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Introduction: Advanced cardiovascular–kidney–metabolic (A-CKM) syndrome

portends severe prognosis, but how onset age affects mortality risk

remains unquantified.

Methods: This study analyzed 179,328 participants from the Kailuan cohort in

Tangshan, China (2006–2022). Using weighted Cox models and stratified

analyses, we assessed the association of age at onset with all-causemortality risk.

Results: Among 17,283 incident A-CKM casesmatched to age-stratified controls,

early-onset patients (<45 y) had the highest relative mortality risk (HR = 3.35),

which was amplified by smoking (HR = 5.27) and inflammation (hsCRP≥3mg/L:

HR = 10.15); midlife onset (45– 54 y) represented the optimal prevention window

(NNT = 15), yet with extreme female vulnerability (Stage 4 HR=14.25 vs. male

HR=2.54); late-adulthood onset (55–64y) incurred peak absolute burden (DRate
+8.61/1000PY), while elderly cases (≥65 y) had an attenuated attributable impact

despite higher mortality (33.95 vs. 2.48/1000 PY).

Discussion: These findings support an age-stratified management framework:

core age phased priorities (risk containment <45 y, preventive interception 45 –

54 y, complication management 55 – 64 y, and renoprotective optimization ≥65

y) augmented by sex-specific refinements—aggressive inflammation control in

young men and intensified midlife monitoring for women—resolving the

efficiency-burden paradox through calibrated implementation.

Clinical trial registration: https://www.chictr.org.cn/showproj.html?proj=8050,

identifier ChiCTR-TNRC-11001489.
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1 Introduction

Cardiovascular disease (CVD), chronic kidney disease (CKD),

and metabolic syndrome (MetS) share overlapping risk factors and

exhibit pathophysiological interactions that synergistically amplify

adverse clinical outcomes beyond simple additive effects (1). To

systematically characterize this multisystem disease cluster and

establish an integrated management framework, the American

Heart Association proposed cardiovascular–kidney–metabolic

syndrome (CKM) (2), which affects more than 30% of adults

worldwide (3). CKM highlights the continuous and progressive

characteristics of multiple organ dysfunction and presents a

qualitative staging system, with nonadvanced stages (Stage 0, 1, or

2) and advanced stages (Stage 3 or 4). Advancements in CKM

staging enable more accurate identification of high-risk individuals

(4). Notably, advanced CKM syndrome (A-CKM) patients exhibit a

significantly elevated risk of all-cause mortality (5). Specifically, a

15-year follow-up study revealed that the all-cause mortality rate

among these patients reached 37.9 per 1000 person-years (6).

Aging is a well-established pivotal risk factor for CVD (7, 8).

However, our prior cohort analysis revealed a paradoxical reversal

of mortality risk in A-CKM. Specifically, adults aged <60 years faced

a 3.4-fold higher mortality risk compared to their older

counterparts (adjusted HR 8.07 vs. 3.44) (6). Elucidating this

phenomenon requires analysis through biological aging metrics.

BioAge/PhenoAge Dissociation: PhenoAge demonstrates superior

predictive capacity for advanced CKM stages versus BioAge,

evidenced by significantly lower nonlinearity (9). Epigenetic

Acceleration: Each 5-unit increment in GrimAge acceleration

confers 50% excess mortality, mechanistically decoupling

biological decline from chronological aging (10). The PREVENT

model in the U.S. incorporated temporal dimensions to assess risk,

verifying that the age of onset and duration of illness are risk factors

meriting inclusion in future updates of guidelines for CKM (11).

However, age-stratified analyses of CKM-associated mortality risk

remain rare. Exploring age-of-onset-associated risk differences is

crucial for enhancing risk stratification and customizing potential

intervention strategies.

We conducted a population-based prospective community

cohort study in China. While early-stage CKM demonstrates

limited predictive validity for mortality (6), our study enhances

methodological rigor by incorporating A-CKM criteria to assess all-

cause mortality risk. We aimed to explore the association between

onset age and all-cause mortality in patients with A-CKM and

investigate differences in risk factors according to age of onset. This

work provides a basis for optimizing early interventions and

developing age-stratified CKM management strategies.
2 Methods

2.1 Study design and participants

The Kailuan Study (registration number: ChiCTRTNRC-

11,001,489) is a prospective cohort study of the investigation of
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and interventions for CVD and related risk factors that is being

conducted with community-based participants. The participants in

this study were employees and retirees of the Kailuan Group, a large

coal mining enterprise in the Tangshan region. Detailed

descriptions of the study design and procedures have been

published elsewhere (12). Briefly, from June 2006 to December

2017, a total of 179,328 participants aged 18 to 98 years were

enrolled. These participants underwent biennial questionnaire

surveys, clinical examinations, and laboratory tests at 11 hospitals

affiliated with the Kailuan Group. Additionally, the occurrence of

chronic diseases and mortality events was recorded annually. All the

involved participants were followed up until December 31, 2022.

The study was conducted in strict accordance with the ethical

principles outlined in the Declaration of Helsinki and was

approved by the Ethics Committee of Kailuan General Hospital

(approval number: 200605). Written informed consent was

obtained from all participants prior to their inclusion in the study.

In the present study, we excluded participants with missing data

for body mass index (BMI), waist circumference (WC), fasting

blood glucose (FBG), systolic blood pressure (SBP), diastolic blood

pressure (DBP), triglycerides (TG), total cholesterol (TC), low-

density lipoprotein cholesterol (LDL-C), high-density lipoprotein

cholesterol (HDL-C), serum creatinine, or proteinuria, resulting in

the inclusion of 165,701 participants who met the study criteria. The

date of new-onset A-CKM was defined as the date of the health

examination at which A-CKM was first diagnosed.

New-onset A-CKM was prospectively ascertained through

serial biennial examinations (2006 – 2017). Cases required ≥2

examinations with confirmed disease-free status at baseline

(Exam0) and incident diagnosis at subsequent examination

(Exam1). Onset age was operationally defined as the date of the

first diagnostic examination (Exam1). This approach minimizes

misclassification versus midpoint imputation, particularly in sparse

data contexts (Example: Participant disease-free in 2012 and

diagnosed in 2014→Onset = 2014). Matched case–control pairs

were constructed with calendar-year synchronization to eliminate

immortal time bias. Each case was matched to a control initiating

follow-up at their health examination during the same calendar

year. Controls were randomly selected participants from the same

examination cycle, matched by sex, ± 1-year age range, and the

absence of A-CKM at all prior examinations. Both cohorts began

follow-up at their respective Exam1 dates, generating 17,283 case–

control pairs with temporally aligned observations. This

methodology was uniformly applied to CKM Stages 3/4/4a/4b.

Age thresholds (<45, 45 – 54, 55 – 64, and ≥65 years) were

defined by: (1) Guideline screening windows (ACC/AHA): (2)

Chinese population transition peaks (45 - 54y: 184% A-CKM

prevalence increase vs. <45y) (13), (3) Biological decline inflection

(≥65y renal decline onset + 56.6% disease burden) (14), and (4)

Statistical power assurance (n≥1,000/stratum). All incident cases

were confirmed through 57 predefined diagnostic trajectories

(Supplementary Table S1), characterized by three principal

patterns: immediate (0→1) transitions requiring disease-free

status within 2 years prediagnosis; delayed (0→NA→1)

transitions allowing single missed examinations with verified
frontiersin.org
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disease-free status at last attendance; and multistep (0→0→1)

transitions demanding consecutive disease-free records. To ensure

diagnostic precision, cases were required to demonstrate

documented disease-free status at their immediately preceding

examination, whereas matched controls exhibited persistent

absence of A-CKM at all study examinations throughout the

observation period.
2.2 Data collection and variable definitions

The detailed methods of the epidemiological survey and

anthropometric measurements have been previously described (15,

16). All examinations were conducted in climate-controlled rooms

(22 ± 2°C, 40 - 60% relative humidity) using standardized protocols.

Certified physicians performed measurements: blood pressure was

recorded with calibrated mercury sphygmomanometers after ≥15

minutes of seated rest (right arm, mean of ≥2 readings with

remeasurement if >5 mmHg difference); weight and height were

measured to 0.1 kg/cm precision using SECA scales (light clothing, no

shoes); waist circumference was determined at the midpoint between

the iliac crest and lowest rib margin.

Venous blood samples collected after ≥8-hour fasting were

transported to the central laboratory within ≤30 minutes using

EDTA-containing vacuum tubes. Serum separation was achieved

by centrifugation at 3000 rpm for 10 minutes (Eppendorf 5810R,

Germany), followed by analysis on Hitachi 747 and Roche Cobas

c501 systems. Comprehensive methodological specifications

including analytical principles, detection ranges, and precision data

(intra/inter-assay CV) are provided in Supplementary Table S2. All

laboratory procedures adhered to ISO 15189:2012 requirements.

Variable definitions were established as follows: BMI was derived

from weight (kg) divided by height squared (m²). Hypertension

diagnosis required SBP≥140 mmHg and/or DBP≥90 mmHg, self-

reported clinical history, or use of antihypertensive medications

within the preceding two weeks (17). Diabetes mellitus status was

determined by FBG ≥7.0 mmol/L (quantified through hexokinase/

G6PDH enzymatic assay; see Supplementary Table S2 for validation

data), clinically documented diagnosis, or hypoglycemic agent use

(18). Dyslipidemia classification incorporated lipid biomarkers: TC

≥5.2 mmol/L, LDL-C ≥3.4 mmol/L, HDL-C <1.0 mmol/L, or

triglycerides ≥1.7 mmol/L (all measured via methods detailed in

Supplementary Table S2), alongside self-reported history or lipid-

lowering therapy (19). eGFR was calculated via CKD-EPI equation

(20). Midstream morning urine specimens used DIRUI N - 600

analyzers. CKD risk was stratified per 2012 KDIGO guidelines (21)

using IDMS-standardized serum creatinine measurements. CVD

encompassed physician-adjudicated composite endpoints including

myocardial infarction, atrial fibrillation, stroke, and heart failure,

verified through structured electronic health record extraction. MetS

required ≥3 of the following (22): waist circumference ≥90 cm (men)

or ≥80 cm (women); HDL-cholesterol <1.04 mmol/L (men) or <1.29

mmol/L (women) (method: Supplementary Table S2); triglycerides

≥1.7 mmol/L (method: Supplementary Table S2); blood pressure

≥130/80 mmHg or antihypertensive use; fasting blood glucose ≥5.6
Frontiers in Endocrinology 03
mmol/L (method: Supplementary Table S2). Concurrently,

structured epidemiological questionnaires documented lifestyle

factors including current smoking (≥1 cigarette/day), regular

alcohol consumption (≥1 alcoholic beverage/day during the

previous year), and physical activity engagement (≥30 minutes/

session, ≥3 times weekly).
2.3 Definitions of CKM syndrome stages

In accordance with the scientific statement from the AHA, CKM

is classified into distinct stages (Stage 0 to Stage 4) (22). Stage 0 is

characterized by the absence of CKM risk factors, including normal

BMI and WC, normoglycemia, normotension, normal lipid profiles,

and no evidence of CKD or subclinical or clinical CVD. Stage 1 is

defined as the presence of at least one of the following: excess weight

(BMI ≥23 kg/m2), abdominal obesity (WC ≥80 cm (women) and ≥90

cm (men)), or dysfunctional adipose tissue, clinically manifested as

impaired glucose tolerance or prediabetes (5.6 mmol/L≤FBG ≤6.9

mmol/L), in the absence of additional metabolic risk factors or CKD.

Stage 2 is defined by the presence of metabolic risk factors, including

hypertriglyceridemia (TG ≥1.5 mmol/L), dyslipidemia, hypertension,

MetS, or diabetes, as well as moderate-to-high-risk CKD, or a

combination of these conditions. Stage 3 indicates subclinical CVD,

defined indirectly using risk equivalents due to the lack of direct

indicators, including very high-risk CKD and a predicted 10-year

CVD risk ≥20% using the Prediction for Atherosclerotic

Cardiovascular Disease Risk in China (China-PAR) model (23).

Stage 4 represents clinical CVD and is subdivided into two

categories: Stage 4a (clinical CVD without kidney failure) and Stage

4b (clinical CVD with concurrent kidney failure). Participants were

stratified into non-advanced (stages 0 - 2) or advanced CKM (stages 3

- 4), encompassing individuals with CVD or those at high risk of

development (Supplementary Table S3).
2.4 Outcomes

All-cause mortality was defined as death from any cause during the

follow-up period. This outcome was verified annually by professional

physicians through systematic review of official death certificates

sourced from provincial vital statistics agencies (24). Participants

were followed from the baseline assessment date until the occurrence

of death or December 31, 2022, whichever occurred first.
2.5 Statistical analysis

Case subjects with new-onset A-CKM and matched controls

were stratified into four age-at-onset groups (<45, 45 - 54, 55 - 64,

≥65 years). Normality for all continuous variables was formally

assessed using the Kolmogorov-Smirnov test (a=0.05). Normally

distributed variables are presented as mean ± standard deviation

with group comparisons via ANOVA; non-normal variables as

median (IQR) analyzed by Kruskal-Wallis test. Categorical
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variables are reported as frequencies (%) with chi-square testing.

Incidence density was calculated per 1,000 person-years. Cox

proportional hazards models (age-scaled) estimated mortality

hazard ratios (95% CI), adjusted for smoking, alcohol intake,

physical activity, education, occupation, and hs-CRP. Equivalent

frameworks evaluated CKM Stages 3/4/4a/4b.

We conducted additional subgroup analyses which stratified

participants by baseline smoking status, alcohol consumption

status, hypertension status, diabetes status, dyslipidemia status,

MetS status, hs-CRP level, and HDL-C level. Exploratory analyses

further examined the mortality impact of individual Stage 3

CKM components.

Sensitivity assessments excluded (1) events occurring within the

first year of follow-up to mitigate potential reverse causality and (2)

participants reporting regular physical activity and using

medications. The population-attributable fraction (PAF) was

calculated using the Miettinen formula: PAF = pc (1 - 1/RR),

where RR and pc denote the relative risk and the incidence of

exposure among cases, respectively. The number needed to treat

(NNT) was calculated as NNT = 1/[(ARD/1000)×T], with absolute

risk difference (ARD) = (Event rateA-CKM−Event rateControl) per
Frontiers in Endocrinology 04
1,000 person-years and T = 10-year time scale. This represents the

number of patients who needed treatment for more than 10 years to

prevent one adverse event. 95% confidence intervals (CIs) were

computed using Fieller’s method to account for ratio metric

nonnormality, where CI = 1000/[(ARD ± 1.96×SE) ×T] and the

standard error derived from the Poisson variance was SE(ARD)

=1000×, where E=events and PY=person-year. Sensitivity analyses

with nonparametric bootstrapping (1,000 replicates) confirmed CI

stability (deviation <5%). Statistical analyses were performed using

SAS 9.4 (SAS Institute) and R 4.2.0 (R Project for Statistical

Computing). Two-sided P < 0.05 was considered to indicate

statistical significance.
3 Results

3.1 Baseline characteristics

The baseline characteristics of the 17,283 A-CKM case–control

pairs of participants are presented in Table 1. Among them, 89.40%

were male, and the mean onset age of A-CKM was 61.29 ± 12.14
TABLE 1 Baseline characteristics of patients with new-onset advanced cardiovascular-kidney-metabolic syndrome (A-CKM) and matched controls.

Characteristics
Control
subjects

New-onset
A-CKM

P
value

A-CKM onset age (years) P for
trend<45 45-54 55-64 ≥65

No. of participants 17283 17283 / 1336 2319 6303 7325 /

Age, years 61.29 ± 12.14 61.29 ± 12.14 – 36.36 ± 6.40 51.01 ± 2.83 60.52 ± 2.77 70.70 ± 4.27 –

Men, n (%) 15451 (89.40) 15451 (89.40) – 1189 (89.00) 2020 (87.11) 5657 (89.75) 6585 (89.90) 0.001

Current drinkers,
n (%)

4778 (27.65) 4992 (28.88) 0.011 701 (52.47) 990 (42.69) 1853 (29.40) 1448 (19.77) <0.001

Current smokers,
n (%)

5437 (31.46) 5322 (30.79) 0.182 661 (49.48) 1099 (47.39) 2177 (34.54) 1385 (18.91) <0.001

Physical activity, n (%) 3033 (17.55) 3478 (20.12) <0.001 124 (9.28) 355 (15.31) 1347 (21.37) 1652 (22.55) <0.001

High school or above,
n (%)

2584 (14.95) 2510 (14.52) 0.262 631 (47.23) 513 (22.12) 620 (9.84) 746 (10.18) <0.001

Mental work, n (%) 2520 (14.58) 2408 (13.93) 0.006 246 (18.41) 284 (12.25) 712 (11.30) 1166 (15.92) <0.001

WC, cm 87.47 ± 9.39 88.97 ± 10.34 <0.001 87.36 ± 10.41 89.64 ± 10.09 89.53 ± 10.09 88.58 ± 10.56 <0.001

BMI, kg/m2 24.64 ± 3.27 25.62 ± 3.38 <0.001 25.30 ± 3.81 25.86 ± 3.41 25.84 ± 3.25 25.42 ± 3.38 <0.001

SBP, mmHg 134.50 ± 17.87 152.52 ± 24.50 <0.001 130.18 ± 21.21 145.19 ± 27.35 156.24 ± 24.96 155.72 ± 20.77 <0.001

DBP, mmHg 82.59 ± 10.44 88.80 ± 13.27 <0.001 82.46 ± 13.32 90.88 ± 14.87 91.40 ± 13.25 87.07 ± 12.01 <0.001

FBG, mmol/L 5.68 ± 1.78 6.61 ± 2.78 <0.001 5.61 ± 2.98 6.37 ± 2.69 6.69 ± 3.04 6.55 ± 2.47 <0.001

LDL-C, mmol/L 2.74 ± 1.23 2.87 ± 1.13 <0.001 2.95 ± 1.47 2.80 ± 1.52 2.89 ± 1.08 2.87 ± 0.93 <0.001

HDL-C, mmol/L 1.48 ± 0.57 1.34 ± 0.52 <0.001 1.50 ± 1.03 1.38 ± 0.53 1.31 ± 0.46 1.33 ± 0.41 <0.001

TG, mmol/L 1.17 (0.83, 1.77) 1.44 (1.01, 2.21) <0.001 1.43 (0.99, 2.36) 1.55 (1.07, 2.62) 1.55 (1.08, 2.40) 1.34 (0.96, 1.97) <0.001

TC, mmol/L 4.94 ± 1.18 5.16 ± 1.32 <0.001 4.98 ± 1.17 5.16 ± 1.42 5.23 ± 1.40 5.12 ± 1.23 <0.001

(Continued)
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years. Compared with controls, A-CKM cases exhibited

significantly higher proportions of current drinkers and physical

activity; notable metabolic disturbances included elevated WC,

BMI, SBP, DBP, FBG, LDL-C, TG, TC, and hs-CRP. The

prevalence of MetS, hypertension, diabetes, dyslipidemia, and

family history of CVD was significantly higher among A-CKM

cases. Conversely, A-CKM cases demonstrated lower eGFR and

HDL-C levels, with fewer participants engaged in mental work.

When stratified by onset age groups (<45, 45 – 54, 55 – 64, and

≥65 years), younger-onset A-CKM participants exhibited distinct

phenotypes: higher levels of current smoking and alcohol use,

physical inactivity, and elevated HDL-C and hs-CRP

concentrations. Compared with older-onset A-CKM patients,

younger-onset patients had lower WC, BMI, blood pressure, FBG,

and eGFR levels and a lower prevalence of MetS, hypertension,

diabetes, and dyslipidemia. Moreover, Supplementary Tables S4–S7

display the baseline characteristics for Stage 3, 4, 4a, and 4b CKM

case–control pairs, respectively.
3.2 Associations between A-CKM onset age
and all-cause mortality

During a median follow-up of 8.14 years, we documented 5,547

deaths among case–controls. The age-stratified incidence rates (per

1,000 person-years) and multivariate-adjusted HRs for A-CKM

cases versus matched controls are presented in Figure 1, which

integrates two key dimensions: hazard ratios (forest plot) and

absolute risk differences (event rates with DRate). After

multivariate adjustment, new-onset A-CKM patients had a
Frontiers in Endocrinology 05
significantly higher mortality risk across all onset age groups.

Consistent with previous findings, the highest relative risk was

observed in the youngest cohort (HR, 3.35; 95% CI, 1.52 – 7.38), and

the risk decreased with advancing age (45 – 54 years: HR 2.58, 95%

CI 2.04 – 3.26; 55 – 64 years: HR 2.00, 95% CI 1.79 – 2.23; ≥65 years:

HR 1.17, 95% CI 1.09 – 1.25; P for interaction <0.001). Absolute risk

analysis revealed a distinct pattern: the greatest excess risk occurred

in the 55 – 64-year group (DRate +8.61/1,000 person-years),

followed by the 45 – 54-year group (DRate +6.75). Although this

group (55 – 64 years) had a lower relative risk than the <45-year

cohort did, it carried the greatest absolute mortality burden.

Conversely, the <45-year group had the smallest absolute risk

increase (DRate +1.79) despite having the highest HR. On the

basis of the integrated risk assessment, the 45 – 54-year and 55 –

64-year groups were classified as Priority I (highest intervention

urgency), the ≥65-year group as Priority II (management focus),

and the <45-year group as Priority III (selective prevention)

(Supplementary Table S8).

Similar age-dependent mortality risk situations were evident

across CKM stages. During median follow-up periods of 7.93 years

(Stage 3), 9.00 years (Stage 4), 9.04 years (Stage 4a), and 7.76 years

(Stage 4b), 3,876, 3,181, 2,862, and 772 deaths occurred,

respectively. The results from studies stratified by CKM revealed

trends similar to those in A-CKM overall, with risk estimates for

mortality gradually decreasing as the onset age increased. Stage 3

CKM was associated with increased mortality risk across all age

groups except for participants aged ≥65 years at disease onset.

Notably, Stage 4b CKM showed nonsignificant trends in the

youngest cohort, likely because of the limited number of events

(Supplementary Figure S3).
TABLE 1 Continued

Characteristics
Control
subjects

New-onset
A-CKM

P
value

A-CKM onset age (years) P for
trend<45 45-54 55-64 ≥65

hs-CRP, mg/L 1.10 (0.46, 2.60) 1.42 (0.60, 3.10) <0.001 1.64 (1.10, 2.50) 1.50 (0.70, 3.00) 1.30 (0.57, 2.98) 1.43 (0.56, 3.38) <0.001

eGFR, mL/min/
1.73 m2 88.22 ± 19.50 77.43 ± 27.57 <0.001 40.27 ± 37.40 80.15 ± 34.11 83.58 ± 23.99 78.06 ± 19.69 <0.001

Family history of
CVD, n (%)

360 (2.08) 491 (2.84) <0.001 49 (3.67) 152 (6.55) 195 (3.09) 95 (1.30) <0.001

MetS, n (%) 5725 (33.13) 9333 (54.00) <0.001 446 (33.38) 1268 (54.68) 3815 (60.53) 3804 (51.93) <0.001

Hypertension, n (%) 8030 (46.46) 13231 (76.55) <0.001 399 (29.87) 1535 (66.19) 5116 (81.17) 6181 (84.38) <0.001

Diabetes, n (%) 1505 (8.71) 5473 (31.67) <0.001 108 (8.08) 581 (25.05) 2437 (38.66) 2347 (32.04) <0.001

Dyslipidemia, n (%) 10242 (59.26) 12462 (72.11) <0.001 827 (61.90) 1721 (74.21) 4812 (76.34) 5102 (69.65) <0.001

Anti-hypertension
drugs, n (%)

1043 (6.03) 3187 (18.44) <0.001 81 (6.06) 567 (24.45) 1260 (19.99) 1279 (17.46) <0.001

Hypoglycemic drugs,
n (%)

446 (2.58) 1586 (9.18) <0.001 22 (1.65) 188 (8.11) 703 (11.15) 673 (9.19) <0.001

Lipid-lowering drugs,
n (%)

75 (0.43) 272 (1.57) <0.001 16 (1.20) 73 (3.15) 110 (1.75) 73 (1.00) <0.001
front
Data presented as mean ± standard deviation (SD), median (interquartile range), or number (percentage).
BMI, body mass index; CKD, chronic kidney disease; CVD, cardiovascular disease; DBP, diastolic blood pressure; eGFR, estimated glomerular filtration rate; FBG, fasting blood glucose; HDL-C,
high-density lipoprotein cholesterol; hs-CRP, high-sensitivity C-reactive protein; LDL-C, low-density lipoprotein cholesterol; MetS, metabolic syndrome; SBP, systolic blood pressure; TC, total
cholesterol; TG, triglycerides; WC, waist circumference.
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3.3 Stratified analysis of risk factors for all-
cause mortality by A-CKM onset age

We evaluated the heterogeneous associations between CKM risk

factors and all-cause mortality across age-at-onset subgroups.

Subgroup analyses stratified participants by baseline covariates such

as smoking status, alcohol consumption, hypertension, diabetes,

dyslipidemia, MetS, and systemic inflammation (assessed by hs-

CRP and HDL-C levels). Overall, a significant interaction was

observed between onset age and mortality risk in all the subgroups

(P for interaction < 0.001), with mortality risk resembling that of the

overall cohort; the highest death risk was observed in the <45-year-

onset group, and it decreased progressively with advancing age

(Supplementary Table S9). Notably, in stage-specific analyses,

uneven population distribution limited statistical power, resulting

in nonsignificant or unquantifiable associations in certain subgroups

(Supplementary Tables S10–S18).

3.3.1 Onset age–behavior interactions
Among <45-year-onset A-CKM patients, smokers had a

significantly greater risk of all-cause mortality than other age

groups did (HR = 5.27, 95% CI 1.54 – 17.98). Nonsmoking

young-onset cases showed no excess risk versus controls

(P=0.094). The mortality risk was not significantly different

between A-CKM patients with an onset age <45 years or ≥65

years who consumed alcohol versus controls (P>0.05). All the other

age-alcohol subgroups demonstrated elevated mortality risk.

Notably, among <45-year-onset A-CKM patients, drinkers (HR =

2.71; P=0.129) and those who did not smoke or use alcohol (HR =

3.19; P = 0.055) did not have an increased risk, whereas nondrinkers

had significantly increased mortality (HR = 4.07; P = 0.006).
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Smoking, regardless of alcohol use, was strongly associated with

mortality (HR = 4.17, P = 0.010).

3.3.2 Interactions between onset age and
comorbidities

Compared with older-onset patients, <45-year-onset A-CKM

patients with hypertension (HR = 3.69; P = 0.039), dyslipidemia

(HR = 4.97; P = 0.003), or MetS (HR = 12.89; P = 0.013)

demonstrated a particularly greater association with mortality. In

≥45-year-onset A-CKM patients, mortality risk remained elevated

regardless of comorbidity status. For 45 – 64-year-onset CKM

patients, diabetes status was strongly associated with mortality (all

HR>1, P<0.05). In contrast, diabetes status did not affect the risk in

<45-year-onset (HR = 4.96; P = 0.151) or ≥65-year-onset (HR =

0.90; P = 0.331) A-CKM patients.

3.3.3 Onset age–biomarker interactions
An elevated hs-CRP concentration (≥3 mg/L) was associated with

a 10.15-fold increased mortality risk in patients <45-year-onset (95%

CI 1.32 – 77.85; P = 0.026), whereas those with a hs-CRP concentration

<3mg/L did not have an increased risk (HR = 2.02; P = 0.178), whereas

a low HDL-C concentration strongly increased mortality (HR = 17.94;

P = 0.005). Even normal HDL-C levels were significantly more

common in the <45 age group (HR = 2.76; P = 0.023), whereas in

the ≥45 years age group, HDL-C levels were most strongly associated

with mortality regardless of HDL-C level (HR>1.13; P<0.001).

3.3.4 Onset age–risk subtype interaction effects
Stage 3 A-CKM patients < 45 years of age with very high-risk

CKD had nonsignificant increases in mortality (HR = 2.39; 95% CI:

0.59 – 9.71; P = 0.224). However, the high predicted CVD risk in
FIGURE 1

Age-stratified mortality risk in incident advanced CKM syndrome: hazard ratios and absolute risk difference. The rate is per 1,000 person-years. The
model was adjusted for smoking status, drinking status, physical activity, education, work type, and high-sensitivity C-reactive protein. Hazard ratios
(HR, left axis; logarithmic scale) derived from Cox models; absolute risk differences (DRate/1000 PY, right axis; linear scale) calculated via Poisson
regression. Reference line: HR = 1.0 (dashed) corresponding to DRate=0. The full regression outputs are listed in Supplementary Table S4.
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this subgroup resulted in notably higher mortality (HR = 24.06;

P<0.001), although caution is observed due to a small event number

(7 cases). Among ≥45-year-onset Stage 3 patients with CKD/CVD

risk, the mortality risk significantly increased, although the risk

decreased with advancing age. Notably, in patients with CVD onset

≥65 years, the risk of CVD was not significantly different (HR =

1.01, P = 0.836) (Table 2).
3.4 Population attribution fractions and
number needed to treat

Consistent with the results of Cox regression analyses, the

population-attributable mortality burden in A-CKM patients

decreased significantly with increasing onset age, demonstrating a

monotonic decline from 56.14% in those with onset before 45 years

to 41.37% at 45 – 54 years, 32.50% at 55 – 64 years, and 8.57% at

≥65 years. This striking 67.7% relative reduction in attributable

burden (56.14%→8.57%)—reflecting the highest burden in

younger-onset cohorts—was consistently observed across all CKM

disease stages (Supplementary Figure S2).

Quantification of intervention efficiency revealed striking age-

dependent variation (Table 3), with the 45 – 54-year onset group

(NNT = 15) demonstrating an optimal cost–benefit ratio—treating 15

individuals for 10 years prevented one death—compared with younger

(NNT = 56) and older groups (NNT = 18). With respect to

quantification of intervention efficiency using NNT, the 55 – 64-year

group (NNT = 12) showed comparable efficacy but later clinical impact.
3.5 Sensitivity analyses

We performed multiple sensitivity analyses by sequentially

excluding (1) participants with mortality events occurring within
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the first year of follow-up, (2) participants engaging in regular

physical activity, and (3) participants with medication histories.

Despite these exclusions, the age-stratified mortality trends

remained consistent across all A-CKM stages, with findings

aligning closely to the main analysis results (Supplementary

Table S19).

Given the male predominance (89.4%) in our cohort—reflecting

higher A-CKM incidence in males—we performed sex-stratified

sensitivity analyses (Supplementary Table S20). According to sex-

stratified analyses, females exhibited substantially increased midlife

vulnerability (45 – 54 y onset: Stage 4 HR = 14.25, 95% CI 3.77 –

54.89 vs. male HR = 2.54) and persistently elevated elderly risk (≥65

y: mean HR 48% higher than males). These critical sex-specific

patterns emerged despite the limited statistical power in early-onset

female subgroups (<45 y), where wider confidence intervals (e.g.,

HR = 0.95, 95% CI: 0.13 – 7.11) precluded definitive interpretation

because of the smaller sample size (n=3,664 females vs.

30,902 males).
4 Discussion

In this large prospective cohort, we observed a strong age-

dependent association between A-CKM and all-cause mortality:

patients diagnosed before age 45 exhibited the highest relative

hazard (HR = 3.35), although this attenuated with older onset—

particularly beyond age 65 (HR = 1.17). A pivotal paradox emerged

in disease burden metrics: young-onset patients (<45 y)

demonstrated a low absolute mortality burden (DRate +1.49/1000

PY) but the highest PAF (56.14%), indicating maximal population-

level prevention potential. Conversely, late-onset patients (≥65 y)

had a substantially greater absolute burden (DRate +4.55/1000 PY)

but minimal PAF (8.57%), necessitating individualized

management. Most critically, we identified the 45 – 54-year onset
TABLE 2 Differential mortality in stage 3 CKM: competing risks of CKD-dominant vs. CVD-dominant phenotypes.

Onset age (years)
Control subjects Case subjects

Hazard ratio (95% CI) P value
Event/Total Rate Event/Total Rate

New-onset CKM syndrome Stage 3 with very high-risk CKD (P for interaction = 0.009)

<45 4/1070 0.45 7/1002 0.83 2.39 (0.59 - 9.71) 0.224

45-54 37/951 4.08 46/483 10.63 3.25 (2.06 - 5.13) <0.001

55-64 263/3421 8.93 98/511 22.32 2.92 (2.28 - 3.74) <0.001

≥65 1442/5924 30.26 106/288 46.29 1.96 (1.60 - 2.41) <0.001

New-onset CKM syndrome Stage 3 with high predicted CVD risk (P for interaction < 0.001)

<45 4/1070 0.45 7/68 11.77 24.06 (3.94 - 146.92) <0.001

45-54 37/951 4.08 57/476 12.70 2.82 (1.80 - 4.41) <0.001

55-64 263/3421 8.93 370/2954 14.98 1.66 (1.41 - 1.97) <0.001

≥65 1442/5924 30.26 1507/5723 31.99 1.01 (0.93 - 1.09) 0.836
Data presented as hazard ratio (95% confidence interval), with event rates per 100 person-years.
P values for phenotype-age interaction terms: very high-risk CKD cohort = 0.009, high predicted CVD risk cohort < 0.001. Control subjects: Age-matched individuals without cardio-kidney-
metabolic dysfunction. Case subjects: New-onset Stage 3 CKM patients stratified by predominant phenotype.
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window as having optimal intervention efficiency (NNT = 15 over

10 years), fundamentally shifting preventive focus to this high-yield

transition period where systematic screening prevents one death per

15 patients treated.

The steep age-dependent attenuation of A-CKM-associated

mortality risk—manifested in the HR decline from 3.35 (onset <45y)

to 1.17 (≥65y)—parallels CARDIA’s documentation of exponentially

rising coronary pathology in midlife (25). Crucially, our identification

of peak intervention efficiency during onset ages 45 – 54 years (NNT =

15/10y) dovetails with CARDIA’s observed coronary calcium surge at

ages 40 - 50, establishing this decade as the prime screening window.

This gradient fundamentally revises earlier risk paradigms: whereas

traditional cardiometabolic models suggested uniformly low absolute

risk in young adults (26), our mortality quantification reveals

substantial vulnerability in young A-CKM patients through disease-

stage specificity mechanisms. Specifically, multiorgan amplification

drives mortality elevation beyond single-system disorders, evidenced

by the 3.35-fold excess risk in young A-CKM patients versus 1.6-fold in

T2DM (17). Further, the acceleration of biological aging processes—

mirrored in diabetes cohorts where early diagnosis amplifies

cardiovascular decline (27)—explains this differential risk. Critically,

cross-disease validation confirms consistent patterns, with

hypertension studies demonstrating <45y diagnoses confer 2.59-fold

mortality risk (28) and T2DM cohorts showing ≤40y onset carries OR

2.05 mortality risk (29). The observed 22% per-decade risk attenuation

aligns with 25 - 40% reductions documented across cardiometabolic

diseases per diagnostic delay decade, confirming this attenuation as a

fundamental biological phenomenon transcending disease boundaries.

The most compelling evidence for targeted intervention

emerges from our integrated risk assessment [HR, DRate, NNT
(30)], delineating an age-stratified strategy with four distinct

management priorities. This paradoxical dissociation—where

young-onset patients exhibit high PAF but low DRate, while late-

onset patients show inverse patterns—aligns with competing risk

stratification theory (31). Specifically, minimal background

mortality in younger cohorts (<45 y) amplifies A-CKM’s

detectable population impact, whereas converging comorbidities

in elderly (≥65 y) obscure its isolated contribution (32). Our

analysis identifies two critical intervention windows: the 45 – 54-

year cohort represents the optimal prevention efficiency window

(NNT = 15), where primary interventions yield maximal return per

resource invested; concurrently, the 55 – 64-year cohort constitutes

the burden reduction window (DRate +8.61/1,000 PY), demanding

intensive management to mitigate accumulated progression.
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Although the latter group shows numerically superior NNT (12

vs. 15), this reflects demographic artifacts—elevated background

mortality amplifying absolute risk reduction—rather than genuine

efficacy gains. Consequently, delaying intervention until this stage

forfeits preventable life-years achievable through earlier

interception. Resource allocation must thus differentiate these

goals: preventive resources (e.g., screening) should prioritize the

45 – 54-year window to forestall irreversible organ damage, while

treatment intensification targets the 55 – 64-year cohort to address

their elevated mortality burden. This dual-window strategy resolves

the efficiency-burden paradox by maximizing life-years gained and

mortality reduction across the A-CKM continuum. Crucially, while

NNT provides practical efficiency metrics where cost analyses prove

infeasible (33), its apparent superiority in 55 – 64-year group

confirms—rather than contradicts—the 45 – 54-year window’s

primacy as the optimal resource target. These findings consolidate

into a precision framework where management priorities evolve

across the lifespan: population prevention (<45 y), efficiency-driven

interception (45 – 54 y), individualized management (55 – 64 y),

and comorbidity optimization (≥65 y).

Multiple studies have characterized age-dependent

cardiometabolic risk trajectories, and our quantification of a 22%

per-decade mortality risk attenuation extends prior evidence

through three key advances. Regarding young-onset (<45y) risk

amplification, A-CKM staging demonstrated 186% excess hazard—

surpassing established benchmarks such as type 2 diabetes (+130%

versus OR 2.05) (29) and hypertension (+126% versus HR 2.59)

(20). This divergence underscores how multiorgan pathology in A-

CKM potentiates mortality risk beyond single-system disorders. For

midlife (45 - 54y) intervention efficacy, our A-CKM staging

achieved superior efficacy (NNT = 15 vs. diabetes models’ +2.8%

risk difference) (34), enabling 12-year-earlier intervention than

conventional paradigms. Concurrently, biological aging mediation

analysis revealed that KDM-BA acceleration (OR 1.44) (35)

paralleled our attenuation gradient, with its peak mediation effect

in the 45 - 65y cohort aligning precisely with our identified

efficiency window. Furthermore, A-CKM staging demonstrates

validated superiority over emerging metabolic indices. The

METS-IR index, while capturing metabolic dysfunction (HR 1.38

for mortality) (36), exhibited substantially lower precision. This

advantage originates from direct pathophysiological anchoring:

where METS-IR depends on phenotypic-age-mediated

mechanisms explaining about 50% of risk, A-CKM directly

quantifies renal dysfunction trajectories, metabolic dysregulation
TABLE 3 Age-stratified mortality risk and intervention efficiency in A-CKM.

Onset
age

A-CKM mortality rate
(/1000 PY)

Control mortality rate
(/1000 PY)

Absolute risk difference
(/1000 PY)

10-year NNT
(95% CI)

<45 years 2.48 0.69 1.79 56 (40 – 85)

45–54 years 11.11 4.36 6.75 15 (12 – 20)

55–64 years 17.24 8.63 8.61 12 (9 – 16)

≥65 years 33.95 28.29 5.66 18 (15 – 22)
Mortality rates: Expressed per 1,000 person-years (PY); Number needed to treat (NNT) calculation: NNT = 1000/(absolute risk difference × 10), representing patients needing 10-year
intervention to prevent one death; absolute risk difference (ARD)=95% confidence intervals (CIs): computed via Fieller’s theorem accounting for distribution properties of ratio metrics.
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via glycemic/lipid biomarkers, and vascular injury patterns. By

internalizing biological aging processes that other indices merely

correlate with, A-CKM transforms theoretical risk into actionable

intervention pathways.

With respect to risk factors, our study establishes A-CKM as a

critical syndromic entity strongly associated with renal dysfunction,

metabolic syndrome (MetS), and systemic inflammation. CKM

predominantly arises from adipose tissue excess or dysfunction,

where metabolic obesity—rather than BMI alone—serves as the

critical CVD risk determinant (37, 38). The observed age-dependent

heterogeneity in mortality risk is driven by complex interactions

among behavioral factors, comorbidities, and inflammatory

pathways. In early-onset patients (<45 years), we identified a

metabolic-inflammatory paradox: despite having the lowest mean

BMI (25.30 ± 3.81 kg/m²) and systolic blood pressure (130.18 ±

21.21 mmHg), this cohort exhibited the highest levels of systemic

inflammation (median hs-CRP 1.64 mg/L) and detrimental behaviors

(current smoking 49.48%; alcohol use 52.47%). This pathophysiology

illuminates our key finding: young-onset patients with lowest BMI yet

severe inflammation exceed traditional obesity-duration risk models

[HR 1.03/year in CARDIA (39)]. TyG-WHtR indices’ superiority over

BMI [CVD mortality HR = 1.66 (40)] and CRP-heart failure kinkage

[HR 1.10/mg/L (41)] confirming inflammation-metabolism synergy

as the primary driver. Congruent with this pathophysiology, our

cohort documented that the paradoxical risk signature in young-

onset A-CKM patients potentially implicates visceral adiposity-

triggered inflammation—as substantiated by TNF-a mediation

explaining 62% of metabolic variance in analogous cohorts (42)—

thereby warranting strategic consideration of insulin resistance-

targeted interventions (TyG-BMI OR 2.37, p<0.001 (42) concurrent

with weight management. Their mortality risk is critically amplified by

modifiable factors including smoking (HR = 5.27), hs-CRP ≥3 mg/L

(HR = 10.15), HDL-C <1.3 mmol/L (HR = 17.94), and comorbidities

(hypertension HR = 3.69; dyslipidemia HR = 4.97; MetS HR = 12.89).

Importantly, mortality risk approached control levels in the absence of

these amplifiers, revealing a pivotal prevention window where

aggressive targeting of these factors—particularly smoking cessation,

cardiometabolic control, and inflammation suppression (hs-CRP <2

mg/L) (43, 44)—may normalize risk. Alcohol use: Mortality risk

followed a U-shaped pattern: neutral in patients <45 and ≥65 years,

but elevated at 45 – 64 years, and the paradoxical elevation of risk

among nondrinking young A-CKM patients necessitate cautious

interpretation (45). Regardless of HDL-C levels, the mortality risk of

A-CKM patients significantly increases across all ages at onset,

highlighting the complex role of HDL-C, which requires further

exploration (46).

This contrasts sharply with the 45 – 54-year transition cohort,

where metabolic decompensation manifests through the highest

triglyceride levels (median 1.55 mmol/L), rapid hypertension

progression (66.19% vs. 29.87% in <45y), diabetes surge (25.05%

vs. 8.08%), and antihypertensive medication initiation (24.45%).

While A-CKM itself drove substantial mortality risk (HR = 2.58),

modifiers including diabetes (HR = 2.29) and hs-CRP ≥3 mg/L (HR

= 3.32) remained potent. This transitional period represents a high-

yield intervention window for preventing full decompensation.
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Critically, Asian CKM patients exhibit ectopic fat distribution

patterns (47, 48), with visceral adipose accumulation driving

proinflammatory factor secretion that synergistically aggravates

metabolic dysregulation, vascular impairment, and renal

dysfunction at diagnosis (4).

Systemic low-grade inflammation (hs-CRP > 2.0 mg/L)

independently predicts CVD (49) and all-cause mortality (50),

mediated through endothelial dysfunction and thrombosis (51)—

with cardiovascular mortality linkage established as ‘convincing

evidence’ in meta-reviews (52). Critically, —starkly exceeding the

1.6-fold risk in diabetic cohorts (44)—establishing its unique

predictive potency in youth. Paradoxically elevated HDL-C

alongside inflammation in younger patients (53) reflects HDL

dysfunction during inflammatory stress (54), necessitating

inflammation-first targeting. Age-related inflammatory escalation

exacerbates cardiorenal vulnerability (55), and given significantly

reduced eGFR in youth (<45y: 78 ± 12 vs 93 ± 11 mL/min)

(Supplementary Table S21), stratified analyses confirmed persistent

excess mortality risk even with preserved renal function (eGFR ≥60

mL/min: HR = 6.33, 2.50 – 16.05; P<0.001). This demonstrates renal

impairment and metabolic derangement coexist as independent

drivers of adverse outcomes (56) rather than sequential events—

supporting the “double-hit hypothesis” (57) whereby early metabolic

insults synergize with inflammation to drive high-risk CKM

phenotype. For accelerated renal decline in 45 - 49y patients (58),

KDIGO 2024 combined eGFR/urine albumin-to-creatinine ratio

(UACR) assessment proves critical (59).

Therapeutic priorities diverge sharply by age: Shenzhen cohort

data mandate intensive modifiable risk control for <65y (weight loss

>10%: mortality HR 1.41 - 1.79) versus stability-focused preservation

for ≥65y (weight fluctuation >10%: HR 1.13 - 1.69) (60). PREDICT

cohort evidence further specifies youth require lifestyle-driven

interception while elderly prioritize functional resilience (61).

Intervention efficacy aligns with this dichotomy: preventing A-

CKM in youth (<45y) may reduce population mortality burden by

56.14%, while renal protection dominates for ≥65y (62). Subgroup

analyses validate younger high-risk patients face catastrophic

mortality (HR = 24.06) whereas stage 3 CKD retains prognostic

significance in the elderly (HR = 1.96). As conventional CVD risks

attenuate with aging (e.g., stage 3 CVD HR = 1.01 in ≥65y),

comprehensive management prioritizing renoprotection (eGFR<80

mL/min) (63), lifestyle optimization, and CKD control becomes

imperative amid pervasive risk saturation. However, age-specific

neutral risk associated with diabetes may be related to competing

risks or limited power and requires further study (64).

Sex-stratified analyses validate established biological differences

in A-CKM mortality trajectories across the lifespan. Crucially, age

at onset remains the dominant organizer of risk management, with

critical convergence points. Notably, a premenopausal paradox

emerges wherein younger females (<45 years) exhibit attenuated

A-CKM mortality risk, potentially reflecting estrogen-mediated

cardiorenal protection (65)—however, this does not negate shared

risk containment phase priorities for both sexes, notably smoking

cessation and systemic inflammation control. The midlife transition

(45 – 54 years) constitutes a universally critical prevention efficiency
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window that demands intensive metabolic intervention; however,

females require heightened vigilance against menopausal-associated

risk escalation (HR = 14.25 for Stage 4 CKM) (66). In elderly

patients (≥65 years), despite sex-mediated differences in vascular

senescence rates (67), renal optimization emerges as the supreme

objective for all elderly patients. Thus, while biological sex

modulates tactical priorities within age strata, the age-stratified

management framework remains universally applicable.

Integrated multidimensional evidence—including HR gradients,

DRate, NNT, PAF, and distinct age-stratified risk factor profiles—

supports a precisionmanagementmatrix fundamentally organized by

age stratification and augmented through sex-specific modifications

reflecting established physiological divergence. For early-onset cases

(<45 y; risk containment phase), universal priorities target modifiable

amplifiers: smoking cessation and stringent hypertension control

(SBP<130 mmHg) (68). Sex-specific augmentations include

assessing estrogenic-mediated cardiorenal protection in women

while intensifying hs-CRP suppression (<2 mg/L) (69) in men.

During the pivotal midlife prevention window (45 – 54 years),

systematic screening via metabolic decompensation protocols

becomes imperative, concurrent with heightened cardiometabolic

vigilance for women traversing the peri-/postmenopausal transition

(HR = 14.25 risk elevation). In late-adulthood onset (55 – 64 years;

disease management phase), interventions confront peak absolute

burden (DRate +8.61/1000 person-years) through dynamic renal

function surveillance, complemented by sex-tailored strategies:

vascular senescence screening in women and sustained

inflammation control in men. Among elderly patients (≥65 years;

optimization phase), universally prioritized renoprotective

comanagement (70) integrates polypharmacy optimization to

counter persistently elevated female mortality risk (HR>1.60).

Critically, our cohort identified suboptimal treatment rates for

hypertension, diabetes, and hyperlipidemia across all age groups with

new-onset A-CKM—most severe in the critical 45 – 54-year

demographic where therapeutic burden escalates yet remains

inadequate (71). This care gap underscores systemic deficiencies in

early CKM recognition and preventive delivery, directly fueling high-

risk progression. Consequently, strengthening comorbidity

surveillance while ensuring accessible, evidence-based age-stratified

pharmacotherapy and lifestyle interventions emerges as an essential

mandate for attenuating A-CKM mortality across the lifespan (72).
4.1 Strengths

Prospective community-based cohort (N = 179,328) with

extended follow-up; rigorous age-stratified analysis using

quantitative metrics (HR attenuation, NNT, PAF); and CKM

staging validated via incident case-control matching.
4.2 Limitations

1) Sex imbalance: Predominant male composition limits female-

specific risk exploration despite supplementary stratified analyses. 2)
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Potential biases: Selection: ≥3-examination requirement may exclude

high-risk populations; Recall: Behavioral variables (smoking/alcohol)

susceptible despite validation; Pharmacotherapy: Medication

documented by class (antihypertensive/hypoglycemic/lipid-

lowering) but lacking dosage/adherence data; Misclassification:

CKM staging adapted to operational data constraints (73); 3)

Temporal resolution: Baseline cross-sectional grouping precludes

trajectory analysis; Biennial examinations may miss inter-

assessment transitions; and Onset timing lag: Interval-defined

diagnosis may lag biological onset for cases with ≥8-year intervals

(3% of cohort); 4) Competing risks: Cause-specific mortality data

unavailable–particularly relevant for elderly (≥65y) risk attenuation.

5) Translational caution: Observational NNT/attenuation estimates

require prospective validation; medication-specific effects unassessed.

Future directions: Pharmacogenomic profiling, cause-specific

mortality linkage via national registries, female-predominant cohort

studies, and targeted trials (e.g., anti-inflammatories for young high-

hs-CRP; intensive metabolic control in 45 - 54y) will

refine implementation.
5 Conclusions

This prospective cohort study identifies advanced

cardiovascular–kidney–metabolic (A-CKM) syndrome as a

significant predictor of age-stratified mortality, revealing a

precision management framework defined by four clinical

imperatives: targeted risk interception before age 45 with sex-

specific modifications, prioritized screening during the midlife

window (45 – 54 years), complication-focused protocols for peak

burden years (55 – 64), and comorbidity-calibrated renoprotection

in elderly individuals (≥65). These findings suggest that strategic

resource allocation toward prevention at 45 – 54 years and

therapeutic intensification at 55 – 64 years may address the

observed efficiency-burden paradox. Implementation would

require developing sex-specific biomarker thresholds, integrating

these into tiered care pathways, and validation through

management trials—potentially advancing A-CKM care beyond

chronological age toward biology-informed precision prevention.
Data availability statement

The original contributions presented in the study are included

in the article/Supplementary Material. Further inquiries can be

directed to the corresponding authors.
Ethics statement

The studies involving humans were approved by Ethics

Committee of Kailuan General Hospital. The studies were

conducted in accordance with the local legislation and

institutional requirements. The participants provided their written

informed consent to participate in this study.
frontiersin.org

https://doi.org/10.3389/fendo.2025.1648083
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Dai et al. 10.3389/fendo.2025.1648083
Author contributions

JD: Conceptualization, Funding acquisition, Writing – original

draft. CW: Data curation, Methodology, Visualization, Writing –

original draft. SL: Funding acquisition, Supervision, Writing – review

&editing. SC:Data curation, Software,Writing– review&editing.XH:

Validation,Writing – review& editing. PZ: Formal analysis,Writing –

review & editing. LC: Investigation, Project administration, Writing –

review & editing. SW: Project administration, Resources, Software,

Writing – review & editing. ZZ: Project administration, Resources,

Supervision, Writing – review & editing.
Funding

The author(s) declare financial support was received for the

research and/or publication of this article. Suzhou City Science and

Technology Plan Projects (Grant No: SZKJXM202429); Anhui

Provincial Health Research Program (Grant No: AHWJ2022b106);

Suzhou City Health Research Program (Grant No: SZWJ2023a028);

Research Fund of Anhui Institute of Translational Medicine (Grant

No: 2023zhyx-B10); Outstanding Project of Jianghuai Talent Training

Program in Anhui Province.
Acknowledgments

We sincerely express our gratitude to all the parties in the

Kailuan Study, as well as the members of Kailuan General Hospital

and its affiliated hospitals.
Frontiers in Endocrinology 11
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as potential conflicts of interest.
Generative AI statement

The author(s) declare that no Generative AI was used in the

creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this

article has been generated by Frontiers with the support of artificial

intelligence and reasonable efforts have been made to ensure

accuracy, including review by the authors wherever possible. If

you identify any issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations,

or those of the publisher, the editors and the reviewers. Any product

that may be evaluated in this article, or claim that may be made by its

manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online

at: https://www.frontiersin.org/articles/10.3389/fendo.2025.

1648083/full#supplementary-material
References
1. Zhu R, Wang R, He J, Wang L, Chen H, Niu X, et al. Prevalence of cardiovascular-
kidney-metabolic syndrome stages by social determinants of health. JAMA Netw Open.
(2024) 7:e2445309. doi: 10.1001/jamanetworkopen.2024.45309

2. Khan SS, Coresh J, Pencina MJ, Ndumele CE, Rangaswami J, Chow SL, et al.
Novel prediction equations for absolute risk assessment of total cardiovascular disease
incorporating cardiovascular-kidney-metabolic health: A scientific statement from the
American heart association. Circulation. (2023) 148:1982–2004. doi: 10.1161/
CIR.0000000000001191

3. Kittelson KS, Junior AG, Fillmore N, da Silva Gomes R. Cardiovascular-kidney-
metabolic syndrome - An integrative review. Prog Cardiovasc Dis. (2024) 87:26–36.
doi: 10.1016/j.pcad.2024.10.012

4. Ndumele CE, Neeland IJ, Tuttle KR, Chow SL, Mathew RO, Khan SS, et al. A
synopsis of the evidence for the science and clinical management of cardiovascular-
kidney-metabolic (CKM) syndrome: A scientific statement from the American heart
association. Circulation. (2023) 148:1636–1664. doi: 10.1161/CIR.0000000000001186

5. Aggarwal R, Ostrominski JW, Vaduganathan M. Prevalence of cardiovascular-
kidney-metabolic syndrome stages in US adults, 2011 - 2020. JAMA. (2024) 331:1858–
1860. doi: 10.1001/jama.2024.6892

6. Li N, Li Y, Cui L, Shu R, Song H, Wang J, et al. Association between different
stages of cardiovascular-kidney-metabolic syndrome and the risk of all-cause mortality.
Atherosclerosis. (2024) 397:118585. doi: 10.1016/j.atherosclerosis.2024.118585

7. Yang K, Hou R, Zhao J, Wang X, Wei J, Pan X, et al. Lifestyle effects on aging and
CVD: A spotlight on the nutrient-sensing network. Ageing Res Rev. (2023) 92:102121.
doi: 10.1016/j.arr.2023.102121

8. Arnett DK, Blumenthal RS, Albert MA, Buroker AB, Goldberger ZD, Hahn EJ,
et al. 2019 ACC/AHA guideline on the primary prevention of cardiovascular disease: A
report of the American college of cardiology/American heart association task force on
clinical practice guidelines. J Am Coll Cardiol. (2019) 74:e177–232.

9. Ge J, Zhu L, Jiang S, Li W, Lin R, Wu J, et al. Association of dietary quality,
biological aging, progression and mortality of cardiovascular-kidney-metabolic
syndrome: insights from mediation and machine learning approaches. Nutr J. (2025)
24:105. doi: 10.1186/s12937-025-01175-9

10. Wu S, Zhu J, Lyu S, Wang J, Shao X, Zhang H, et al. Impact of DNA-methylation
age acceleration on long-term mortality among US adults with cardiovascular-kidney-
metabolic syndrome. J Am Heart Assoc. (2025) 14:e039751. doi: 10.1161/
JAHA.124.039751

11. Khan SS, Matsushita K, Sang Y, Ballew SH, Grams ME, Surapaneni A, et al.
Development and validation of the American heart association’s PREVENT equations.
Circulation. (2024) 149:430–449. doi: 10.1161/CIRCULATIONAHA.123.067626

12. Wu S, Huang Z, Yang X, Zhou Y, Wang A, Chen L, et al. Prevalence of ideal
cardiovascular health and its relationship with the 4-year cardiovascular events in a
northern Chinese industrial city. Circ Cardiovasc Qual Outcomes. (2012) 5:487 – 93.
doi: 10.1161/CIRCOUTCOMES.111.963694

13. Zheng C, Cai A, Sun M, Wang X, Song Q, Pei X, et al. Prevalence and mortality
of cardiovascular-kidney-metabolic syndrome in China: A nationwide population-
based study. JACC Asia. (2025) 5:898–910. doi: 10.1016/j.jacasi.2025.04.007

14. Ravani P, Quinn R, Fiocco M, Liu P, Al-Wahsh H, Lam N, et al. Association of
age with risk of kidney failure in adults with stage IV chronic kidney disease in Canada.
JAMA Netw Open. (2020) 3:e2017150. doi: 10.1001/jamanetworkopen.2020.17150

15. Li W, Huang Z, Fang W, Wang X, Cai Z, Chen G, et al. Remnant cholesterol
variability and incident ischemic stroke in the general population. Stroke. (2022)
53:1934–1941. doi: 10.1161/STROKEAHA.121.037756
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fendo.2025.1648083/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fendo.2025.1648083/full#supplementary-material
https://doi.org/10.1001/jamanetworkopen.2024.45309
https://doi.org/10.1161/CIR.0000000000001191
https://doi.org/10.1161/CIR.0000000000001191
https://doi.org/10.1016/j.pcad.2024.10.012
https://doi.org/10.1161/CIR.0000000000001186
https://doi.org/10.1001/jama.2024.6892
https://doi.org/10.1016/j.atherosclerosis.2024.118585
https://doi.org/10.1016/j.arr.2023.102121
https://doi.org/10.1186/s12937-025-01175-9
https://doi.org/10.1161/JAHA.124.039751
https://doi.org/10.1161/JAHA.124.039751
https://doi.org/10.1161/CIRCULATIONAHA.123.067626
https://doi.org/10.1161/CIRCOUTCOMES.111.963694
https://doi.org/10.1016/j.jacasi.2025.04.007
https://doi.org/10.1001/jamanetworkopen.2020.17150
https://doi.org/10.1161/STROKEAHA.121.037756
https://doi.org/10.3389/fendo.2025.1648083
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Dai et al. 10.3389/fendo.2025.1648083
16. Wang X, Feng B, Huang Z, Cai Z, Yu X, Chen Z, et al. Relationship of cumulative
exposure to the triglyceride-glucose index with ischemic stroke: a 9-year prospective
study in the Kailuan cohort. Cardiovasc Diabetol. (2022) 21:66. doi: 10.1186/s12933-
022-01510-y

17. Wang Z, Chen Z, Zhang L, Wang X, Hao G, Zhang Z, et al. Status of
hypertension in China: results from the China hypertension survey, 2012 - 2015.
Circulation. (2018) 137:2344–2356. doi: 10.1161/CIRCULATIONAHA.117.032380

18. Genuth S, Alberti KG, Bennett P, Buse J, Defronzo R, Kahn R, et al. Classification
of Diabetes, Follow-up report on the diagnosis of diabetes mellitus. Diabetes Care.
(2003) 26:3160 – 7. doi: 10.2337/diacare.26.11.3160

19. M. Joint Committee on the Chinese Guidelines for Lipid. Chinese guidelines for
lipid management (2023). Zhonghua Xin Xue Guan Bing Za Zhi. (2023) 51:221–255.

20. Pottel H, Delanaye P, Schaeffner E, Dubourg L, Eriksen BO, Melsom T, et al.
Estimating glomerular filtration rate for the full age spectrum from serum creatinine
and cystatin C. Nephrol Dial Transplant. (2017) 32:497–507. doi: 10.1093/ndt/gfw425

21. Stevens PE, Levin A, M. Kidney Disease. Improving Global Outcomes Chronic
Kidney Disease Guideline Development Work Group, Evaluation and management of
chronic kidney disease: synopsis of the kidney disease: improving global outcomes 2012
clinical practice guideline. Ann Intern Med. (2013) 158:825 – 30. doi: 10.7326/0003-
4819-158-11-201306040-00007

22. Ndumele CE, Rangaswami J, Chow SL, Neeland IJ, Tuttle KR, Khan SS, et al.
Cardiovascular-kidney-metabolic health: A presidential advisory from the American
heart associat ion. Circulat ion . (2023) 148:1606–1635. doi : 10.1161/
CIR.0000000000001184

23. Li JX, Li Y, Liu FC, Chen JC, Cao J, Chen SF, et al. Cardiovascular disease risk in
diabetes patients aged 40 years old and above in China. Zhonghua Xin Xue Guan Bing
Za Zhi. (2020) 48:968–974.

24. Tian X, Wang A, Wu S, Zuo Y, Chen S, Zhang L, et al. Cumulative serum uric
acid and its time course are associated with risk of myocardial infarction and all-cause
mortality. J Am Heart Assoc. (2021) 10:e020180. doi: 10.1161/JAHA.120.020180

25. Carr JJ, Jacobs DR Jr., Terry JG, Shay CM, Sidney S, Liu K, et al. Association of
coronary artery calcium in adults aged 32 to 46 years with incident coronary heart
disease and death. JAMA Cardiol . (2017) 2:391–399. doi : 10 .1001/
jamacardio.2016.5493

26. Lloyd-Jones DM, Larson MG, Beiser A, Levy D. Lifetime risk of developing
coronary heart disease. Lancet. (1999) 353:89–92. doi: 10.1016/S0140-6736(98)10279-9

27. Lim LL, Jones S, Cikomola JC, Hivert MF, Misra S. Understanding the drivers
and consequences of early-onset type 2 diabetes. Lancet. (2025) 405:2327–2340.
doi: 10.1016/S0140-6736(25)01012-8

28. Wang C, Yuan Y, Zheng M, Pan A, Wang M, Zhao M, et al. Association of age of
onset of hypertension with cardiovascular diseases and mortality. J Am Coll Cardiol.
(2020) 75:2921–2930. doi: 10.1016/j.jacc.2020.04.038

29. Sattar N, Rawshani A, Franzen S, Rawshani A, Svensson AM, Rosengren A, et al.
Age at diagnosis of type 2 diabetes mellitus and associations with cardiovascular and
morta l i t y r i sk s . Circu la t ion . ( 2019) 139 :2228–2237 . do i : 10 .1161/
CIRCULATIONAHA.118.037885

30. Mancini GB, Schulzer M. Reporting risks and benefits of therapy by use of the
concepts of unqualified success and unmitigated failure: applications to highly cited
trials in cardiovascular medicine. Circulation. (1999) 99:377 – 83. doi: 10.1161/
01.CIR.99.3.377

31. Barkas F, Sener YZ, Golforoush PA, Kheirkhah A, Rodriguez-Sanchez E, Novak
J, et al. Advancements in risk stratification and management strategies in primary
cardiovascular prevention. Atherosclerosis. (2024) 395:117579. doi: 10.1016/
j.atherosclerosis.2024.117579

32. Wu H, Lau ESH, Yang A, Zhang X, Fan B, Ma RCW, et al. Age-specific
population attributable risk factors for all-cause and cause-specific mortality in type 2
diabetes: An analysis of a 6-year prospective cohort study of over 360,000 people in
Hong Kong. PloS Med. (2023) 20:e1004173. doi: 10.1371/journal.pmed.1004173

33. McCormick N, Yokose C, Lu N, Wexler DJ, Avina-Zubieta JA, De Vera MA,
et al. Comparative effectiveness of sodium-glucose cotransporter-2 inhibitors for
recurrent nephrolithiasis among patients with pre-existing nephrolithiasis or gout:
target trial emulation studies. BMJ. (2024) 387:e080035. doi: 10.1136/bmj-2024-080035

34. Gyldenkerne C, Mortensen MB, Kahlert J, Thrane PG, Warnakula Olesen KK,
Sorensen HT, et al. 10-year cardiovascular risk in patients with newly diagnosed type 2
diabetes mellitus. J Am Coll Cardiol. (2023) 82:1583–1594. doi: 10.1016/
j.jacc.2023.08.015

35. Hu L, Li J, Tang Z, Gong P, Chang Z, Yang C, et al. How does biological age
acceleration mediate the associations of obesity with cardiovascular disease? Evidence
from international multi-cohort studies. Cardiovasc Diabetol. (2025) 24:209.
doi: 10.1186/s12933-025-02770-0

36. Li X, Wang J, Zhang M, Li X, Fan Y, Zhou X, et al. Biological aging mediates the
associations of metabolic score for insulin resistance with all-cause and cardiovascular
disease mortality among US adults: A nationwide cohort study. Diabetes Obes Metab.
(2024) 26:3552–3564. doi: 10.1111/dom.15694

37. Iftikhar U, Smith JR, Miller SA, Squires RW, Thomas RJ. Commercial insurance
coverage for outpatient cardiac rehabilitation for heart failure with preserved ejection
fraction in the United States. J Cardiopulm Rehabil Prev. (2025) 45:155–156.
doi: 10.1097/HCR.0000000000000937
Frontiers in Endocrinology 12
38. Tian Q, Wang A, Zuo Y, Chen S, Hou H, Wang W, et al. All-cause mortality in
metabolically healthy individuals was not predicted by overweight and obesity. JCI
Insight. (2020) 5(16):e136982. doi: 10.1172/jci.insight.136982

39. Reis JP, Loria CM, Lewis CE, Powell-Wiley TM, Wei GS, Carr JJ, et al.
Association between duration of overall and abdominal obesity beginning in young
adulthood and coronary artery calcification in middle age. JAMA. (2013) 310:280 – 8.
doi: 10.1001/jama.2013.7833

40. Dang K, Wang X, Hu J, Zhang Y, Cheng L, Qi X, et al. The association between
triglyceride-glucose index and its combination with obesity indicators and
cardiovascular disease: NHANES 2003 - 2018. Cardiovasc Diabetol. (2024) 23:8.
doi: 10.1186/s12933-023-02115-9

41. Burger PM, Koudstaal S, Mosterd A, Fiolet ATL, Teraa M, van der Meer MG,
et al. C-reactive protein and risk of incident heart failure in patients with cardiovascular
disease. J Am Coll Cardiol. (2023) 82:414–426. doi: 10.1016/j.jacc.2023.05.035

42. Huang Y, Zhou Y, Xu Y, Wang X, Zhou Z, Wu K, et al. Inflammatory markers
link triglyceride-glucose index and obesity indicators with adverse cardiovascular
events in patients with hypertension: insights from three cohorts. Cardiovasc
Diabetol. (2025) 24:11. doi: 10.1186/s12933-024-02571-x

43. Zhang YB, Chen C, Pan XF, Guo J, Li Y, Franco OH, et al. Associations of
healthy lifestyle and socioeconomic status with mortality and incident cardiovascular
disease: two prospective cohort studies. BMJ. (2021) 373:n604. doi: 10.1136/bmj.n604

44. Rolver MG, Emanuelsson F, Nordestgaard BG, Benn M. Contributions of
elevated CRP, hyperglycaemia, and type 2 diabetes to cardiovascular risk in the
general population: observational and Mendelian randomization studies. Cardiovasc
Diabetol. (2024) 23:165. doi: 10.1186/s12933-024-02207-0

45. Zhao J, Stockwell T, Naimi T, Churchill S, Clay J, Sherk A. Association between
daily alcohol intake and risk of all-cause mortality: A systematic review and meta-
a n a l y s e s . J AMA Ne tw Op e n . ( 2 0 2 3 ) 6 : e 2 3 6 1 8 5 . d o i : 1 0 . 1 0 0 1 /
jamanetworkopen.2023.6185

46. Yu B, Li M, Yu Z, Zheng T, Feng X, Gao A, et al. The non-high-density
lipoprotein cholesterol to high-density lipoprotein cholesterol ratio (NHHR) as a
predictor of all-cause and cardiovascular mortality in US adults with diabetes or
prediabetes: NHANES 1999 - 2018. BMCMed. (2024) 22:317. doi: 10.1186/s12916-024-
03536-3

47. Despres JP. Body fat distribution and risk of cardiovascular disease: an update.
Circulation. (2012) 126:1301 – 13. doi: 10.1161/CIRCULATIONAHA.111.067264

48. Koenen M, Hill MA, Cohen P, Sowers JR. Obesity, adipose tissue and vascular
dysfunction. Circ Res. (2021) 128:951–968. doi: 10.1161/CIRCRESAHA.121.318093

49. Zeller J, Bogner B, McFadyen JD, Kiefer J, Braig D, Pietersz G, et al. Transitional
changes in the structure of C-reactive protein create highly pro-inflammatory
molecules: Therapeutic implications for cardiovascular diseases. Pharmacol Ther.
(2022) 235:108165. doi: 10.1016/j.pharmthera.2022.108165

50. Suthahar N, Wang D, Aboumsallem JP, Shi C, deWit S, Liu EE, et al. Association
of initial and longitudinal changes in C-reactive protein with the risk of cardiovascular
disease, cancer, and mortality. Mayo Clin Proc. (2023) 98:549–558. doi: 10.1016/
j.mayocp.2022.10.013

51. C. Emerging Risk Factors, Kaptoge S, Di Angelantonio E, Lowe G, Pepys MB,
Thompson SG, et al. C-reactive protein concentration and risk of coronary heart
disease, stroke, and mortality: an individual participant meta-analysis. Lancet. (2010)
375:132 – 40. doi: 10.1016/S0140-6736(09)61717-7

52. Markozannes G, Koutsioumpa C, Cividini S, Monori G, Tsilidis KK, Kretsavos
N, et al. Global assessment of C-reactive protein and health-related outcomes: an
umbrella review of evidence from observational studies and Mendelian randomization
studies. Eur J Epidemiol. (2021) 36:11–36. doi: 10.1007/s10654-020-00681-w

53. Femlak M, Gluba-Brzozka A, Cialkowska-Rysz A, Rysz J. The role and function
of HDL in patients with diabetes mellitus and the related cardiovascular risk. Lipids
Health Dis. (2017) 16:207. doi: 10.1186/s12944-017-0594-3

54. Gao Y, Wang M, Wang R, Jiang J, Hu Y, Wang W, et al. The predictive value of
the hs-CRP/HDL-C ratio, an inflammation-lipid composite marker, for cardiovascular
disease in middle-aged and elderly people: evidence from a large national cohort study.
Lipids Health Dis. (2024) 23:66. doi: 10.1186/s12944-024-02055-7

55. La Sala L, Pontiroli AE. Prevention of diabetes and cardiovascular disease in
obesity. Int J Mol Sci. (2020) 21(21):8178. doi: 10.3390/ijms21218178

56. Tromp J, Paniagua SMA, Lau ES, Allen NB, Blaha MJ, Gansevoort RT, et al. Age
dependent associations of risk factors with heart failure: pooled population based
cohort study. BMJ. (2021) 372:n461. doi: 10.1136/bmj.n461

57. Vivante A, Hildebrandt F. Exploring the genetic basis of early-onset chronic
kidney disease. Nat Rev Nephrol. (2016) 12:133 – 46. doi: 10.1038/nrneph.2015.205

58. Liu B, Li L, Cui H, Zhao Q, Chen S. Analysis of the global burden of CKD-T2DM
in young and middle-aged adults in 204 countries and territories from 2000 to 2019: A
systematic study of the global burden of disease in 2019. Diabetes Res Clin Pract. (2024)
217:111884. doi: 10.1016/j.diabres.2024.111884

59. C.K.D.W.G. Kidney Disease. Improving global outcomes, KDIGO 2024 clinical
practice guideline for the evaluation and management of chronic kidney disease.
Kidney Int. (2024) 105:S117–314.

60. Huang QM, Shen D, Gao J, Chen H, Xie JH, Yan HY, et al. Association of weight
change with all-cause and cause-specific mortality: an age-stratified analysis. BMCMed.
(2024) 22:438. doi: 10.1186/s12916-024-03665-9
frontiersin.org

https://doi.org/10.1186/s12933-022-01510-y
https://doi.org/10.1186/s12933-022-01510-y
https://doi.org/10.1161/CIRCULATIONAHA.117.032380
https://doi.org/10.2337/diacare.26.11.3160
https://doi.org/10.1093/ndt/gfw425
https://doi.org/10.7326/0003-4819-158-11-201306040-00007
https://doi.org/10.7326/0003-4819-158-11-201306040-00007
https://doi.org/10.1161/CIR.0000000000001184
https://doi.org/10.1161/CIR.0000000000001184
https://doi.org/10.1161/JAHA.120.020180
https://doi.org/10.1001/jamacardio.2016.5493
https://doi.org/10.1001/jamacardio.2016.5493
https://doi.org/10.1016/S0140-6736(98)10279-9
https://doi.org/10.1016/S0140-6736(25)01012-8
https://doi.org/10.1016/j.jacc.2020.04.038
https://doi.org/10.1161/CIRCULATIONAHA.118.037885
https://doi.org/10.1161/CIRCULATIONAHA.118.037885
https://doi.org/10.1161/01.CIR.99.3.377
https://doi.org/10.1161/01.CIR.99.3.377
https://doi.org/10.1016/j.atherosclerosis.2024.117579
https://doi.org/10.1016/j.atherosclerosis.2024.117579
https://doi.org/10.1371/journal.pmed.1004173
https://doi.org/10.1136/bmj-2024-080035
https://doi.org/10.1016/j.jacc.2023.08.015
https://doi.org/10.1016/j.jacc.2023.08.015
https://doi.org/10.1186/s12933-025-02770-0
https://doi.org/10.1111/dom.15694
https://doi.org/10.1097/HCR.0000000000000937
https://doi.org/10.1172/jci.insight.136982
https://doi.org/10.1001/jama.2013.7833
https://doi.org/10.1186/s12933-023-02115-9
https://doi.org/10.1016/j.jacc.2023.05.035
https://doi.org/10.1186/s12933-024-02571-x
https://doi.org/10.1136/bmj.n604
https://doi.org/10.1186/s12933-024-02207-0
https://doi.org/10.1001/jamanetworkopen.2023.6185
https://doi.org/10.1001/jamanetworkopen.2023.6185
https://doi.org/10.1186/s12916-024-03536-3
https://doi.org/10.1186/s12916-024-03536-3
https://doi.org/10.1161/CIRCULATIONAHA.111.067264
https://doi.org/10.1161/CIRCRESAHA.121.318093
https://doi.org/10.1016/j.pharmthera.2022.108165
https://doi.org/10.1016/j.mayocp.2022.10.013
https://doi.org/10.1016/j.mayocp.2022.10.013
https://doi.org/10.1016/S0140-6736(09)61717-7
https://doi.org/10.1007/s10654-020-00681-w
https://doi.org/10.1186/s12944-017-0594-3
https://doi.org/10.1186/s12944-024-02055-7
https://doi.org/10.3390/ijms21218178
https://doi.org/10.1136/bmj.n461
https://doi.org/10.1038/nrneph.2015.205
https://doi.org/10.1016/j.diabres.2024.111884
https://doi.org/10.1186/s12916-024-03665-9
https://doi.org/10.3389/fendo.2025.1648083
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Dai et al. 10.3389/fendo.2025.1648083
61. Stjernholm K, Kerr A, Poppe KK, Jensen AE, Mehta S, Nielsen JB, et al. Age-
stratified comparison of heart age and predicted cardiovascular risk in 370 – 000
primary care patients. Heart. (2025) 111:166–171. doi: 10.1136/heartjnl-2024-324156

62. Almalki WH, Salman Almujri S. Oxidative stress and senescence in aging
kidneys: the protective role of SIRT1. EXCLI J. (2024) 23:1030–1067.

63. Tan S, Zhou J, Li F, Zeng G, Liu N, Tu T, et al. Association between the life’s
essential 8 health behaviors and prognosis in patients with advanced cardiovascular-
kidney-metabolic syndrome. Eur J Prev Cardiol. (2025). doi: 10.1093/eurjpc/zwaf443

64. Wong ND, Sattar N. Cardiovascular risk in diabetes mellitus: epidemiology,
assessment and prevention. Nat Rev Cardiol. (2023) 20:685–695. doi: 10.1038/s41569-
023-00877-z

65. Singh R, Nasci VL, Guthrie G, Ertuglu LA, Butt MK, Kirabo A, et al. Emerging
roles for G protein-coupled estrogen receptor 1 in cardio-renal health: implications for
aging. Biomolecules. (2022) 12(3):412. doi: 10.3390/biom12030412

66. Ko SH, Jung Y. Energy metabolism changes and dysregulated lipid metabolism
in postmenopausal women. Nutrients. (2021) 13(12):4556. doi: 10.3390/nu13124556

67. Colafella KMM, Denton KM. Sex-specific differences in hypertension and
associated cardiovascular disease. Nat Rev Nephrol. (2018) 14:185–201. doi: 10.1038/
nrneph.2017.189
Frontiers in Endocrinology 13
68. Matsumoto C, Nagai M, Shinohara K, Morikawa N, Kai H, Arima H. Systolic
blood pressure lower than 130 mmHg in heart failure with preserved ejection fraction: a
systematic review and meta-analysis of clinical outcomes. Hypertens Res. (2025).
doi: 10.1038/s41440-025-02240-w

69. Potere N, Bonaventura A, Abbate A. Novel therapeutics and upcoming clinical
trials targeting inflammation in cardiovascular diseases. Arterioscler Thromb Vasc Biol.
(2024) 44:2371–2395. doi: 10.1161/ATVBAHA.124.319980

70. Mehta RS, Kochar BD, Kennelty K, Ernst ME, Chan AT. Emerging approaches
to polypharmacy among older adults. Nat Aging. (2021) 1:347–356. doi: 10.1038/
s43587-021-00045-3

71. Tsai MK, Kao JT, Wong CS, Liao CT, Lo WC, Chien KL, et al. Cardiovascular-
kidney-metabolic syndrome and all-cause and cardiovascular mortality: A retrospective
cohort study. PloS Med. (2025) 22:e1004629. doi: 10.1371/journal.pmed.1004629

72. Alicic RZ, Neumiller JJ, Tuttle KR. Combination therapy: an upcoming
paradigm to improve kidney and cardiovascular outcomes in chronic kidney disease.
Nephrol Dial Transplant. (2025) 40:i3–i17. doi: 10.1093/ndt/gfae212

73. Ji H, Sabanayagam C, Matsushita K, Cheng CY, Rim TH, Sheng B, et al. Sex
differences in cardiovascular-kidney-metabolic syndrome: 30-year US trends and
mortality risks-brief report. Arterioscler Thromb Vasc Biol. (2025) 45:157–161.
doi: 10.1161/ATVBAHA.124.321629
frontiersin.org

https://doi.org/10.1136/heartjnl-2024-324156
https://doi.org/10.1093/eurjpc/zwaf443
https://doi.org/10.1038/s41569-023-00877-z
https://doi.org/10.1038/s41569-023-00877-z
https://doi.org/10.3390/biom12030412
https://doi.org/10.3390/nu13124556
https://doi.org/10.1038/nrneph.2017.189
https://doi.org/10.1038/nrneph.2017.189
https://doi.org/10.1038/s41440-025-02240-w
https://doi.org/10.1161/ATVBAHA.124.319980
https://doi.org/10.1038/s43587-021-00045-3
https://doi.org/10.1038/s43587-021-00045-3
https://doi.org/10.1371/journal.pmed.1004629
https://doi.org/10.1093/ndt/gfae212
https://doi.org/10.1161/ATVBAHA.124.321629
https://doi.org/10.3389/fendo.2025.1648083
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

	Association between onset age and mortality gradients in advanced cardiovascular–kidney–metabolic syndrome
	1 Introduction
	2 Methods
	2.1 Study design and participants
	2.2 Data collection and variable definitions
	2.3 Definitions of CKM syndrome stages
	2.4 Outcomes
	2.5 Statistical analysis

	3 Results
	3.1 Baseline characteristics
	3.2 Associations between A-CKM onset age and all-cause mortality
	3.3 Stratified analysis of risk factors for all-cause mortality by A-CKM onset age
	3.3.1 Onset age–behavior interactions
	3.3.2 Interactions between onset age and comorbidities
	3.3.3 Onset age–biomarker interactions
	3.3.4 Onset age–risk subtype interaction effects

	3.4 Population attribution fractions and number needed to treat
	3.5 Sensitivity analyses

	4 Discussion
	4.1 Strengths
	4.2 Limitations

	5 Conclusions
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References


