	 HS or Equivalent 	783 (23.97) 	107 (24.32) 	676 (23.92) 	


 	 Below HS 	1,169 (35.79) 	154 (35.00) 	1,015 (35.92) 	


 	Family PIR,%, n (%) 	 	 	 	0.05


 	 <1.30 	1,087 (33.28) 	128 (29.09) 	959 (33.93) 	


 	 1.30–3.49 	1,428 (43.72) 	215 (48.86) 	1,213 (42.92) 	


 	 ≥3.50 	751 (22.99) 	97 (22.05) 	654 (23.14) 	


 	Smoking status, n (%) 	 	 	 	0.01


 	 Never 	1,332 (40.78) 	158 (35.91) 	1,174 (41.54) 	


 	 Former 	1,325 (40.57) 	207 (47.05) 	1,118 (39.56) 	


 	 Now 	609 (18.65) 	75 (17.05) 	534 (18.90) 	


 	Alcohol consumption, n (%) 	 	 	 	0.11


 	 Never 	524 (16.04) 	61 (13.86) 	463 (16.38) 	


 	 Former 	1,048 (32.09) 	161 (36.59) 	887 (31.39) 	


 	 Mild 	1,177 (36.04) 	160 (36.36) 	1,017 (35.99) 	


 	 Moderate 	247 (7.56) 	25 (5.68) 	222 (7.86) 	


 	 Heavy 	270 (8.27) 	33 (7.50) 	237 (8.39) 	


 	Hypertension, n (%) 	2,534 (77.59) 	354 (80.45) 	2,180 (77.14) 	0.12


 	Diabetes, n (%) 	1,439 (44.06) 	212 (48.18) 	1,227 (43.42) 	0.06


 	Hyperlipidemia, n (%) 	2,758 (84.45) 	344 (78.18) 	2,414 (85.42) 	<0.001


 	Stroke, n (%) 	675 (20.67) 	75 (17.05) 	600 (21.23) 	0.04


 	CHD, n (%) 	755 (23.1) 	115 (26.1) 	640 (22.6) 	0.11


 	CHF, n (%) 	559 (17.1) 	106 (24.1) 	453 (16.0) 	<0.001


 	MI, n (%) 	772 (23.64) 	119 (27.05) 	653 (23.11) 	0.07


 	Angina, n (%) 	519 (15.89) 	72 (16.36) 	447 (15.82) 	0.77


 	Liver condition, n (%) 	185 (5.66) 	31 (7.04) 	154 (5.45) 	0.18


 	CKD, n (%) 	1,521 (46.57) 	266 (60.45) 	1,255 (44.41) 	<0.001


 	CKM stages, n (%) 	 	 	 	0.04


 	 3 	1,133 (34.69) 	172 (39.09) 	961 (34.01) 	


 	 4 	2,133 (65.31) 	268 (60.91) 	1865 (65.99) 	


 	Cancer, n (%) 	692 (21.19) 	139 (31.59) 	553 (19.57) 	< 0.001


 	Data presented as median (IQR)


 	BMI (kg/m2) 	28.2 (24.89–32.25) 	27.6 (24.21–32.29) 	28.28 (24.97–32.23) 	0.07


 	ALB (g/dL) 	4.1 (3.9–4.4) 	4 (3.8–4.2) 	4.2 (4–4.4) 	< 0.001


 	Neutrophils (109/L) 	4.1 (3.2–5.2) 	5.8 (4.8–6.9) 	3.9 (3.1–4.8) 	< 0.001


 	Lymphocytes (109/L) 	1.8 (1.4–2.3) 	1.2 (0.9–1.5) 	1.9 (1.5–2.3) 	< 0.001


 	TG (mg/dL) 	122 (86–176) 	112 (80–165.5) 	123 (87–178) 	0.004


 	HDL-C (mg/dL) 	48 (41–59) 	47 (41–58) 	48 (41–59) 	0.32


 	HbA1c (%) 	5.8 (5.4–6.4) 	5.8 (5.4–6.5) 	5.8 (5.4–6.4) 	0.57


 	CVM, n (%) 	605 (18.52) 	115 (26.14) 	490 (17.34) 	<0.001


 	ACM, n (%) 	1,634 (50.03) 	301 (68.41) 	1,333 (47.17) 	<0.001





ANLR: albumin/neutrophil to lymphocyte ratio; HS: high school; PIR: poverty-income ratio; CHD: coronary heart disease; CHF: chronic heart failure; MI: myocardial infarction; CKD: chronic kidney disease; CKM: cardiovascular-kidney-metabolic syndrome; BMI: body mass index; ALB: albumin; TG: triglycerides; HDL-C: high-density lipoprotein; hemoglobin A1c: HbA1c; CVM: cardiovascular mortality; ACM: all-cause mortality.
 



Associations of the ANLR with mortality outcomes in advanced CKM syndrome participants pre-PSM

Table 2 presents the outcomes of both univariate and multivariate Cox PH analyses for CVM and ACM before PSM across three models of adjustment. Regarding CVM, participants with an ANLR score < 1.04 exhibited a significantly raised risk compared to those with higher ANLR scores, with HRs of 2.23 (Model 1), 1.80 (Model 2), and 1.81 (Model 3), all with p-values < 0.001. Analysis by tertiles further demonstrated that the lowest tertile (T1) consistently showed a significantly higher risk than the highest tertile (T3), with HRs of 2.06, 1.66, and 1.65 across the three models (all p < 0.001). For ACM, an ANLR score < 1.04 was also associated with increased risk, with HRs of 2.14 (Model 1), 1.75 (Model 2), and 1.77 (Model 3), all p < 0.001. The T1 group exhibited HRs of 1.94, 1.58, and 1.58 across the three models, all with p-values < 0.001.


TABLE 2 HR (95% CIs) for connection between ANLR and mortality outcomes in advanced CKM syndrome pre-PSM.


	Outcomes
	Models



	I
	II
	III



	HR (95% CI)
	p-value
	HR (95% CI)
	p-value
	HR (95% CI)
	p-value

 

 	CVM


 	ANLR (<1.04) 	2.23 (1.82–2.74) 	<0.001 	1.80 (1.46–2.21) 	<0.001 	1.81 (1.47–2.23) 	<0.001


 	ANLR (tertiles)


 	T1 	2.06 (1.68–2.52) 	<0.001 	1.66 (1.34–2.04) 	<0.001 	1.65 (1.34–2.04) 	<0.001


 	T2 	1.41 (1.15–1.74) 	0.001 	1.27 (1.03–1.56) 	0.03 	1.25 (1.01–1.54) 	0.04


 	T3 	Ref. 	Ref. 	Ref.


 	P for trend 	 	<0.001 	 	<0.001 	 	<0.001


 	ACM


 	ANLR (<1.04) 	2.14 (1.89–2.43) 	<0.001 	1.75 (1.54–1.99) 	<0.001 	1.77 (1.56–2.01) 	<0.001


 	ANLR (tertiles)


 	T1 	1.94 (1.71–2.18) 	<0.001 	1.58 (1.39–1.79) 	<0.001 	1.58 (1.39–1.78) 	<0.001


 	T2 	1.29 (1.14–1.47) 	<0.001 	1.17 (1.03–1.33) 	0.02 	1.15 (1.01–1.30) 	0.04


 	T3 	Ref. 	Ref. 	Ref.


 	P for trend 	 	< 0.001 	 	< 0.001 	 	< 0.001


 	Model 1 was unadjusted;


 	Model 2 was adjusted for age, sex, and race;


 	Model 3 involved additional adjustments for education level, family PIR, tobacco consumption, alcohol intake, and BMI.





ANLR: albumin/neutrophil to lymphocyte ratio; CVM: cardiovascular mortality; ACM: all-cause mortality.
 

KM survival curves further validated the differences in mortality outcomes between the low and high ANLR score groups, demonstrating that the lower ANLR group experienced significantly higher CVM and ACM rates compared to those with higher ANLR scores. The survival percentages showed significant disparities: 26.14% vs. 17.34% for CVM (p < 0.001) and 68.41% vs. 47.17% for ACM (p < 0.001). These findings are visually represented in Figures 3A,C.

[image: Four Kaplan-Meier survival curves displaying survival probability over 240 days for different ANLR groups, with significance p < 0.0001. Panels A and B compare low and high groups, and panels C and D show T1, T2, T3 classifications. Each graph includes a “Number at risk” table beneath it.]

FIGURE 3
 The KM survival curves of (A,B) CVM and (C,D) ACM pre- and post-PSM.


To explore potential non-linear associations, RCS was employed to fit smooth curves using generalized additive models. This analysis aimed to identify the threshold effect of ANLR on CVM and ACM before PSM, highlighting any inflection points. The results revealed an L-shaped non-linear correlation between ANLR and both CVM and ACM pre-PSM (all p-values for non-linearity < 0.001, Figure 4A).

[image: Four line graphs depict hazard ratios (HR) with confidence intervals for mortality based on the ANI.R variable. The top left graph shows CVD mortality, while the top right displays all-cause mortality. The bottom left graph shows CVD mortality, and the bottom right all-cause mortality. Each graph features a curve decreasing as ANI.R increases, with a vertical dashed line at 1.5. Significance values for linear and non-linear trends are provided, all indicating less than 0.001 except the non-linear in the bottom left, which is 0.02.]

FIGURE 4
 RCSs for CVM and ACM (A) pre- and (B) post-PSM.




Baseline characteristics of subjects post-PSM

The application of a 1:1 PSM method aimed at minimizing baseline disparities between the low and high ANLR groups resulted in the successful pairing of 404 patient pairs (Table 3). Figure 5 illustrates the efficacy of the PSM process, as assessed by the measurement of ASD in both pre- and post-PSM. Following the matching procedure, the median age across the two groups became comparable. The proportion of males also became more similar, with 37.05% in the low ANLR group and 42.27% in the high ANLR group. However, ethnic disparities remained to some degree, with a higher percentage of non-Hispanic White in the low ANLR group (74.55% vs. 57.05%) and a higher proportion of non-Hispanic Black in the high ANLR group (18.64% vs. 9.54%). The groups did not differ significantly in terms of marital status, family PIR, educational attainment, alcohol consumption, smoking status, or BMI following matching. Regarding comorbidities, only MI (p = 0.02) and cancer (p = 0.003) exhibited significant variation between the groups. Physiological measures showed a notable increase in neutrophil levels in the low ANLR group, while the high ANLR group exhibited higher ALB and lymphocyte counts. No significant differences were observed in TG, HDL, or HbA1c levels. Clinically, individuals in the low ANLR group still had significantly higher rates of CVM (26.14% vs. 16.14%, p < 0.001) and ACM (68.41% vs. 54.55%, p < 0.001).


TABLE 3 Baseline characteristics and findings of advanced CKM syndrome individuals post-PSM.


	Variables
	Overall (n = 880)
	ANLR
	p-value



	Low (n = 440)
	High (n = 440)

 

 	ANLR, median (IQR) 	1.04 (0.84–1.89) 	0.84 (0.69–0.95) 	1.89 (1.47–2.53) 	< 0.001


 	Age, years, median (IQR) 	76 (69–80) 	76.5 (70–80) 	76 (67.5–80) 	0.13


 	Sex, male, n (%) 	349 (39.66) 	163 (37.05) 	186 (42.27) 	0.11


 	Ethnicity, n (%) 	 	 	 	<0.001


 	 Mexican American 	88 (10.00) 	38 (8.64) 	50 (11.36) 	


 	 Non-Hispanic Black 	124 (14.09) 	42 (9.54) 	82 (18.64) 	


 	 Non-Hispanic White 	579 (65.80) 	328 (74.55) 	251 (57.05) 	


 	 Other Hispanic 	51 (5.80) 	18 (4.09) 	33 (7.50) 	


 	 Other 	38 (4.32) 	14 (3.18) 	24 (5.46) 	


 	Marital status, n (%) 	 	 	 	0.19


 	 Divorced/Widowed/separated 	350 (39.77) 	188 (42.73) 	162 (36.82) 	


 	 Married/Partnered 	498 (56.59) 	236 (53.64) 	262 (59.55) 	


 	 Never married 	32 (3.64) 	16 (3.64) 	16 (3.64) 	


 	Education, n (%) 	 	 	 	0.97


 	 Above HS 	360 (40.91) 	179 (40.68) 	181 (41.14) 	


 	 HS or Equivalent 	211 (23.98) 	107 (24.32) 	104 (23.64) 	


 	 Below HS 	309 (35.11) 	154 (35.00) 	155 (35.23) 	


 	Family PIR,%, n (%) 	 	 	 	0.25


 	 <1.30 	277 (31.48) 	128 (29.09) 	149 (33.86) 	


 	 1.30–3.49 	408 (46.36) 	215 (48.86) 	193 (43.86) 	


 	 ≥3.50 	195 (22.16) 	97 (22.05) 	98 (22.27) 	


 	Smoking status, n (%) 	 	 	 	0.28


 	 Never 	339 (38.52) 	158 (35.91) 	181 (41.14) 	


 	 Former 	396 (45.00) 	207 (47.05) 	189 (42.95) 	


 	 Now 	145 (16.48) 	75 (17.05) 	70 (15.91) 	


 	Alcohol consumption, n (%) 	 	 	 	0.40


 	 Never 	143 (16.25) 	61 (13.86) 	82 (18.64) 	


 	 Former 	307 (34.89) 	161 (36.59) 	146 (33.18) 	


 	 Mild 	313 (35.57) 	160 (36.36) 	153 (34.77) 	


 	 Moderate 	49 (5.57) 	25 (5.68) 	24 (5.46) 	


 	 Heavy 	68 (7.73) 	33 (7.50) 	35 (7.96) 	


 	Hypertension, n (%) 	710 (80.68) 	354 (80.45) 	356 (80.91) 	0.86


 	Diabetes, n (%) 	427 (48.52) 	212 (48.18) 	215 (48.86) 	0.84


 	Hyperlipidemia, n (%) 	689 (78.30) 	344 (78.18) 	345 (78.41) 	0.93


 	Stroke, n (%) 	163 (18.52) 	75 (17.05) 	88 (20.00) 	0.26


 	CHD, n (%) 	213 (24.2) 	115 (26.1) 	98 (22.3) 	0.18


 	CHF, n (%) 	175 (19.9) 	106 (24.1) 	69 (15.7) 	0.002


 	MI, n (%) 	209 (23.75) 	119 (27.05) 	90 (20.45) 	0.02


 	Angina, n (%) 	130 (14.77) 	72 (16.36) 	58 (13.18) 	0.18


 	Liver condition, n (%) 	58 (6.59) 	31 (7.04) 	27 (6.14) 	0.59


 	CKD, n (%) 	504 (57.27) 	266 (60.45) 	238 (54.09) 	0.06


 	CKM, n (%) 	 	 	 	0.54


 	 3 	353 (40.11) 	172 (39.09) 	181 (41.14) 	


 	 4 	527 (59.89) 	268 (60.91) 	259 (58.86) 	


 	Cancer, n (%) 	239 (27.16) 	139 (31.59) 	100 (22.73) 	0.003


 	Data presented as median (IQR)


 	BMI, kg/m2 	28.03 (24.7–32.22) 	27.6 (24.21–32.29) 	28.3 (25.18–32.18) 	0.14


 	ALB, g/dl 	4 (3.8–4.3) 	4 (3.8–4.2) 	4.1 (3.9–4.4) 	< 0.001


 	Neutrophils, 109/L 	4.8 (3.7–6.05) 	5.8 (4.8–6.9) 	3.9 (3.2–4.7) 	< 0.001


 	Lymphocytes,109/L 	1.5 (1.1–1.9) 	1.2 (0.9–1.5) 	1.8 (1.5–2.3) 	< 0.001


 	TG, mg/dl 	117 (81–165.5) 	112 (80–165.5) 	119.5 (82.5–165.5) 	0.34


 	HDL-C, mg/dl 	48 (41–58) 	47 (41–58) 	49 (42–58) 	0.28


 	HbA1c, % 	5.8 (5.4–6.5) 	5.8 (5.4–6.5) 	5.8 (5.5–6.45) 	0.65


 	CVM, n (%) 	186 (21.14) 	115 (26.14) 	71 (16.14) 	< 0.001


 	ACM, n (%) 	541 (61.48) 	301 (68.41) 	240 (54.55) 	< 0.001





ANLR: albumin/neutrophil to lymphocyte ratio; HS: high school; PIR: poverty-income ratio; CHD: coronary heart disease; CHF: chronic heart failure; MI: myocardial infarction; CKD: chronic kidney disease; CKM: cardiovascular-kidney-metabolic syndrome; BMI: body mass index; ALB: albumin; TG: triglycerides; HDL-C: high-density lipoprotein; hemoglobin A1c: HbA1c; CVM: cardiovascular mortality; ACM: all-cause mortality.
 

[image: Scatter plot showing covariate balance with standardized mean differences on the x-axis and various factors like age, gender, and health conditions on the y-axis. Unadjusted differences are marked in red, and adjusted differences in orange, illustrating shifts towards zero, indicating improved balance post-adjustment.]

FIGURE 5
 The absolute standardized disparities for the matching variables between both groups.




Associations of the ANLR with mortality outcomes in advanced CKM syndrome participants post-PSM

Table 4 summarizes the outcomes of univariable and multivariable Cox PH regression analyses for CVM and ACM following PSM, using three levels of model adjustment. Regarding CVM, participants with an ANLR score below 1.04 were found to have a significantly higher risk of mortality compared to those with higher ANLR values. In the unadjusted model (Model 1), the HR was 2.07 (95% CI: 1.54–2.78, p < 0.001). This elevated risk persisted after adjustment for age, gender, and race/ethnicity in Model 2, with an HR of 1.99 (95% CI: 1.47–2.69, p < 0.001), and remained significant in Model 3, which was additionally adjusted for educational level, family PIR, tobacco consumption, alcohol use, hypertension, diabetes, hyperlipidemia, stroke, and BMI, yielding an HR of 2.02 (95% CI: 1.49–2.75, p < 0.001). Similarly, for ACM, an ANLR score below 1.04 was related to a significantly higher death risk. In Model 1, the HR was 1.60 (95% CI: 1.35–1.90, p < 0.001). This association remained robust subsequent to the adjustment of confounders in Models 2 and 3, with HRs of 1.52 (95% CI: 1.28–1.81, p < 0.001) and 1.52 (95% CI: 1.27–1.81, p < 0.001), respectively. KM survival curves further established the significantly lower survival rates among participants with an ANLR score below 1.04 compared to those with an ANLR score of 1.04 or higher (Figures 3B,D). RCS revealed an L-shaped non-linear association between ANLR and both CVM and ACM post-PSM (all p-values for non-linearity < 0.005, Figure 4B).


TABLE 4 HR (95% CIs) for connection between ANLR and mortality outcomes in advanced CKM syndrome post-PSM.


	Outcomes
	Models



	I
	II
	III



	HR (95% CI)
	p-value
	HR (95% CI)
	p-value
	HR (95% CI)
	p-value

 

 	CVM


 	ANLR (<1.04) 	2.07 (1.54–2.78) 	<0.001 	1.99 (1.47–2.69) 	<0.001 	2.02 (1.49–2.75) 	<0.001


 	ANLR (≥1.04) 	Ref. 	Ref. 	Ref.


 	ACM


 	ANLR (< 1.04) 	1.60 (1.35–1.90) 	<0.001 	1.52 (1.28–1.81) 	<0.001 	1.52 (1.27–1.81) 	<0.001


 	ANLR (≥ 1.04) 	Ref. 	Ref. 	Ref.





ANLR: albumin/neutrophil to lymphocyte ratio; CVM: cardiovascular mortality; ACM: all-cause mortality.
 



Subgroup analysis for the ANLR on CVM and ACM in participants with advanced CKM syndrome

Subgroup analyses were carried out to examine the relationship between ANLR scores and CVM and ACM across different categories, including age, sex, race/ethnicity, hypertension, diabetes, hyperlipidemia, smoke, drinking, and CKM stages (Figure 6). The outcomes revealed a significant inverse correlation between ANLR scores and CVM among participants with advanced CKM syndrome in all subgroups, except for those in the 20–59 years age group (p = 0.50). Moreover, ANLR and the various subgroup factors did not interact significantly (all p > 0.05). Regarding ACM, a similar negative relationship was detected between ANLR scores and mortality in all subgroups of advanced CKM syndrome. However, significant interactions were noted between ANLR and age, gender, and CKM stages (p < 0.05).

[image: Forest plot comparing CVD and all-cause mortality risk across variables like age, sex, ethnicity, and medical conditions. It shows hazard ratios with confidence intervals, p-values, and interaction p-values for groups such as age over sixty, males, and those with conditions including hypertension, diabetes, and hyperlipidemia. Notable findings include significant differences between conditions and mortality, particularly in older age groups and those with diabetes.]

FIGURE 6
 Forest plots of HRs for (A) CVM and (B) ACM in different subgroups.




Comparison of the predictive performance of ANLR, NLR, and ALB on CVM and ACM in participants with advanced CKM syndrome

An assessment of the predictive value of ANLR, NLR, and ALB for CVM and ACM in individuals with advanced CKM syndrome revealed that the area under the ROC curve (AUC) values for ANLR and NLR for ACM were 0.602 and 0.601, respectively, while the AUC for both ANLR and NLR for CVM was 0.565. These results indicate that although both indices provide some prognostic value, their diagnostic performance is moderate, and they cannot be considered highly effective indicators. ANLR and NLR exhibited comparable predictive capabilities for both ACM and CVM, outperforming ALB (Supplementary Figure S2). Moreover, the predictive performance of ANLR and NLR for ACM was slightly superior to that for CVM (0.602 vs. 0.565).




Discussion

To date, limited research has focused specifically on advanced CKM syndrome. In this study, we analyzed data from 3,266 individuals with advanced CKM syndrome from NHANES 1999–2018 and found that individuals in the low ANLR group were generally older, had fewer males, and were more often widowed or divorced—features indicative of geriatric vulnerability. These characteristics are associated with frailty, sarcopenia, and reduced nutritional status, as evidenced by their lower serum albumin levels (4.0 vs. 4.2 g/dL). Such demographic factors, including social isolation linked to marital status, may contribute to increased health risks in this population. Additionally, lower levels of ANLR (< 1.04) were significantly associated with increased risks of both CVM and ACM, even after PSM and multivariable adjustment. Notably, we identified an L-shaped non-linear relationship, indicating a steep increase in mortality risk at lower ANLR levels. These associations remained robust across multiple subgroups, suggesting that ANLR may serve as a broadly applicable prognostic marker in high-risk CKM populations.

While traditional CKM biomarkers such as NT-proBNP, troponins, and kidney injury molecule-1 offer mechanistic insights, their clinical use is often limited by high cost, lack of standardization, and restricted availability in primary care. In contrast, ANLR is derived from two low-cost and widely accessible blood markers—serum ALB and white blood cell counts—routinely measured in most clinical settings. This makes ANLR a practical, scalable tool for early identification of high-risk individuals in both general and specialized healthcare environments. Taken together, our findings emphasize the importance of evaluating both nutritional and inflammatory status in predicting outcomes among individuals with advanced CKM syndrome. Moreover, they suggest that systemic inflammation may be a key contributor to the elevated mortality risk in this population. These results provide important insights into the interconnected pathways of cardiovascular, renal, and metabolic dysfunction and highlight the potential of ANLR as a population-level prognostic indicator worthy of further investigation.

Advanced CKM syndrome is a multifaceted multi-organ disorder characterized by failure of the cardiac, renal, and vascular systems. Its pathophysiological mechanisms are intricate, encompassing the interaction of multiple factors such as neurohormones, inflammatory processes, oxidative stress, and metabolic disorders (35). Serum ALB is the major plasma protein produced by the liver and is commonly utilized to evaluate the dietary status of individuals. Clinically, decreased ALB concentrations are often related to malnutrition, inflammatory responses, and organ dysfunction (36, 37). In advanced CKM participants, low ALB levels typically reflect the combined effects of malnutrition and chronic inflammation, both of which have an essential function in the progression of CVDs and renal dysfunction (38, 39). The high prevalence of CKD (60.4%) in this cohort underscores the advanced cardiometabolic and renal burden in individuals with CKM syndrome. CKD is closely associated with systemic inflammation, impaired protein metabolism, and hypoalbuminemia, all of which may lower ANLR and increase mortality risk. These pathophysiological links may partly explain the strong predictive value of low ANLR observed in our study. Investigations illustrated that low ALB concentrations had a positive correlation with ACM and ACM (40, 41), a phenomenon that is particularly prominent in patients with CKD (42). A decrease in ALB is not only related to immune function impairment but may also increase the burden on the cardiovascular system, thereby promoting the occurrence of CVDs (26). A decline in ALB levels reflects malnutrition and systemic inflammation, both of which may accelerate metabolic disturbances and exacerbate the deterioration of cardiac and renal function (43). Malnutrition can lead to insufficient energy supply to the myocardium, increasing cardiac workload, while inflammation participates in the progression of atherosclerosis and CVDs, further raising the risk of mortality (44).

The NLR is a simple and effective marker of the inflammatory response, reflecting the ratio of neutrophils to lymphocytes in the immune system. Recent studies have analyzed similar inflammatory biomarkers in CKD and CVD populations. For example, high NLR has been linked to worsening renal function and elevated cardiovascular risk in CKD cohorts (45, 46). Notably, Rashid et al. reported that higher NLR quartiles were associated with a 1.57-fold increase in mortality among non-dialysis CKD patients (47). Meanwhile, neutrophil percentage to ALB ratio (NPAR), a composite marker combining neutrophil percentage and ALB, has shown superior predictive performance for CVM compared to NLR alone (48). In a large US cohort, elevated NLR was non-linearly associated with approximate doubling of ACM and CVM (49–51). Our findings align well with emerging evidence. The incremental prognostic value of composite biomarkers like NPAR/ANLR over NLR alone has now been documented in CKD populations (46–51). Additionally, the L-shaped survival relationship observed in our cohort mirrors the non-linear risk associations previously described in large-scale NHANES analyses. In advanced CKM syndrome participants, an elevated NLR is often closely associated with a chronic low-grade inflammatory state. An increase in neutrophils indicates the presence of acute or chronic inflammation, while a decrease in lymphocytes suggests that the immune system may be in a state of immunosuppression or functional decline (52). Together, these results reinforce the biological plausibility and potential clinical utility of ANLR in cardiorenal–metabolic risk stratification. Moreover, inflammation has a central function in the onset and progression of CVDs and metabolic diseases. Studies have indicated that elevated NLR is strongly correlated with the occurrence of various CVDs, particularly in patients with diabetes, hypertension, and CKD, and is significantly associated with both CVM and ACM (22, 53–57). As an inflammatory biomarker, an elevated NLR may promote CVDs through multiple mechanisms. For instance, the activation of neutrophils facilitates the formation of atherosclerosis, increasing the vascular inflammatory burden, while a reduction in lymphocytes may impair the anti-inflammatory response, further exacerbating the progression of CVDs (58–62). Additionally, NLR is closely related to factors including insulin resistance and abnormal fat metabolism in MetS, both of which are important risk factors for CVDs (63–65).

Recent mechanistic studies elucidate biological pathways explaining why low ANLR predicts adverse outcomes in advanced CKM syndrome. Miao et al. demonstrated that Sirt6-mediated suppression of intrarenal RAAS/Wnt signaling protects podocytes, mitigating renal inflammation (66). Spatial transcriptomics by Slabowska et al. revealed enhanced infiltration of pro-inflammatory immune cells and dysregulated metabolism in kidney and vascular tissues from CKD/CVD patients (67). Another Miao et al. study showed Lactobacillus johnsonii maintains indole-3-aldehyde levels to prevent AHR-driven renal fibrosis (68). Shen et al. found that PPARG/AMPK pathway modulation through herbal compounds restores metabolic balance and reduces CKD–MBD pathology (69). Finally, L. johnsonii supplementation improved renal and gut barrier integrity via IAld–AHR suppression in CKD models (70). Together, these findings underscore that low ANLR reflects a complex state of inflammation, malnutrition, dysregulated RAAS, microbial dysbiosis, and transcriptomic–metabolic dysfunction, providing mechanistic justification for its prognostic relevance in CKM syndrome.

Both serum ALB and NLR independently reflect the clinical condition of patients as biomarkers, but their combined use may provide a more accurate prognosis. Several studies have explored composite biomarkers combining ALB with leukocyte parameters, yielding promising prognostic value across clinical conditions. For instance, the ALB- × -NLR score in head and neck cancer patients demonstrated superior ability to predict chemoradiotherapy tolerance and adverse events compared to either marker alone (71). Similarly, in nasopharyngeal carcinoma, the lymphocyte–ALB–neutrophil ratio served as an independent predictor of overall and progression-free survival and was incorporated into validated prognostic nomograms (C-index = 0.70) (72). In non-cancer cohorts, the NPAR exhibited a non-linear association with ACM and CVM in metabolic dysfunction-associated steatotic liver disease patients, outperforming traditional NLR in predictive performance (73). Moreover, among septic shock patients, the neutrophil-to-lymphocyte-to-ALB ratio achieved an AUC of 0.70 in predicting in-hospital mortality, surpassing conventional severity scores (74). In advanced CKM syndrome participants, low ALB and high NLR often coexist, representing severe malnutrition and significant inflammatory responses. Study have pointed out that the joint assessment of ALB and NLR can predict the risk of diabetic foot ulcers (29). The combination of low ALB and high NLR may signal a persistent inflammatory state and poor nutritional status in patients (29). These factors interact to accelerate disease progression, ultimately increasing mortality. Therefore, serum ALB and NLR not only provide important predictive value for the prognosis of advanced CKM syndrome participants when assessed individually, but their combined use offers a more precise clinical evaluation, helping to detect high-risk individuals and guide personalized treatment approaches.

The study highlights significant findings, including the utilization of a large, nationwide representative sample of US individuals that was followed longitudinally and accounted for most possible confounders. We emphasize the potential of the ANLR as a predictive indicator for death risk in advanced CKM syndrome participants, as this index can be easily derived from a standard complete blood count and routine biochemical tests without additional costs. It can help doctors identify high mortality risk advanced CKM syndrome participants and implement targeted therapies to reduce risks. Moreover, we used a 1:1 PSM technique to improve the validity of our results and conducted subgroup analyses to validate the strength of the observed correlations.

Several limitations must be acknowledged. First, although NHANES provides longitudinal mortality follow-up, its cross-sectional design limits our ability to capture the timing of biomarker measurements and disease progression, restricting our capacity to assess time-varying exposures or infer causality. Second, the single baseline assessment of ANLR prevents evaluation of its changes over time. The ANLR cutoff identified in this study is exploratory and data-driven; while internal validation supports its stability, external validation in independent cohorts is needed before clinical adoption. Additionally, the AUC values for ANLR and NLR in predicting ACM and CVM were between 0.5 and 0.6, indicating moderate diagnostic efficiency, necessitating refinement of these indices in future research. Third, while we accounted for most confounding variables, residual confounding from unmeasured factors like food habits, genetic predisposition, and psychological stress remains a concern. Moreover, we lacked data on acute inflammation and medication use, which could have influenced leukocyte counts. The interdependence of ANLR components limits their simultaneous use as mortality predictors. Fourth, our adaptation of CKM staging was based on NHANES data, which lacks diagnostic tools such as CAC scores and NT-proBNP. Subclinical cardiovascular conditions were approximated through ASCVD risk estimates. Fifth, clinical CVDs were self-reported, which may underestimate conditions like PAD and AF. We also could not stratify CKM stages 4a and 4b due to sample size limitations. Lastly, further research is needed to validate these findings, explore underlying mechanisms, and determine if increasing ANLR could lower mortality in advanced CKM syndrome patients.

Future studies should aim to validate these findings in prospective CKM cohorts with longitudinal biomarker data and clinical endpoints. Additionally, mechanistic investigations integrating gut microbiota profiles, transcriptomics, and immune-inflammatory signatures may help clarify the biological pathways linking ANLR to adverse outcomes. Finally, evaluating whether ANLR can enhance existing CKM risk prediction models or guide targeted interventions will be important for its clinical translation.



Conclusion

Overall, lower ANLR values, which indicate heightened systemic inflammation and malnutrition, were shown to be independently connected with a greater death risk from ACM and CVM in US advanced CKM syndrome participants. These readily accessible and affordable blood indices may be valuable prognostic indicators for identifying high mortality risk advanced CKM syndrome persons. Future research should focus on incorporating additional biomarkers, validating the indices in larger and more diverse cohorts, and employing advanced analytical methods to refine the diagnostic efficiency of ANLR and NLR for better clinical utility.
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