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Objective: The albumin-to-globulin ratio (AGR) is a promising biomarker for inflammation and nutritional status. However, its association with mortality in individuals with Cardiovascular-Kidney-Metabolic (CKM) syndrome remains underexplored. This study investigates the relationship between AGR and mortality outcomes in CKM syndrome, aiming to provide insights for risk assessment and management in this population.

Methods: We conducted a cohort study utilizing data from the National Health and Nutrition Examination Survey (NHANES) 2003–2018, with mortality follow-up through 31 December 2019. Survey-weighted multivariable Cox hazards regression models assessed the associations between AGR and all-cause and cardiovascular disease (CVD) mortality. Nonlinear relationships and threshold effects were evaluated using smooth curve fitting and piecewise linear regression. Sensitivity analyses, subgroup analyses, and interaction tests were further performed to validate the findings.

Results: Over a median follow-up of 8.33 years, 1,745 all-cause deaths occurred, including 534 CVD-related deaths. After multivariable adjustment, a significant inverse dose–response relationship was observed between AGR and both all-cause and CVD mortality. Specifically, a nonlinear association was identified for all-cause mortality, with an inflection point at an AGR of 1.26, whereas the relationship with CVD mortality remained linear. Compared with the lowest AGR quartile, individuals in the highest AGR quartile had multivariable-adjusted hazard ratios (HR) of 0.55 (95% CI: 0.45–0.67) for all-cause mortality and 0.47 (95% CI: 0.34–0.64) for CVD mortality (P trend < 0.0001 for both outcomes). Each one-unit increase in AGR was associated with a 62% reduction in the risk of all-cause death and a 73% reduction in the risk of CVD mortality. The inverse association with all-cause mortality was more pronounced among individuals under 60 years, daily smokers, Mexican Americans and those in CKM stage 1, while the association with CVD mortality was stronger among individuals with a college degree, those under 60 years, and daily smokers. Sensitivity analyses confirmed these findings.

Conclusion: Higher AGR is significantly associated with reduced risks of both all-cause and CVD mortality in the CKM syndrome population. Notably, while the relationship with all-cause mortality is nonlinear, the association with CVD mortality follows a linear pattern. These findings suggest that AGR could serve as a valuable biomarker for mortality risk stratification in CKM syndrome.
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Introduction

Cardiovascular disease (CVD), chronic kidney disease (CKD), and metabolic disorders are no longer isolated health concerns; they are converging into a fast-growing global health emergency (1–6). These conditions not only share common risk factors but also interact through complex, overlapping pathophysiological mechanisms that drive premature mortality and disability (6–8). Recognizing this interconnected burden, the American Heart Association has introduced the concept of Cardiovascular-Kidney-Metabolic (CKM) syndrome, highlighting its profound impact on both individuals and healthcare systems worldwide (7).

The scale of this crisis is staggering. In the United States, nearly one-third of adults have at least one CKM-related condition, and a growing proportion suffer from multiple overlapping diseases (9). In China, CVD alone accounts for nearly half of all deaths—underscoring the urgent need for early identification and proactive management (10). Despite the alarming mortality burden, clinical tools remain limited in their ability to detect individuals at highest risk across the CKM spectrum.

Inflammation and malnutrition are emerging as key drivers of CKM pathogenesis and outcomes (11–16). Several biomarkers—such as the systemic inflammatory response index (SIRI) (17), triglyceride glucose index (TyG) (18), neutrophil to high-density lipoprotein cholesterol (NHR) (19)—have been associated with increased mortality. Among these, the serum albumin-to-globulin ratio (AGR) is especially promising, reflecting both inflammation and nutritional status in a single, routinely available metric. While AGR has been studied in relation to CVD (20, 21), CKD (22), diabetes (23), and cancer (24), no research has yet explored its prognostic value in patients with CKM syndrome—leaving a critical gap in our understanding.

In this study, we aim to bridge that gap by leveraging data from a nationally representative cohort from the National Health and Nutrition Examination Survey (NHANES) cohort (2003–2018) to assess the association between AGR and all-cause and CVD mortality outcomes. By identifying AGR as a potential integrative biomarker for CKM risk, our study offers a simple and scalable tool for improving risk stratification—enabling earlier, more targeted interventions that meaningfully reduce the burden of this growing global syndemic.



Participants and methods


Study design and population

The data used in this study were derived from the NHANES, a publicly available national survey administered by the National Center for Health Statistics (NCHS). NHANES employs a stratified, multistage probability sampling design to select participants from the general U. S. population, ensuring representation of the civilian, noninstitutionalized population. The survey includes detailed interviews on demographic, socioeconomic, dietary, and health-related factors and is widely used in epidemiological and clinical research. All data are accessible via the NHANES website,1 which also provides comprehensive documentation on study design, methods, and population characteristics. The NHANES protocol was approved by the NCHS Research Ethics Review Board, and written informed consent was obtained from all participants. For this study, we compiled data from eight NHANES cycles (2003–2004 through 2017–2018). The inclusion and exclusion criteria are illustrated in the study flowchart. We first excluded 35,522 participants who were younger than 20 years. An additional 25,497 participants were excluded due to non-fasting status. We then excluded 81 participants without AGR data, 37 participants without outcome data, and 3,280 participants with missing covariate data. After applying these criteria, a total of 15,895 participants were included in the final analysis (Figure 1).
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FIGURE 1
 Flowchart of the sample selection from the 2003–2018 NHANES.




Measurement of AGR

Albumin concentration was measured using the DxC800 system, which employs a two-color digital endpoint method. In this assay, albumin binds to bromocresol purple to form a colored complex, and the system monitors the change in absorbance at 600 nm. The change in absorbance is directly proportional to the albumin concentration in the sample. The calculation formula is as follows: AGR = albumin (g/L)/globulin (g/L).



Assessment of covariates

Covariates were collected through standardized interviews, physical examinations, laboratory tests, and structured questionnaires administered by well-trained medical personnel. These covariates included demographic characteristics [age, sex, race/ethnicity, education levels, and ratio of family income to poverty (PIR)], medical history (hypertension and diabetes mellitus), lifestyle factors [smoking status, alcohol intake, and body mass index (BMI)] and laboratory parameters [leukocyte count, uric acid (UA), blood urea nitrogen (BUN), albumin, globulin, low-density lipoprotein cholesterol (LDL-C), high-density lipoprotein cholesterol (HDL-C) and total cholesterol (TC), triglyceride (TG), alanine aminotransferase (ALT), aspartate aminotransferase (AST), fasting blood glucose (FBG), and glycohemoglobin (HbA1c)]. In addition, the estimated glomerular filtration rate (eGFR) was calculated using the Chronic Kidney Disease Epidemiology Collaborative (CKD-EPI) equation to evaluate kidney function (25). Race/ethnicity was classified into four groups: Mexican American, non-Hispanic White, non-Hispanic Black and other race. Marital status was classified into three groups: married/living with partner, widowed/divorced/separated, and never married. Educational level was categorized into five groups: <9th grade, 9–11th grade, high school, college and graduate or above. Alcohol use was defined consuming at least 4 drinks/day. Smoking status was categorized as every day, some days, or not at all. BMI was calculated as the weight in kilograms divided by the square of height in meters, which was obtained from the body measurements. BMI was categorized as < 25, 25–29.9, and ≥ 30 kg/m2. PIR was categorized as < 1.3, 1.3–3.0, and ≥ 3.0. Self-reported personal interview data provided the medical and medication history of hypertension and diabetes mellitus.

During interviews, participants were asked standardized questions regarding CVD history, including: “Has a doctor or health professional ever told you that you have: congestive heart failure (CHF)/coronary heart disease (CHD)/angina/angina pectoris (AP)/heart attack/stroke?” (this question was asked separately for each condition). Participant who answered “yes” to any of these questions were classified as having CVD. Furthermore, participants were also asked whether they were currently taking prescribed medication for hypertension, diabetes, or hyperlipidemia. Those who answered “yes” were considered users of anti-hypotensive, hypoglycemic, or lipid-lowing agents, respectively.



Assessments of CKM syndrome

CKM syndrome is defined as the coexistence of subclinical or clinical CVD, CKD, and metabolic disorders (detailed definitions are provided in Supplementary Table S1) (7). Briefly, clinical CVD includes any of the following conditions: CHF, CHD, AP, heart attack, or stroke. Subclinical CVD is defined as a ≥ 20% of 10-year CVD risk or the presence of high-risk CKD. The 10-year CVD risk was estimated using the PREVENT equations, which incorporate age, sex, tobacco use, blood pressure, cholesterol levels, diabetes status, kidney function, and the use of antihypertensive or statin therapy (see in Supplementary Table S2) (26). CKD risk was stratified based on eGFR and urinary albumin/creatinine ratio, with moderate-or high-risk classifications used for analysis (27). Metabolic disorders were defined as the presence of any of the following: overweight/obesity, abdominal obesity, prediabetes, diabetes, hypertension, dyslipidemia, and metabolic syndrome.

According to the AHA scientific statement, CKM syndrome is classified into five stage (0–4) (7). Stage 0: no detectable abnormalities. Stage 1: presence of obesity or prediabetes alone. Stage 2: obesity or prediabetes plus at least one additional metabolic disorder or CKD. Stage 3: subclinical CVD coexisting with metabolic disorders or CKD. Stage 4: clinical CVD coexisting with metabolic disorders or CKD. The full staging criteria are presented in Supplementary Table S3.



Ascertainment of mortality

To determine mortality status during follow-up, we utilized the publicly available NHANES-linked mortality file, updated through December 31, 2019. This file was linked to the National Death Index (NDI) by the NCHS using a probabilistic matching algorithm. Follow-up time was calculated from the date of the participant interview until the date of death or the end of the mortality follow-up period (December 31, 2019), whichever occurred first. Additionally, we used the International Statistical Classification of Diseases, 10th Revision (ICD-10) to identify disease-specific deaths, with the NCHS classifying heart diseases (054–064), malignant neoplasms (019–043), and all other causes (010) for our study.



Statistical analysis

To account for the complex sampling design of NHANES, all analyses incorporated sample weights (WTSAF2YR), clustering (SDMVPSU), and stratification (SDMVSTRA). Sample weights were calculated by dividing the 2-year fasting subsample MEC weight by 8. Weighted means ± standard error (SE) were used for continuous variables, while frequencies and weighted percentages were used for categorical variables. Multivariable Cox proportional hazards regression models were employed to evaluate the association between AGR and mortality outcomes. Covariates were added individually, and those that altered the AGR-mortality by more than 10% or were significantly associated with mortality (p < 0.1) were included as potential confounders in the final models. Covariates selected a priori based on established associations included age, sex, race, education level, marital status, diabetes mellitus, hypertension, FBG, and HbA1c. The associations of each covariate with the outcomes of interest are presented in Supplementary Tables S4–S7. Model 1 was unadjusted; Model 2 was adjusted for age, sex and race. Model 3 was adjusted for age, sex, race, education level, marital status, diabetes mellitus, hypertension, FBG, and HbA1c. To explore potential nonlinear relationships between AGR and mortality, we applied Cox hazards regression models with smooth curve fitting. Where nonlinearity was detected, threshold effect analyses were performed using two-piecewise linear regression models. Subgroup analyses were conducted by stratifying participants by age (< 60 years old or ≥ 60 years old), sex, race, education level, BMI (< 25, 25–29.9, and ≥ 30 kg/m2), history of diabetes mellitus or hypertension, smoking status, alcohol intake, PIR (< 1.3, 1.3–3.0, and ≥ 3.0), and CKM stage. All subgroup models were adjusted made for the covariates in model 3. Interaction terms were included to assess heterogeneity across subgroups. We also conducted several sensitivity analyses to test the robustness of our findings. First, to reduce potential reverse causality, we excluded participants who died within the first 2 years of follow-up. Second, participants with a baseline diagnosis of cancer or CVD were excluded to minimize confounding by severe illness. Third, we removed individuals using hypoglycemic, anti-hypotensive, or lipid-lowing agents at baseline to reduce potential treatment-related biases. Lastly, analyses were restricted to individuals in CKM stages 3–4. Statistical significance was defined as p < 0.05. Statistical analyses were performed using Empower software (X&Y solutions, Inc., Boston MA)2 and R version 4.2.0 (The R Foundation).3 This study is reported in accordance with the Strengthening the Reporting of Observational Studies in Epidemiology (STROBE) guideline (see Supplementary Table S8 for the Checklist). Additionally, a comparison between excluded and included participants is provided in Supplementary Table S9.




Results


Baseline characteristics

Table 1 summarizes the weighted baseline characteristics of the 15,895 participants included in this study. The mean age was 46.72 ± 0.25 years, and 48.92% were male. The weighted mean AGR was 1.52 ± 0.01, with quartiles ranges of 0.40–1.26 (Q1), 1.27–1.44 (Q2), 1.45–1.63 (Q3) and 1.64–5.88 (Q4). Significant differences across AGR quartiles were observed for variables including age, sex, race, education level, marital status, PIR, BMI, smoker status, diabetes mellitus, hypertension, leukocyte, TG, TC, HDL-C, LDL-C, FBG, HbA1c, ALT, albumin, globulin, BUN, eGFR, use of antihypertensive or hypoglycemic agents, CKM stage, all-cause mortality and CVD mortality (all p < 0.05). No significant differences were found for alcohol use, AST, UA, or use of lipid-lowing agents (all p > 0.05).


TABLE 1 Weighted baseline characteristics of participants with CKM syndrome according to AGR in NHANES 2003–2018.


	Characteristics
	AGR quarters
	Overall
	Q1 (0.40–1.26)
	Q2 (1.27–1.44)
	Q3 (1.45–1.63)
	Q4 (1.64–5.88)
	p-value



	n = 15,895
	n = 3,959
	n = 3,939
	n = 4,023
	n = 3,974

 

 	Age (year) 	46.72 ± 0.25 	47.54 ± 0.43 	47.29 ± 0.39 	46.80 ± 0.39 	45.79 ± 0.40 	0.0103


 	Sex, % (SE) 	 	 	 	 	 	< 0.0001


 	Male 	48.92 (0.47) 	32.33 (1.11) 	40.35 (1.06) 	53.10 (1.19) 	60.93 (0.89) 	


 	Female 	51.08 (0.47) 	67.67 (1.11) 	59.65 (1.06) 	46.90 (1.19) 	39.07 (0.89) 	


 	Race, % (SE) 	 	 	 	 	 	< 0.0001


 	Mexican American 	8.50 (0.65) 	12.62 (1.04) 	10.17 (0.85) 	8.78 (0.76) 	4.75 (0.51) 	


 	Non-Hispanic White 	68.06 (1.20) 	47.54 (1.85) 	62.53 (1.46) 	70.16 (1.44) 	81.89 (0.93) 	


 	Non-Hispanic Black 	10.75 (0.65) 	23.48 (1.35) 	13.56 (0.84) 	8.06 (0.65) 	3.77 (0.39) 	


 	Other Race 	12.69 (0.60) 	16.37 (0.97) 	13.74 (0.81) 	13.01 (0.91) 	9.59 (0.56) 	


 	Education level, % (SE) 	 	 	 	 	 	< 0.0001


 	Less than 9th grade 	5.49 (0.29) 	8.05 (0.54) 	6.99 (0.48) 	5.00 (0.45) 	3.37 (0.36) 	


 	9-11th grade 	10.49 (0.46) 	13.52 (0.67) 	11.43 (0.70) 	10.28 (0.64) 	8.29 (0.69) 	


 	High school graduate 	23.17 (0.58) 	26.47 (1.08) 	22.67 (1.03) 	23.35 (1.04) 	21.49 (0.88) 	


 	College degree 	31.40 (0.67) 	31.36 (1.22) 	31.78 (1.06) 	32.45 (1.16) 	30.28 (1.04) 	


 	College and above 	29.44 (0.94) 	20.57 (0.97) 	27.11 (1.23) 	28.91 (1.25) 	36.57 (1.42) 	


 	Marital status, % (SE) 	 	 	 	 	 	< 0.0001


 	Married/ Living with partner 	65.09 (0.66) 	59.92 (1.09) 	63.07 (1.28) 	67.10 (0.99) 	67.78 (1.02) 	


 	Widowed/divorced/separated 	17.18 (0.43) 	21.48 (0.82) 	19.70 (0.84) 	16.85 (0.69) 	13.23 (0.66) 	


 	Never married 	17.73 (0.60) 	18.59 (0.89) 	17.23 (0.96) 	16.06 (0.85) 	18.99 (0.91) 	


 	PIR, % (SE) 	 	 	 	 	 	< 0.0001


 	< 1.3 	20.30 (0.69) 	28.37 (1.14) 	22.41 (1.00) 	19.01 (0.91) 	15.42 (0.74) 	


 	1.3–3.0 	29.25 (0.70) 	32.68 (1.08) 	31.28 (1.12) 	28.90 (1.10) 	26.24 (1.02) 	


 	≥ 3.0 	50.45 (1.00) 	38.94 (1.45) 	46.31 (1.44) 	52.09 (1.46) 	58.34 (1.18) 	


 	Smoking status, % (SE) 	 	 	 	 	 	0.0003


 	Every day 	20.38 (0.58) 	18.84 (0.96) 	19.04 (0.80) 	21.39 (0.93) 	21.37 (1.04) 	


 	Some day 	24.99 (0.60) 	23.50 (0.95) 	23.33 (1.06) 	25.03 (0.95) 	26.99 (0.99) 	


 	Not at all 	54.63 (0.71) 	57.66 (1.32) 	57.63 (1.12) 	53.58 (1.02) 	51.64 (1.19) 	


 	Diabetes mellitus, % (SE) 	 	 	 	 	 	< 0.0001


 	Yes 	8.85 (0.30) 	13.69 (0.72) 	10.83 (0.70) 	7.36 (0.55) 	5.94 (0.47) 	


 	No 	91.15 (0.30) 	86.31 (0.72) 	89.17 (0.70) 	92.64 (0.55) 	94.06 (0.47) 	


 	Hypertension, % (SE) 	 	 	 	 	 	< 0.0001


 	Yes 	30.80 (0.62) 	36.55 (1.21) 	32.13 (1.15) 	30.54 (1.10) 	26.80 (0.99) 	


 	No 	69.20 (0.62) 	63.45 (1.21) 	67.87 (1.15) 	69.46 (1.10) 	73.20 (0.99) 	


 	Alcohol user, % (SE) 	 	 	 	 	 	0.5483


 	Yes 	15.77 (0.49) 	15.52 (1.20) 	15.03 (0.82) 	16.75 (0.85) 	15.58 (0.83) 	


 	No 	84.23 (0.49) 	84.48 (1.20) 	84.97 (0.82) 	83.25 (0.85) 	84.42 (0.83) 	


 	BMI (kg/m2) 	28.76 ± 0.09 	31.61 ± 0.17 	29.49 ± 0.17 	28.29 ± 0.13 	27.02 ± 0.14 	< 0.0001


 	Laboratory parameters 	 	 	 	 	 	


 	Leukocyte (1,000 cell/μL) 	6.79 ± 0.03 	7.37 ± 0.06 	6.88 ± 0.04 	6.68 ± 0.05 	6.48 ± 0.05 	< 0.0001


 	TG (mmol/L) 	1.43 ± 0.01 	1.48 ± 0.03 	1.46 ± 0.02 	1.45 ± 0.02 	1.36 ± 0.02 	0.0008


 	TC (mmol/L) 	5.00 ± 0.01 	5.03 ± 0.03 	5.05 ± 0.02 	5.07 ± 0.02 	4.91 ± 0.02 	< 0.0001


 	HDL-C (mmol/L) 	1.41 ± 0.01 	1.39 ± 0.01 	1.40 ± 0.01 	1.39 ± 0.01 	1.44 ± 0.01 	0.0012


 	LDL-C (mmol/L) 	2.95 ± 0.01 	2.97 ± 0.02 	2.98 ± 0.02 	3.02 ± 0.02 	2.87 ± 0.02 	< 0.0001


 	FBG (mg/dL) 	104.94 ± 0.34 	110.03 ± 0.70 	107.38 ± 0.83 	103.40 ± 0.52 	101.63 ± 0.42 	< 0.0001


 	HbA1c (%) 	5.58 ± 0.01 	5.85 ± 0.02 	5.67 ± 0.02 	5.52 ± 0.02 	5.41 ± 0.01 	< 0.0001


 	ALT (U/L) 	24.09 ± 0.12 	22.82 ± 0.33 	23.67 ± 0.29 	24.99 ± 0.27 	24.36 ± 0.21 	< 0.0001


 	AST (U/L) 	24.15 ± 0.11 	24.03 ± 0.37 	23.78 ± 0.19 	24.37 ± 0.18 	24.31 ± 0.17 	0.0846


 	Albumin (g/dL) 	4.23 ± 0.01 	3.87 ± 0.01 	4.13 ± 0.01 	4.28 ± 0.01 	4.47 ± 0.01 	< 0.0001


 	Globulin (g/dL) 	2.87 ± 0.01 	3.47 ± 0.01 	3.05 ± 0.01 	2.79 ± 0.01 	2.45 ± 0.01 	< 0.0001


 	Uric acid (mg/dL) 	5.44 ± 0.02 	5.45 ± 0.03 	5.38 ± 0.03 	5.48 ± 0.03 	5.46 ± 0.03 	0.0916


 	Blood urea nitrogen (mg/dL) 	13.26 ± 0.07 	12.70 ± 0.13 	13.01 ± 0.15 	13.32 ± 0.11 	13.69 ± 0.10 	< 0.0001


 	eGFR (ml/min/1.73m2) 	98.56 ± 0.34 	100.62 ± 0.62 	98.63 ± 0.51 	98.19 ± 0.46 	97.65 ± 0.48 	0.0006


 	Drug use 	 	 	 	 	 	


 	Hypoglycemic agent, % (SE) 	 	 	 	 	 	< 0.0001


 	Yes 	7.05 (0.28) 	10.21 (0.60) 	9.07 (0.68) 	5.66 (0.49) 	5.00 (0.42) 	


 	No 	92.95 (0.28) 	89.79 (0.60) 	90.93 (0.68) 	94.34 (0.49) 	95.00 (0.42) 	


 	Hypotensive agent, % (SE) 	 	 	 	 	 	< 0.0001


 	Yes 	22.43 (0.56) 	26.98 (1.00) 	23.65 (1.01) 	21.52 (0.93) 	19.73 (0.94) 	


 	No 	77.57 (0.56) 	73.02 (1.00) 	76.35 (1.01) 	78.48 (0.93) 	80.27 (0.94) 	


 	Lipid-lowing agent, % (SE) 	 	 	 	 	 	0.3858


 	Yes 	16.57 (0.47) 	15.38 (0.91) 	16.88 (0.82) 	16.21 (0.88) 	17.32 (0.77) 	


 	No 	83.43 (0.47) 	84.62 (0.91) 	83.12 (0.82) 	83.79 (0.88) 	82.68 (0.77) 	


 	CKM Stages, % (SE) 	 	 	 	 	 	< 0.0001


 	0 	13.76 (0.45) 	7.65 (0.60) 	11.41 (0.78) 	14.05 (0.73) 	18.67 (0.87) 	


 	1 	30.54 (0.56) 	26.46 (1.04) 	30.88 (1.03) 	31.58 (1.07) 	31.75 (0.99) 	


 	2 	42.77 (0.60) 	47.98 (1.26) 	43.71 (1.04) 	42.56 (1.14) 	39.33 (0.96) 	


 	3 	4.86 (0.20) 	7.03 (0.48) 	5.51 (0.45) 	4.34 (0.35) 	3.59 (0.30) 	


 	4 	8.07 (0.31) 	10.89 (0.74) 	8.50 (0.60) 	7.47 (0.52) 	6.66 (0.44) 	


 	Outcomes, % (SE) 	 	 	 	 	 	


 	All-cause mortality 	7.63 (0.34) 	11.81 (0.68) 	8.36 (0.57) 	6.43 (0.45) 	5.74 (0.43) 	< 0.0001


 	Cardiovascular mortality 	2.16 (0.14) 	3.35 (0.35) 	2.75 (0.32) 	1.79 (0.20) 	1.38 (0.15) 	< 0.0001





Values are presented as the mean ± standard error (SE) unless stated otherwise. BMI, body mass index; PIR, poverty-to-income rations; TG, triglyceride; TC, total cholesterol; HDL-C, high density lipoprotein cholesterol; LDL-C, low density lipoprotein cholesterol; FBG, fasting blood glucose; HbA1c, glycohemoglobin; eGFR, estimated glomerular filtration rate; ALT, alanine aminotransferase; AST, aspartate aminotransferase.
 



Association between AGR and mortality

Table 2 presents the association between AGR and all-causes and CVD mortality. After full adjustment, the hazard rations (HR) for all-cause mortality across increasing AGR quartiles were: 1.00 (reference), 0.67 (95% CI: 0.56–0.79), 0.54 (95% CI: 0.44–0.66), and 0.55 (95% CI: 0.45–0.67), respectively, for all-cause mortality (P for trend < 0.0001). For CVD mortality, the corresponding HR were: 1.00 (reference), 0.79 (95% CI: 0.58–1.09), 0.49 (95% CI: 0.34–0.71), and 0.47 (95% CI: 0.34–0.64), respectively, for CVD mortality (P for trend < 0.0001).


TABLE 2 HR (95%CI) for all-cause and CVD mortality according to AGR among participants with CKM syndrome in NHANES 2003–2018.


	Outcomes
	AGR
	



	Q1 (0.40–1.26)
	Q2 (1.27–1.44)
	Q3 (1.45–1.63)
	Q4 (1.64–5.88)
	P trend
	AGR continuous

 

 	All-cause mortality


 	Number of deaths (%) 	593 (14.98) 	444 (11.27) 	377 (9.37) 	331 (8.33) 	 	1745 (10.98)


 	Model 1 	1.00 	0.67 (0.57, 0.78) 	0.50 (0.42, 0.61) 	0.47 (0.40, 0.55) 	< 0.0001 	0.31 (0.24, 0.40)


 	P-value 	 	< 0.0001 	< 0.0001 	< 0.0001 	 	< 0.0001


 	Model 2 	1.00 	0.65 (0.55, 0.78) 	0.49 (0.40, 0.60) 	0.49 (0.40, 0.59) 	< 0.0001 	0.32 (0.24, 0.43)


 	P-value 	 	< 0.0001 	< 0.0001 	< 0.0001 	 	< 0.0001


 	Model 3 	1.00 	0.67 (0.56, 0.79) 	0.54 (0.44, 0.66) 	0.55 (0.45, 0.67) 	< 0.0001 	0.38 (0.28, 0.49)


 	P-value 	 	< 0.0001 	< 0.0001 	< 0.0001 	 	< 0.0001


 	CVD mortality


 	Number of deaths (%) 	175 (4.42) 	149 (3.78) 	118 (2.93) 	92 (2.32) 	 	534 (3.36)


 	Model 1 	1.00 	0.76 (0.57, 1.01) 	0.48 (0.35, 0.65) 	0.38 (0.30, 0.50) 	< 0.0001 	0.23 (0.15, 0.35)


 	P-value 	 	0.0595 	< 0.0001 	< 0.0001 	 	< 0.0001


 	Model 2 	1.00 	0.77 (0.56, 1.06) 	0.45 (0.32, 0.64) 	0.41 (0.30, 0.56) 	< 0.0001 	0.22 (0.13, 0.39)


 	P-value 	 	0.1046 	< 0.0001 	< 0.0001 	 	< 0.0001


 	Model 3 	1.00 	0.79 (0.58, 1.09) 	0.49 (0.34, 0.71) 	0.47 (0.34, 0.64) 	< 0.0001 	0.27 (0.16, 0.44)


 	P-value 	 	0.1606 	0.0002 	< 0.0001 	 	< 0.0001





Model 1: Non-adjusted; Model 2: Adjusted for age, sex and race; Model 3: Adjusted for age, sex, race, education level, marital status, diabetes mellitus, hypertension, FBG, and HbA1c.
 



Nonlinear association detection

Figure 2 illustrates the results from smooth curve fitting analysis. A nonlinear relationship was observed between AGR and all-cause mortality (Figure 2A), while a linear association was identified for AGR and CVD mortality (Figure 2B). To further examine this nonlinearity, we applied a two-piecewise Cox hazards regression model. As shown in Table 3, the inflection point for AGR in relation to all-cause mortality was 1.26. Below this threshold (AGR < 1.26), each 1-unit increase in AGR was associated with a 93% reduction in the risk of all-cause mortality (HR = 0.07, 95% CI: 0.05–0.12).

[image: Scatter plots labeled A and B show relationships between AGR and mortality rates. Plot A depicts all-cause mortality, with dots clustering below AGR 3. Plot B shows CVD mortality, with most dots below AGR 2. Blue lines indicate trends.]

FIGURE 2
 (A) A generalized additive model that establishes the nonlinear relationship between AGR and all-cause mortality. (B) A generalized additive model that establishes the linear relationship between AGR and CVD mortality. Adjusted for age, sex, race, education level, marital status, diabetes mellitus, hypertension, FBG, and HbA1c.



TABLE 3 Threshold effect analysis of AGR on all-cause mortality among participants with CKM syndrome.


	Outcomes
	Adjusted HR (95% CI), P-value

 

 	All-cause mortality


 	Fitting by the standard linear model 	0.41 (0.33, 0.50) < 0.0001


 	Fitting by the two-piecewise linear model 	


 	Inflection point 	1.26


 	AGR < 1.26 	0.07 (0.05, 0.12) < 0.0001


 	zAGR ≥ 1.26 	0.79 (0.62, 1.01) 0.0653


 	P for log-likelihood ratio 	< 0.001





Adjusted for age, sex, race, education level, marital status, diabetes mellitus, hypertension, FBG, and HbA1c.
 



Subgroup analysis

Tables 4, 5 present the results of subgroup analyses for the association between AGR and both all-cause and CVD mortality. Subgroups were categorized by age (< 60 years old or ≥ 60 years old), sex, race, education level, BMI (< 25, 25–29.9, and ≥ 30 kg/m2), history of diabetes mellitus or hypertension, smoking status, alcohol intake, PIR (< 1.3, 1.3–3.0, and ≥ 3.0), and CKM stage. The inverse association between AGR and all-cause mortality was stronger among subgroups defined by age, race, smoking status, and CKM stage (all p for interaction < 0.05). For CVD mortality, stronger associations were observed by age, education level, and smoking status (all p for interaction < 0.05). Association in other subgroups remained consistent (all p for interaction > 0.05).


TABLE 4 Subgroup analyses for the relationship between AGR and all-cause mortality.


	Subgroups
	HR (95%CI)
	P
	P for interaction

 

 	Age (years) 	 	 	< 0.0001


 	< 60 	0.14 (0.09, 0.22) 	< 0.0001 	


 	≥ 60 	0.45 (0.36, 0.56) 	< 0.0001 	


 	Sex 	 	 	0.3234


 	Male 	0.38 (0.29, 0.48) 	< 0.0001 	


 	Female 	0.46 (0.34, 0.61) 	< 0.0001 	


 	Race 	 	 	0.0040


 	Mexican American 	0.17 (0.09, 0.35) 	< 0.0001 	


 	Non-Hispanic White 	0.51 (0.40, 0.64) 	< 0.0001 	


 	Non-Hispanic Black 	0.27 (0.16, 0.46) 	< 0.0001 	


 	Other Race 	0.27 (0.14, 0.51) 	< 0.0001 	


 	Education level 	 	 	0.2875


 	Less than 9th grade 	0.39 (0.25, 0.62) 	< 0.0001 	


 	9-11th grade 	0.39 (0.25, 0.62) 	< 0.0001 	


 	High school graduate 	0.47 (0.33, 0.67) 	< 0.0001 	


 	College degree 	0.32 (0.22, 0.48) 	< 0.0001 	


 	College and above 	0.49 (0.31, 0.79) 	0.0033 	


 	BMI (kg/m2) 	 	 	0.2533


 	< 25 	0.42 (0.30, 0.57) 	< 0.0001 	


 	25–30 	0.52 (0.38, 0.71) 	< 0.0001 	


 	≥ 30 	0.27 (0.19, 0.39) 	< 0.0001 	


 	Diabetes mellitus 	 	 	0.2524


 	Yes 	0.34 (0.23, 0.49) 	< 0.0001 	


 	No 	0.43 (0.35, 0.54) 	< 0.0001 	


 	Hypertension 	 	 	0.2784


 	Yes 	0.44 (0.35, 0.57) 	< 0.0001 	


 	No 	0.36 (0.27, 0.49) 	< 0.0001 	


 	Smoking status 	 	 	0.0005


 	Every day 	0.21 (0.14, 0.31) 	< 0.0001 	


 	Some day 	0.46 (0.34, 0.62) 	< 0.0001 	


 	Not at all 	0.53 (0.39, 0.71) 	< 0.0001 	


 	Alcohol user 	 	 	0.3231


 	Yes 	0.26 (0.17, 0.40) 	< 0.0001 	


 	No 	0.45 (0.36, 0.56) 	< 0.0001 	


 	PIR 	 	 	0.5806


 	< 1.3 	0.39 (0.27, 0.55) 	< 0.0001 	


 	1.3–3.0 	0.42 (0.31, 0.58) 	< 0.0001 	


 	≥ 3.0 	0.50 (0.35, 0.71) 	0.0001 	


 	CKM stage 	 	 	0.0399


 	Stage 0 	0.27 (0.09, 0.86) 	0.0266 	


 	Stage 1 	0.24 (0.14, 0.41) 	< 0.0001 	


 	Stage 2 	0.40 (0.26, 0.61) 	< 0.0001 	


 	Stage 3 	0.61 (0.44, 0.85) 	0.0030 	


 	Stage 4 	0.43 (0.31, 0.59) 	< 0.0001 	





Adjusted for age, sex, race, education level, marital status, diabetes mellitus, hypertension, FBG, and HbA1c.
 


TABLE 5 Subgroup analyses for the relationship between AGR and CVD mortality.


	Subgroups
	HR (95%CI)
	P
	P for interaction

 

 	Age (years) 	 	 	0.0002


 	< 60 	0.07 (0.03, 0.17) 	< 0.0001 	


 	≥ 60 	0.41 (0.28, 0.60) 	< 0.0001 	


 	Sex 	 	 	0.4617


 	Male 	0.36 (0.23, 0.56) 	< 0.0001 	


 	Female 	0.46 (0.27, 0.81) 	0.0073 	


 	Race 	 	 	0.2138


 	Mexican American 	0.22 (0.06, 0.78) 	0.0194 	


 	Non-Hispanic White 	0.51 (0.33, 0.79) 	0.0027 	


 	Non-Hispanic Black 	0.20 (0.08, 0.49) 	0.0005 	


 	Other Race 	0.34 (0.11, 1.07) 	0.0659 	


 	Education level 	 	 	0.0073


 	Less than 9th grade 	0.45 (0.39, 0.53) 	< 0.0001 	


 	9-11th grade 	0.63 (0.54, 0.74) 	< 0.0001 	


 	High school graduate 	0.43 (0.37, 0.49) 	< 0.0001 	


 	College degree 	0.23 (0.20, 0.27) 	< 0.0001 	


 	College and above 	0.44 (0.37, 0.51) 	< 0.0001 	


 	BMI (kg/m2) 	 	 	0.0994


 	< 25 	0.53 (0.29, 0.96) 	0.0333 	


 	25–30 	0.48 (0.27, 0.86) 	0.00134 	


 	≥ 30 	0.23 (0.12, 0.42) 	< 0.0001 	


 	Diabetes mellitus 	 	 	0.4266


 	Yes 	0.31 (0.16, 0.62) 	0.0008 	


 	No 	0.43 (0.28, 0.65) 	< 0.0001 	


 	Hypertension 	 	 	0.9558


 	Yes 	0.40 (0.25, 0.62) 	< 0.0001 	


 	No 	0.39 (0.22, 0.70) 	0.0015 	


 	Smoking status 	 	 	0.0075


 	Every day 	0.12 (0.05, 0.28) 	< 0.0001 	


 	Some day 	0.48 (0.27, 0.85) 	0.0125 	


 	Not at all 	0.53 (0.32, 0.87) 	0.0129 	


 	Alcohol user 	 	 	0.5437


 	Yes 	0.30 (0.12, 0.78) 	0.0139 	


 	No 	0.41 (0.28, 0.60) 	< 0.0001 	


 	PIR 	 	 	0.9390


 	< 1.3 	0.37 (0.19, 0.73) 	0.0039 	


 	1.3–3.0 	0.43 (0.24, 0.77) 	0.0048 	


 	≥ 3.0 	0.43 (0.23, 0.80) 	0.0085 	


 	CKM stage 	 	 	0.4044


 	Stage 0 	1.34 (0.06, 1.78) 	0.8565 	


 	Stage 1 	0.17 (0.05, 0.54) 	0.0027 	


 	Stage 2 	0.33 (0.14, 0.79) 	0.0128 	


 	Stage 3 	0.51 (0.28,0.93) 	0.0285 	


 	Stage 4 	0.48 (0.28, 0.83) 	0.0083 	





Adjusted for age, sex, race, education level, marital status, diabetes mellitus, hypertension, FBG, and HbA1c.
 



Sensitivity analysis

Robustness of the primary findings was confirmed through multiple sensitivity analyses. First, exclusion of participants who died the first 2 years of follow-up did not materially change the associations (Supplementary Table S10). Second, excluding participants with baseline CVD or cancer yielded similar results (Supplementary Table S11). Third, removing those using hypoglycemic, antihypertensive, or lipid-lowering medications at baseline also had no significant effect on the observed relationships (Supplementary Table S12). Finally, the analysis was restricted to participants in CKM stages 3–4, which yielded consistent findings (Supplementary Table S13).




Discussion

This study represents the first comprehensive investigation of the association between AGR and the risks of all-cause and CVD mortality in a large cohort of participants with CKM syndrome. Our findings provide compelling evidence that higher AGR levels are independently associated with substantially lower risks of both all-cause and CVD mortality. Critically, we identified a nonlinear relationship between AGR and all-cause mortality, whereas the association with CVD mortality followed a linear trajectory. Subgroup analyses revealed that the protective association of AGR was particularly pronounced among younger individuals (< 60 years), daily smokers, Mexican Americans, college-educated participants, and those in stage 1 of CKM. These associations remained robust across a series of extensive stratified and sensitivity analyses.

While albumin and globulin levels individually reflect inflammation and nutritional status, their clinical interpretation is often confounded by acute-phase reactions, fluid shifts, and organ dysfunction. By integrating these two measures, the AGR provides a more stable and physiologically meaningful biomarker. Prior studies have established AGR as a diagnostic and prognostic tool in infectious diseases and a broad array of malignancies, with lower AGR consistently predicting poorer survival in colorectal, gastric, breast, head and neck cancers (24, 28–30). For instance, Li et al. demonstrated that preoperative AGR effectively predicted long-term survival in colorectal cancer patients (24). Beyond oncology, evidence remains scarce but provocative. Otaki et al. reported that AGR independently predicted cardiac events and rehospitalizations among women with heart failure with preserved ejection fraction (31). Similarly, Azab et al. identified AGR < 1.34 as a potent independent predictor of long-term mortality among non-ST elevation myocardial infarction patients, outperforming albumin alone (32). Studies in acute ischemic stroke and diabetic populations further corroborate AGR’s prognostic potential (23, 33). Yet, remarkably, no prior research had examined its role in the high-risk CKM syndrome population. Our analysis of NHANES 2003–2018 data addresses this critical knowledge gap. We demonstrate for the first time that AGR exhibits a nonlinear association with all-cause mortality and a linear association with CVD mortality in individuals with CKM syndrome, even after rigorous adjustment for potential confounders. Mechanistically, CKM syndrome is characterized by systemic inflammation and progressive malnutrition, both of which disrupt protein homeostasis and lead to reduced AGR. Our findings suggest that this inflammatory—nutritional imbalance critically underpins the observed increase in mortality risk.

Stratified analyses uncovered notable effect modifications. The inverse association between AGR and all-cause mortality was most evident among younger adults, daily smokers, Mexican Americans, and individuals in CKM stage 1; while its relationship with CVD mortality was strongest among college graduates, younger individuals, and daily smokers. These patterns align with existing literature: Zeng et al. reported enhanced AGR predictive power in younger CKD patients (34), and He et al. confirmed AGR’s utility in diabetic adults under 60 (23). Furthermore, recent research indicates that both daily and non-daily smokers face elevated all-cause and CVD mortality compared to never-smokers (35, 36). Mexican Americans exhibit disproportionate burdens of obesity, metabolic syndrome, and under-treatment hypertension—factors that likely amplify the prognostic significance of AGR (37). Although higher education typically confers health benefits, emerging evidence suggests that lifestyle factors such as sedentary behavior and chronic stress among highly educated individuals may paradoxically increase CVD risk through heightened sympathetic activity and endothelial dysfunction (38, 39). While clinical manifestations in CKM stage 1 are relatively mild, chronic low-grade inflammation is already activated. A decrease in AGR may serve as a sensitive marker of this “subclinical inflammation.” Moreover, during early CKM stage 1, traditional biomarkers such as eGFR and proteinuria may remain within normal ranges. As AGR integrates signals from the nutrition-inflammation-immunity axis, it may offer superior predictive capability in this early stage of disease.

By leveraging the large, nationally representative NHANES 2003–2018 cohort, our study transcends previous disease-specific investigations and firmly establishes AGR as a robust, generalizable prognostic marker across a diverse U. S. adult population. Importantly, the discovery of a nonlinear association between AGR and all-cause mortality introduces a crucial new dimension to AGR’s clinical relevance: once AGR falls below a critical threshold, mortality risk escalates sharply. This nuanced understanding moves beyond the simplistic linear associations previously described (23, 40), offering a more sophisticated model of AGR’s impact on survival outcomes. Clinically, these findings suggest that integrating AGR into routine risk stratification models for CKM syndrome could substantially enhance early identification of high-risk individuals and guide targeted preventive interventions. Future prospective studies are warranted to validate these observations and to elucidate the biological mechanisms linking AGR dynamics with CKM progression and outcomes. Ultimately, the incorporation of AGR into precision medicine frameworks holds transformative potential for improving prognostication and tailoring interventions in this vulnerable population.

Several mechanisms may underlie the observed association between lower AGR and poorer prognosis. We hypothesize that this relationship is primarily driven by pro-inflammatory and pro-oxidative pathways. Serum albumin plays diverse physiological roles, including anticoagulant, antioxidant and anti-inflammatory functions, as well as preserving vascular integrity (41–43). It also binds and transports inflammatory mediators, modulating both systemic and tissue-specific inflammation while mitigating oxidative stress.

Chronic inflammation and oxidative stress are central to the pathogenesis of CKM syndrome (7, 16). Inflammatory cytokines released by activated macrophages redirect hepatic protein synthesis from albumin toward acute-phase proteins, reducing serum albumin levels (44). Low serum albumin has emerged as a strong, independent predictor of mortality. For example, Li et al. reported that each 1 g/dL decrease in serum albumin was associated with a 3.85-fold increase in CVD mortality (45). Similarly, Hartopo et al. found that hypoalbuminemia predicted a 2.8-fold higher risk of adverse outcomes in acute coronary syndrome (46).

A prothrombotic state may represent an additional mechanism linking low AGR to mortality. Albumin inhibits thromboxane A₂ synthesis by modulating free arachidonic acid levels (47). Tanahashi et al. showed that lower AGR levels were linked to enhanced erythrocyte aggregability in patients with cerebrovascular disease (48). In patients with chronic renal failure undergoing peritoneal dialysis, correction of hypoalbuminemia through albumin administration was shown to reduce platelet aggregation (49).

Our findings position AGR as a valuable adjunct to traditional risk scores such as atherosclerotic cardiovascular disease (ASCVD) and CKD staging. While conventional models like the ASCVD score focus on established risk factors—age, cholesterol, blood pressure, and smoking—they fail to capture systemic inflammation and nutritional status, both of which are now recognized as critical contributors to cardiovascular and all-cause mortality. Similarly, CKD staging relies on eGFR and albuminuria, but does not account for the immunoinflammatory milieu that underlies disease progression and adverse outcomes.

As a composite of hypoalbuminemia and hyperglobulinemia, AGR may reveal high-risk individuals missed by traditional models. In our cohort, patients classified as stage 0 with low AGR still faced elevated mortality risk—likely driven by subclinical inflammation or malnutrition. Conversely, AGR can further stratify risk among individuals already classified as high-risk. Prior research shows that AGR < 1.34 is associated with significantly higher long-term mortality following non-ST-segment elevation myocardial infarction (32). Additionally, AGR has been identified as an independent predictor of long-term mortality in CKD patients, especially in males under age 65 (34). Incorporating AGR into existing risk models may improve predictive accuracy, particularly in populations with chronic conditions or age-related vulnerability. Prospective studies are needed to validate the incremental prognostic value of AGR within established clinical scoring systems.

This study possesses several notable strengths. First, our analysis leverages NHANES data, a large, nationally representative cohort with rigorous methodological standardization, enhancing the generalizability of our findings. Second, our confounder adjustments were guided by prior research on AGR and mortality, as well as multiple sensitivity analyses were conducted, bolstering the robustness of our results. Finally, we are the first to employ a smooth curve fitting model to assess the relationship between AGR and mortality, introducing a novel analytical perspective to this field.

However, several limitations must be acknowledged. The cross-sectional study design precludes causal inference, emphasizing the need for longitudinal studies to validate our findings. Additionally, AGR was measured only at baseline, which may not fully capture their temporal fluctuations and evolving associations with mortality risk. Despite rigorous confounder adjustments, residual confounding from unmeasured variables cannot be entirely excluded. Lastly, as our data are derived from a U. S. cohort, extrapolating our findings to other populations requires further epidemiological validation. Future studies should aim to refine risk stratification models incorporating AGR, potentially informing personalized strategies for CKM management.



Conclusion

Our study confirms that higher AGR is independently and robustly associated with lower risks of both all-cause and CVD mortality, underscoring the pivotal roles of inflammation and nutritional status in the progression of CKM syndrome. As a readily available clinical measure, AGR offers a practical biomarker for enhanced risk stratification and early patient identification. Future research should prioritize integrating AGR into multivariable prognostic models, validating its incremental value for guiding targeted therapeutic strategies and ultimately improving patient outcomes.
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