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Abstract

Background: Cardiovascular–kidney–metabolic (CKM) syndrome embodies the interconnection between cardiovascular, renal, and
metabolic disorders. Anthropometric indices reflect distinct aspects of obesity and may aid in stratifying the severity of CKM syndrome
and predicting mortality. Thus, this study aimed to assess and compare the relationships between multiple obesity-related measures and
advanced CKM stages, as well as the risk of mortality. Methods: Data included in this analysis were from the National Health and
Nutrition Examination Survey (NHANES). Participants were categorized into quartiles (Q1–Q4) based on each anthropometric index.
We estimated the associations with all-cause, cardiovascular, and non-cardiovascular mortality outcomes using Cox proportional hazards
models, and evaluated the odds of an advanced CKM stage (stages 3/4) using logistic regression. Possible non-linear exposure–outcome
patterns were further investigated through restricted cubic spline modelling. Then, to compare the predictive performance of the indices,
we calculated the area under the receiver operating characteristic curve (AUC). Results: We included 28,911 adults from the NHANES
(1999–2018) (median age (interquartile range (IQR)) 55.0 (40.0–67.0) years, 52.5% male), comprising 21,789 in CKM stages 1–2 and
7122 in stages 3–4. The anthropometric indices varied significantly across CKM stages (p < 0.001), with body mass index, waist
circumference, Weight-adjusted Waist Index (WWI), and relative fat mass increasing with disease severity. In stages 1–2, the highest
quartile (Q4) of A Body Shape Index (ABSI), WWI, waist-to-height ratio (WHtR), and Conicity Index (C-index) was associated with
higher all-cause and cardiovascular mortalities, often following U-shaped or J-shaped non-linear patterns. In stages 3–4, predictive
strength diminished, with only the ABSI and WWI showing consistent associations with mortality. For CKM progression, the ABSI
(AUC = 0.73), WWI (AUC = 0.70), and C-index (AUC = 0.69) demonstrated the best discrimination. Conclusions: This study shows
that several anthropometric indices, particularly the ABSI, WWI, WHtR, and C-index, are strongly associated with advanced CKM stage
and increased mortality risk. These associations were stronger for central adiposity measures than for general adiposity, suggesting the
potential relevance of central fat distribution and supporting the possible role of anthropometric indices in early risk stratification and
targeted intervention in CKM syndrome.
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1. Introduction
Cardiovascular-kidney-metabolic (CKM) syndrome

is a new medical concept introduced and officially defined
by the American Heart Association (AHA) in 2023. It
aims to emphasize the close connections, mutual influences,
and shared pathophysiological basis betweenmetabolic dis-
orders, chronic kidney disease (CKD), and cardiovascu-
lar diseases (CVD) (such as obesity, type 2 diabetes, and
metabolic dysfunction-related fatty liver disease) [1]. The
global pandemics of obesity, prediabetes/diabetes, and pop-
ulation aging signal that the prevalence of CKM syndrome
will continue to rise [1,2]. CKM syndrome is a major cause
of premature death, disability, and skyrocketing healthcare
costs. It represents one of the most significant challenges
currently facing global public health [3].

CKM syndrome refers to a comprehensive condition
where CKD, metabolic risk factors, and metabolic disor-
ders (especially obesity and insulin resistance) collectively
elevate the risk of CVD [1]. Its core mechanism lies in ex-
cess adiposity, which drives chronic low-grade inflamma-
tion and insulin resistance, establishing a reinforcing cycle
that leads to progressive cardiac, renal, and vascular in-
jury [4]. Over 90% of adults will experience overweight
or obesity during their lifetime, and most of them will have
at least one metabolic abnormality or target organ damage,
indicating that the majority of overweight/obese individu-
als are at risk for CKM syndrome [5]. Systemic obesity
(body mass index [BMI], A Body Shape Index [ABSI], and
Weight-adjusted Waist Index [WWI]) can trigger insulin
resistance, hyperglycemia, and dyslipidemia, further pro-
moting the development of atherosclerosis and CKD [6–8].
Visceral fat (lipid accumulation product [LAP] and visceral
adiposity index [VAI]) secretes pro-inflammatory factors
(such as TNF-α, IL-6) and abnormal adipokines (e.g., el-
evated leptin, reduced adiponectin), which directly worsen
insulin resistance [9,10]. Abdominal fat (waist circumfer-
ence [WC], waist-to-height ratio [WHtR], and waist-to-hip
ratio [WHR]) accumulation is an independent predictor of
cardiovascular events [11]. Its mechanisms include my-
ocardial fibrosis inducing arrhythmias and left ventricular
hypertrophy leading to heart failure [4,12]. Furthermore,
central obesity can increase intra-abdominal pressure, com-
press the renal veins, causing proteinuria, and increase car-
diac afterload [13]. Sarcopenic obesity reduces (relative fat
mass [RFM] and body adiposity index [BAI]) metabolic
flexibility, amplifies insulin resistance, and increases the
risk of frailty and infections [14–16]. Morphological and
volume-related indicators (abdominal volume index [AVI],
C-index, andBodyRoundness Index [BRI]) promote oxida-
tive stress, while increasing cardiac load, increasing heart
failure-related mortality, and triggering multiple organ fail-
ure [17]. These factors work together to drive the pro-
gression of CKM syndrome, leading to multi-organ dys-
function and ultimately resulting in cardiovascular or non-
cardiovascular related mortality.

Research on predicting the prognosis of CKM
has developed various risk assessment models. The
high-sensitivity C-reactive protein/high-density lipoprotein
cholesterol (HDL-C) ratio is closely linked to all-cause
mortality risk in CKM patients [18], while the estimated
glucose disposal rate (eGDR) effectively predicts progno-
sis by assessing insulin resistance [19]. Additionally, mod-
els incorporating social factors, like those from the China
Health and Retirement Longitudinal Study (CHARLS),
highlight the impact of the social environment on mental
health [20]. Machine learning techniques, such as ran-
dom forests and XGBoost, improve prediction accuracy
[21]. These advancements offer valuable insights for clin-
ical management. Growing research attention has been di-
rected toward newly proposed obesity- and lipid-related in-
dices, as accumulating evidence suggests that they may be
closely associated with CKM. The AHA classifies CKM
into stages from CKM 0 to CKM 4, with CKM stages 1
and 2 involving multiple metabolic risk factors but no or-
gan damage [1]. Stages 3 and 4 of CKM are characterized
by structural organ damage and functional failure, with obe-
sity shifting to sarcopenic obesity and central fat accumula-
tion. The disease is often irreversible at this stage [22,23].
Elevated BMI, WC, and BRI are linked to a higher risk
of cardiovascular mortality [24–26]. A higher metabolic
score for visceral fat (METS-VF) is related to higher risks
of CVD and all-cause mortality in individuals with varying
glycaemic status [27]. A nationwide longitudinal study re-
ported that abdominal obesity, as assessed by the BRI, is
closely related to the progression of frailty across different
stages of the CKM syndrome [28].

Given the substantial differences in mortality risk be-
tween CKM stages 1–2 and 3–4 reported in a previous pub-
lication [29], it is essential to assess prognostic markers
within early and advanced stages separately. Therefore, this
study aimed to utilise data from National Health and Nutri-
tion Examination Survey (NHANES) to (1) compare the as-
sociations of multiple anthropometric indices with all-cause
and cause-specificmortality in patients with CKMstages 1–
2 and 3–4, respectively; and (2) compare the cross-sectional
associations of multiple anthropometric indicators with ad-
vanced CKM staging.

2. Materials and Methods
2.1 Data Sources

This analysis used data from the NHANES, a nation-
ally representative programme conducted by the U.S. Cen-
ters for Disease Control and Prevention to monitor popula-
tion health and nutritional status. The survey protocol re-
ceived approval from the National Center for Health Statis-
tics Ethics Review Board, and written informed consent
was obtained from all participants. The datasets are pub-
licly accessible at: https://www.cdc.gov/nchs/nhanes/. The
study followed the Strengthening the Reporting of Observa-
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tional Studies in Epidemiology (STROBE) reporting guide-
lines (Supplementary Table 1) [30].

2.2 Participant Selection

A total of 55,081 adults aged ≥20 years were initially
identified from ten NHANES cycles (1999–2018). We ex-
cluded participants with incomplete CKM-related variables
(N = 17,949), participants without CKM (N = 1752), those
with missing values for height (N = 828), weight (N = 118),
or waist circumference (N = 1093), participants with miss-
ing baseline variables (N = 4388), and those with uncertain
survival information (N = 42), 28,911 participants were re-
tained for analysis (Supplementary Fig. 1).

2.3 Covariates Selection

We extracted demographic factors (age, race, sex,
height, weight, WC, hip measurement), socioeconomic in-
dicators (marital status, poverty-to-income ratio, educa-
tion level), lifestyle behaviors (physical activity, smoking
status, alcohol consumption), comorbid conditions (dia-
betes, hypertension, CKD, prior stroke, CVD), and labo-
ratory indicators (hemoglobin A1c, high-density lipopro-
tein cholesterol [HDL-C], urine albumin-to-creatinine ra-
tio [UACR]), estimated glomerular filtration rate (eGFR),
total cholesterol, 10-year predicted CVD risk score, Sys-
temic Immune-Inflammation Index (SII), and frailty score
(Supplementary Table 2) [29].

2.4 Definitions of CKM

CKM staging followed the AHA classification frame-
work and prior publications [1,29,31]. Participants were
assigned to CKM stages 1–4 using a predefined algo-
rithm that integrates metabolic abnormalities, kidney dis-
ease, and CVD. Metabolic abnormalities included obe-
sity, dysglycemia, hypertension, hypertriglyceridemia, or
metabolic syndrome. CVD was defined as clinical CVD
(heart failure, coronary heart disease, myocardial infarc-
tion, or stroke) or elevated subclinical risk, estimated using
the AHA PREVENT 10-year CVD risk equations (≥20%)
[32]. Kidney disease was defined according to Kidney Dis-
ease: Improving Global Outcomes (KDIGO) criteria for re-
duced eGFR and/or elevated albuminuria [33]. This stag-
ing reflects progression from metabolic risk to kidney in-
volvement and overt CVD. This staging reflects progres-
sion from metabolic risk to kidney involvement and overt
CVD. Full diagnostic thresholds and component definitions
are provided in Supplementary Tables 3,4,5. CKM stages
were grouped as “early CKM” (stages 1–2) and “advanced
CKM” (stages 3–4). Stages 1–2 were considered early be-
cause they are drivenmainly by cardiometabolic risk factors
and early organ involvement, whichmay still bemodifiable.
Stages 3–4 were considered advanced because they reflect
established end-organ damage, including chronic kidney
dysfunction and/or clinical CVD.

2.5 Assessment of Anthropometric Indices
Height, Weight, WC, and hip measurements were

measured with calibrated equipment according to estab-
lished protocols (https://wwwn.cdc.gov/Nchs/Data/Nhane
s/Public/1999/DataFiles/BMX.htm). Anthropometric mea-
sures included BMI, WC, BRI, WWI, ABSI, RFM, WHtR,
C-index, VAI, LAP, WHR, BAI, AVI were determined us-
ing specified equations (Supplementary Table 6).

2.6 Mortality Outcomes
Three mortality outcomes were considered in the anal-

ysis: all-cause mortality, cardiovascular mortality, and non-
cardiovascular mortality. Vital status and causes of death
were identified through the National Death Index, which is
integrated with NHANES and overseen by the U.S. Cen-
ters for Disease Control and Prevention. Mortality follow-
up extended until 31 December 2019. Causes of death
were classified using the Tenth Revision of the Interna-
tional Classification of Diseases. Person-time was calcu-
lated from the date of each participant’s NHANES inter-
view to either death or the end of follow-up.

2.7 Statistical Analysis
In this study, missing values were excluded from the

analyses. Continuous measures were summarized using
the median and interquartile ranges (IQR). Between-group
comparisons for continuous variables employed nonpara-
metric Kruskal-Wallis tests. Categorical variables were
evaluated through Fisher’s exact tests or Pearson’s chi-
square tests, with outcomes presented as frequency counts
and proportional percentages.

Participants were classified into early CKM stage
(CKM stages 1–2) and advanced CKM stage (CKM stages
3–4). For each anthropometric indicator, individuals were
further grouped by quartiles (Q1–Q4). To examine mor-
tality risk, we fitted Cox proportional hazards models for
each index (BMI, WC, BRI, WWI, RFM, ABSI, WHtR,
and C-index) with Q1 serving as the reference category,
and reported hazard ratios (HRs) and 95% confidence in-
tervals (CIs). The models were adjusted for a range of
potential confounders, including age, sex, race, socioeco-
nomic status (poverty income ratio, marital status, educa-
tion), lifestyle factors (smoking, alcohol use, physical ac-
tivity), and comorbid conditions (CVD, hypertension, dia-
betes, CKD, and stroke). To investigate possible non-linear
dose–response relationships, restricted cubic spline (RCS)
functions were applied to continuous forms of the anthro-
pometric indices. Furthermore, the discriminatory capacity
of each index for predicting mortality among individuals
with CKM was assessed by receiver operating character-
istic (ROC) analysis, with area under the receiver operat-
ing characteristic curve (AUC) values reported and pairwise
differences compared using the DeLong test.
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Table 1. Baseline characteristics based on different CKM stages.
Characteristics All CKM (N = 28,911) CKM stage 1 (N = 3254) CKM stage 2 (N = 18,535) CKM stage 3 (N = 3336) CKM stage 4 (N = 3786) p

Age, years 55.0 (40.0, 67.0) 40.0 (30.0, 51.0) 50.0 (39.0, 61.0) 78.0 (72.0, 80.0) 68.0 (60.0, 77.0) <0.001
Male, n (%) 15,187.0 (52.5) 1589.0 (48.8) 9408.0 (50.8) 1917.0 (57.5) 2273.0 (60.0) <0.001
Race, n (%) <0.001

Mexican American 4820.0 (16.7) 618.0 (19.0) 3367.0 (18.2) 435.0 (13.0) 400.0 (10.6)
Non-Hispanic Black 6008.0 (20.8) 658.0 (20.2) 4029.0 (21.7) 567.0 (17.0) 754.0 (19.9)
Non-Hispanic White 13,372.0 (46.3) 1298.0 (39.9) 7894.0 (42.6) 1976.0 (59.2) 2204.0 (58.2)
Hispanic and others 4711.0 (16.3) 680.0 (20.9) 3245.0 (17.5) 358.0 (10.7) 428.0 (11.3)

Poverty income ratio 2.2 (1.2, 4.1) 2.5 (1.2, 4.5) 2.3 (1.2, 4.3) 1.9 (1.2, 3.3) 1.8 (1.1, 3.3) <0.001
Education, n (%) <0.001

College or above 14,181.0 (49.1) 1938.0 (59.6) 9395.0 (50.7) 1316.0 (39.4) 1532.0 (40.5)
High school or equivalent 11,159.0 (38.6) 1065.0 (32.7) 7125.0 (38.4) 1324.0 (39.7) 1645.0 (43.4)
Less than high school 3571.0 (12.4) 251.0 (7.7) 2015.0 (10.9) 696.0 (20.9) 609.0 (16.1)

Marital status, n (%) <0.001
Unmarried 3872.0 (13.4) 749.0 (23.0) 2764.0 (14.9) 123.0 (3.7) 236.0 (6.2)
Married 17,804.0 (61.6) 2044.0 (62.8) 11,701.0 (63.1) 1853.0 (55.5) 2206.0 (58.3)
Divorced 7235.0 (25.0) 461.0 (14.2) 4070.0 (22.0) 1360.0 (40.8) 1344.0 (35.5)

Smoking status, n (%) <0.001
Current smoker 5826.0 (20.2) 589.0 (18.1) 4233.0 (22.8) 243.0 (7.3) 761.0 (20.1)
Former smoker 8161.0 (28.2) 674.0 (20.7) 4464.0 (24.1) 1438.0 (43.1) 1585.0 (41.9)
Never smoker 14,924.0 (51.6) 1991.0 (61.2) 9838.0 (53.1) 1655.0 (49.6) 1440.0 (38.0)

Alcohol consumption, n (%) <0.001
Heavy 3973.0 (13.7) 559.0 (17.2) 3004.0 (16.2) 118.0 (3.5) 292.0 (7.7)
Mild to moderate 6512.0 (22.5) 955.0 (29.3) 4628.0 (25.0) 375.0 (11.2) 554.0 (14.6)
Non-drinker 18,426.0 (63.7) 1740.0 (53.5) 10,903.0 (58.8) 2843.0 (85.2) 2940.0 (77.7)

Physical activity, n (%) <0.001
Less than moderate 17,050.0 (59.0) 1795.0 (55.2) 10,629.0 (57.3) 2193.0 (65.7) 2433.0 (64.3)
Moderate 7139.0 (24.7) 763.0 (23.4) 4530.0 (24.4) 881.0 (26.4) 965.0 (25.5)
Vigorous 4722.0 (16.3) 696.0 (21.4) 3376.0 (18.2) 262.0 (7.9) 388.0 (10.2)

Comorbidities
CVD 3786.0 (13.1) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 3786.0 (100.0) <0.001
Hypertensive 16,418.0 (56.8) 0.0 (0.0) 10,683.0 (57.6) 2775.0 (83.2) 2960.0 (78.2) <0.001
Diabetes 6614.0 (22.9) 151.0 (4.6) 3453.0 (18.6) 1510.0 (45.3) 1500.0 (39.6) <0.001
CKD 6876.0 (23.8) 0.0 (0.0) 3250.0 (17.5) 1902.0 (57.0) 1724.0 (45.5) <0.001
Stroke 1352.0 (4.7) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 1352.0 (35.7) <0.001
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Table 1. Continued.
Characteristics All CKM (N = 28,911) CKM stage 1 (N = 3254) CKM stage 2 (N = 18,535) CKM stage 3 (N = 3336) CKM stage 4 (N = 3786) p

Laboratory indicators
Total cholesterol, mg/dL 195.0 (169.0, 224.0) 191.0 (166.0, 214.0) 200.0 (174.0, 229.0) 190.0 (164.0, 217.0) 179.0 (152.0, 211.0) <0.001
HDL-C, mg/dL 50.0 (41.0, 61.0) 57.0 (51.0, 66.0) 48.0 (40.0, 60.0) 49.0 (41.0, 60.0) 47.0 (39.0, 58.0) <0.001
eGFR, mL/min/1.73 m2 91.1 (74.1, 106.0) 104.3 (91.0, 116.8) 95.6 (81.6, 108.6) 64.4 (50.3, 79.3) 73.3 (55.6, 88.7) <0.001
UACR, mg/g 7.7 (4.7, 17.0) 5.2 (3.8, 7.8) 7.3 (4.7, 14.6) 14.7 (7.4, 42.0) 11.5 (6.2, 34.7) <0.001
Hemoglobin A1c 5.6 (5.3, 6.0) 5.4 (5.1, 5.6) 5.5 (5.3, 5.9) 5.9 (5.5, 6.6) 5.8 (5.5, 6.4) <0.001

SII 476.1 (338.5, 669.4) 430.4 (310.2, 598.5) 473.5 (340.0, 660.2) 502.0 (355.2, 719.2) 505.4 (344.6, 724.0) <0.001
10-year CVD risk score 5.8 (1.6, 15.3) 1.0 (0.4, 2.8) 4.1 (1.4, 9.6) 26.0 (22.7, 30.7) 18.3 (9.4, 27.6) <0.001
Frailty score 0.1 (0.1, 0.2) 0.1 (0.1, 0.1) 0.1 (0.1, 0.2) 0.2 (0.1, 0.2) 0.3 (0.2, 0.3) <0.001
Anthropometric indices

BMI, kg/m2 28.7 (25.3, 33.1) 27.3 (25.1, 30.7) 29.1 (25.5, 33.7) 27.9 (24.7, 31.5) 29.0 (25.6, 33.4) <0.001
WC, cm 100.4 (91.1, 110.7) 94.0 (87.3, 102.7) 100.5 (91.0, 111.0) 102.0 (93.3, 110.8) 104.1 (95.2, 114.5) <0.001
BRI –1.2 (–1.2, –1.1) –1.2 (–1.2, –1.2) –1.2 (–1.2, –1.1) –1.2 (–1.2, –1.1) –1.2 (–1.2, –1.1) <0.001
WWI 11.2 (10.6, 11.7) 10.7 (10.2, 11.2) 11.1 (10.6, 11.6) 11.7 (11.2, 12.1) 11.5 (11.1, 12.0) <0.001
ABSI 0.1 (0.1, 0.1) 0.1 (0.1, 0.1) 0.1 (0.1, 0.1) 0.1 (0.1, 0.1) 0.1 (0.1, 0.1) <0.001
RFM, % 35.2 (29.6, 43.3) 34.8 (27.6, 41.3) 35.5 (29.5, 43.7) 34.6 (30.6, 43.1) 35.0 (30.4, 43.4) <0.001
WHR 0.6 (0.5, 0.7) 0.6 (0.5, 0.6) 0.6 (0.5, 0.7) 0.6 (0.6, 0.7) 0.6 (0.6, 0.7) <0.001
C-Index 1.3 (1.3, 1.4) 1.3 (1.2, 1.3) 1.3 (1.3, 1.4) 1.4 (1.3, 1.4) 1.4 (1.3, 1.4) <0.001

Values are expressed as the median (interquartile range) or percentage (%).
Abbreviations: ABSI, A Body Shape Index; BMI, body mass index; BRI, Body Roundness Index; C-index, Conicity Index; CKD, chronic kidney disease; CKM, cardiovascular-kidney-
metabolic syndrome; CVD, cardiovascular disease; eGFR, estimated glomerular filtration rate; HDL-C, high-density lipoprotein cholesterol; RFM, relative fat mass; UACR, urinary
albumin to creatinine ratio; SII, Systemic Immune-Inflammation Index; WC, waist circumference; WHR, waist-to-height ratio; WWI, Weight-adjusted Waist Index.
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Then, we performed multivariable logistic regression
to evaluate the relationships between anthropometric indi-
cators and advanced CKM stage (stages 3–4 vs. 1–2), ad-
justing for the same covariates as in the Cox models. Odds
ratios (ORs) and 95% CIs were calculated by comparing
the highest quartile (Q4) with the lowest quartile (Q1) for
each anthropometric index. To assess potential non-linear
dose–response patterns, RCS models were applied. The
predictive performance of the indices for advanced CKM
stage and CKM-related mortality was evaluated using ROC
curves, and AUC values were statistically compared using
the DeLong test.

We conducted two sensitivity analyses: first, to ad-
dress potential residual confounding, we performed addi-
tional sensitivity analyses in which we further adjusted the
Cox proportional hazards models for frailty score; second,
to mitigate reverse causality, we excluded patients who died
within the first two years of follow-up and re-examined the
impact of various obesity-related indicators on mortality
among CKM stage 3–4 patients.

Additionally, patients with missing data on triglyc-
erides (N = 12,426) and hip circumference (N = 25,897)
were excluded from the respective analyses. Specifically,
ROC analyses of VAI and LAP were conducted within the
triglyceride-available cohort, and those of WHR, BAI, and
AVIwere performedwithin the hip circumference-available
cohort. In each subset, these indices were compared against
the primary anthropometric measures to evaluate relative
discriminatory performance.

Statistical analyses were conducted using SPSS Statis-
tics (version 27; IBM Corporation, Armonk, NY, USA)
and R software (version 4.4.2; R Foundation for Statisti-
cal Computing, Vienna, Austria). A two-sided significance
threshold of p < 0.05 was applied.

3. Results
3.1 Baseline Characteristics

A total of 28,911 eligible participants were included
in this analysis, with a median age of 55.0 years (IQR:
40.0–67.0), 52.5% males. Table 1 presented the baseline
characteristics of participants, categorized byCKMstaging.
The cohort consisted of 21,789 CKM stage 1–2 patients
and 7122 CKM stage 3–4 patients. Anthropometric indices
showed notable differences across CKM stages. BMI, WC,
RFM,WWI and other adiposity-relatedmeasures were gen-
erally higher in CKM stages 2–4 compared with stage 1, al-
though the specific pattern of change varied by index. Over-
all, all anthropometric indices differed significantly across
CKM stages (p < 0.001).

Participants in CKM stages 1–2 had compara-
tively low mortality, with 8.7% dying from all causes,
1.8% from cardiovascular disease, and 6.9% from non-
cardiovascular causes. In contrast, mortality was sub-
stantially higher among those in CKM stages 3–4, with

45.9% all-cause, 14.1% cardiovascular, and 31.8% non-
cardiovascular deaths (Supplementary Fig. 2).

3.2 Relationship Between Anthropometric Indices and
Mortality Outcomes in CKM Stage 1–2 Patients

Table 2 presents the associations between anthropo-
metric indices and mortality outcomes among patients with
CKM stages 1–2. Q4 of BMI was linked to increased car-
diovascular mortality (HR 1.41, p = 0.020) and lower non-
cardiovascular mortality (HR 0.78, p = 0.002). Q4 of WC,
BRI, RFM, and WHtR were linked to increased cardiovas-
cular mortality (HR 1.39 vs. 1.42 vs. 1.73 vs. 1.56, all p
< 0.05). Q4 of WWI and ABSI were linked to increased
all-cause mortality (HR 1.62 vs. 1.43, all p < 0.05), car-
diovascular mortality (HR 1.38 vs. 1.62, all p < 0.05),
and non-cardiovascular mortality (HR 1.16 vs. 1.38, all p
< 0.05). Q4 of C-index was linked to increased all-cause
mortality (HR 1.18, p = 0.018) and cardiovascular mortality
(HR 1.56, p = 0.005).

RCS revealed non-linear associations between anthro-
pometric indices and mortality outcomes in CKM stages 1–
2 patients (Fig. 1). For all-cause mortality (Fig. 1a), BMI,
WHtR, BRI, and C-index showed U-shaped relationships,
with the lowest risk observed at a BMI of 25–27 kg/m2 and
a WHtR of around 0.5. In contrast, WC and WWI demon-
strated J-shaped curves, indicating a continuous increase in
risk with greater central adiposity. For cardiovascular mor-
tality (Fig. 1b), WC, WHtR, BRI, and C-index displayed
steep J-shaped patterns, with risk rising sharply at higher
values. For non-cardiovascular mortality (Fig. 1c), BMI
retained a U-shaped association, with elevated risk at BMI
<20 kg/m2, whereas WC, WWI, and RFM showed only
mild or nonsignificant relationships.

3.3 Relationship Between Anthropometric Indices and
Mortality Outcomes in CKM Stage 3–4 Patients

Anthropometric indices showed significant associa-
tions with mortality outcomes in CKM stages 3–4 (Table 3).
Q4 of BMI, WC, BRI, and WHtR were linked to decreased
all-cause mortality (HR 0.87 vs. 0.87 vs. 0.84 vs. 0.86,
all p < 0.05) and non-cardiovascular mortality (HR 0.84
vs. 0.85 vs. 0.81 vs. 0.81, all p < 0.05). Q4 of WWI
was linked to increased cardiovascular mortality (HR 1.35,
p = 0.029). Q4 of ABSI was linked to increased all-cause
mortality (HR 1.18, p = 0.022) and cardiovascular mortal-
ity (HR 1.41, p = 0.019). Q4 of RFM was linked to in-
creased non-cardiovascular mortality (HR 1.04, p = 0.046).
Q2 of C-index was linked to decreased all-cause mortality
(HR 0.81, p = 0.011) and non-cardiovascular mortality (HR
0.86, p = 0.037).

RCS demonstrated non-linear associations between
anthropometric indices and mortality outcomes in CKM
stages 3–4 patients (Fig. 2). For all-cause mortality
(Fig. 2a), BMI, WC, BRI, WWI, WHtR, and C-index
showed U-shaped relationships, with the lowest risk ob-

6

https://www.imrpress.com


Table 2. The associations between anthropometric indices and mortality outcomes in CKM stage 1–2 patients.
All-cause mortality Cardiovascular mortality Non-cardiovascular mortality

HR (95% CI) p HR (95% CI) p HR (95% CI) p

BMI
Q1 Reference Reference Reference
Q2 0.79 (0.69, 0.89) <0.001 1.09 (0.77, 1.45) 0.553 0.73 (0.64, 0.85) <0.001
Q3 0.81 (0.71, 0.92) 0.001 1.04 (0.77, 1.40) 0.802 0.77 (0.66, 0.88) <0.001
Q4 0.88 (0.77, 1.01) 0.079 1.41 (1.05, 1.89) 0.020 0.78 (0.68, 0.91) 0.002

WC
Q1 Reference Reference Reference
Q2 0.86 (0.76, 0.98) 0.030 0.88 (0.65, 1.19) 0.416 0.86 (0.75, 0.99) 0.045
Q3 0.83 (0.73, 0.95) 0.008 0.97 (0.72, 1.32) 0.874 0.80 (0.69, 0.94) 0.004
Q4 0.99 (0.87, 1.13) 0.920 1.39 (1.04, 1.85) 0.024 0.90 (0.77, 1.05) 0.192

BRI
Q1 Reference Reference Reference
Q2 0.81 (0.71, 0.92) 0.001 0.95 (0.71, 1.28) 0.747 0.78 (0.67, 0.90) <0.001
Q3 0.82 (0.72, 0.94) 0.005 0.89 (0.65, 1.22) 0.487 0.81 (0.70, 0.94) 0.005
Q4 0.96 (0.84, 1.10) 0.589 1.42 (1.06, 1.92) 0.019 0.86 (0.74, 1.10) 0.064

WWI
Q1 Reference Reference Reference
Q2 1.09 (0.78, 1.51) 0.611 1.00 (0.85, 1.18) 0.973 0.94 (0.80, 1.09) 0.426
Q3 1.56 (0.83, 1.60) 0.385 1.15 (0.98, 1.36) 0.077 1.05 (0.90, 1.23) 0.493
Q4 1.62 (1.16, 2.25) 0.004 1.38 (1.17, 1.63) <0.001 1.16 (1.09, 1.37) 0.040

ABSI
Q1 Reference Reference Reference
Q2 1.02 (0.87, 1.18) 0.793 1.09 (0.78, 1.52) 0.611 1.00 (0.84, 1.18) 0.973
Q3 1.16 (1.01, 1.34) 0.047 1.15 (0.83, 1.60) 0.385 1.15 (0.98, 1.36) 0.077
Q4 1.43 (1.23, 1.65) <0.001 1.62 (1.16, 2.25) 0.004 1.38 (1.17, 1.63) <0.001

RFM
Q1 Reference Reference Reference
Q2 0.94 (0.82, 1.07) 0.376 1.11 (0.82, 1.47) 0.491 0.90 (0.77, 1.04) 0.163
Q3 0.94 (0.78, 1.13) 0.540 1.47 (0.98, 2.19) 0.057 0.83 (0.67, 1.03) 0.091
Q4 0.98 (0.78, 1.21) 0.857 1.73 (1.07, 2.80) 0.025 0.84 (0.66, 1.07) 0.174

WHtR
Q1 Reference Reference Reference
Q2 0.84 (0.74, 0.96) 0.011 1.12 (0.82, 1.51) 0.465 0.79 (0.68, 0.91) 0.002
Q3 0.92 (0.81, 1.05) 0.222 1.24 (0.92, 1.68) 0.155 0.86 (0.75, 1.00) 0.043
Q4 1.03 (0.89, 1.17) 0.709 1.56 (1.56, 2.11) 0.004 0.92 (0.86, 0.75) 0.313

C-index
Q1 Reference Reference Reference
Q2 0.89 (0.77, 1.03) 0.110 0.93 (0.67, 1.29) 0.670 0.88 (0.75, 1.03) 0.115
Q3 1.00 (0.87, 1.15) 0.970 1.13 (0.83, 1.55) 0.423 0.97 (0.83, 1.13) 0.717
Q4 1.18 (1.03, 1.35) 0.018 1.56 (1.14, 2.13) 0.005 1.10 (0.94, 1.28) 0.235

Cox proportional hazards model was adjusted for age, sex, race and ethnicity, poverty income ratio, marital
status, education, smoking status, alcohol consumption, physical activity, cardiovascular disease, hyperten-
sive, diabetes, chronic kidney disease, stroke.
Abbreviations: ABSI, A Body Shape Index; BMI, body mass index; BRI, Body Roundness Index; CI, confi-
dence interval; C-index, Conicity Index; CKM, cardiovascular-kidney-metabolic syndrome; HR, hazard ra-
tio; RFM, relative fat mass; WC, waist circumference; WHtR, waist-to-height ratio; WWI, Weight-adjusted
Waist Index.

served at a BMI of 25–27 kg/m2, WC of 95–105 cm, and
WHtR around 0.5. In contrast, ABSI exhibited a J-shaped
curve, indicating a continuous adverse effect of central

adiposity. For cardiovascular mortality (Fig. 2b), BMI,
WC, BRI, andWHtR displayed U-shaped patterns, whereas
WWI, ABSI, and C-index followed J-shaped trends. For
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Fig. 1. Restricted cubic spline modelling of the association between anthropometric indices and mortality among individuals
with CKM stages 1–2. (a–c) correspond to all-cause, cardiovascular, and non-cardiovascular mortality, respectively. HR, hazard ratio;
CI, confidence interval; CKM, cardiovascular-kidney-metabolic syndrome; ABSI, A Body Shape Index; BMI, body mass index; BRI,
Body Roundness Index; C-index, Conicity Index; RFM, relative fat mass; WC, waist circumference; WHtR, waist-to-height ratio; WWI,
Weight-adjusted Waist Index.
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Table 3. The associations between anthropometric indices and mortality outcomes in CKM stage 3–4 patients.
All-cause death Cardiovascular death Non-cardiovascular death

HR (95% CI) p HR (95% CI) p HR (95% CI) p

BMI
Q1 Reference Reference Reference
Q2 0.86 (0.78, 0.94) 0.002 0.94 (0.90, 1.11) 0.490 0.83 (0.74, 0.93) <0.001
Q3 0.78 (0.71, 0.86) <0.001 0.85 (0.71, 1.01) 0.062 0.76 (0.67, 0.85) <0.001
Q4 0.87 (0.78, 0.98) 0.021 0.95 (0.78, 1.16) 0.658 0.84 (0.74, 0.96) 0.014

WC
Q1 Reference Reference Reference
Q2 0.84 (0.75, 0.93) <0.001 0.89 (0.74, 1.08) 0.245 0.82 (0.71, 0.92) <0.001
Q3 0.77 (0.69, 0.85) <0.001 0.90 (0.75, 1.09) 0.297 0.71 (0.63, 0.81) <0.001
Q4 0.87 (0.78, 0.97) 0.014 0.93 (0.77, 1.14) 0.530 0.85 (0.74, 0.96) 0.012

BRI
Q1 Reference Reference Reference
Q2 0.78 (0.70, 0.86) <0.001 0.85 (0.71, 1.03) 0.102 0.75 (0.60, 0.85) <0.001
Q3 0.74 (0.66, 0.82) <0.001 0.84 (0.69, 1.02) 0.078 0.70 (0.62, 0.93) <0.001
Q4 0.84 (0.75, 0.94) 0.002 0.90 (0.73, 1.11) 0.355 0.81 (0.71, 0.93) 0.003

WWI
Q1 Reference Reference Reference
Q2 0.96 (0.84, 1.12) 0.639 1.32 (0.99, 1.76) 0.051 0.85 (0.72, 1.01) 0.065
Q3 0.95 (0.82, 1.08) 0.425 1.24 (0.95, 1.63) 0.118 0.85 (0.73, 1.00) 0.050
Q4 1.01 (0.88, 1.16) 0.832 1.35 (1.03, 1.76) 0.029 0.91 (0.78, 1.06) 0.242

ABSI
Q1 Reference Reference Reference
Q2 0.98 (0.84, 1.16) 0.870 1.19 (0.87, 1.64) 0.262 0.91 (0.75, 1.11) 0.365
Q3 1.05 (1.03, 1.38) 0.493 1.33 (0.98, 1.78) 0.062 0.96 (0.80, 1.15) 0.679
Q4 1.18 (1.03, 1.38) 0.022 1.41 (1.06, 1.89) 0.019 1.11 (0.94, 1.32) 0.219

RFM
Q1 Reference Reference Reference
Q2 0.97 (0.88, 1.07) 0.562 1.07 (0.90, 1.27) 0.426 0.93 (0.83, 1.05) 0.226
Q3 1.03 (0.89, 1.18) 0.691 1.03 (0.79, 1.33) 0.817 1.03 (0.86, 1.22) 0.737
Q4 0.84 (0.71, 1.00) 0.054 0.91 (0.66, 1.25) 0.563 1.04 (1.01, 1.06) 0.046

WHtR
Q1 Reference Reference Reference
Q2 0.84 (0.75, 0.93) <0.001 0.95 (0.78, 1.16) 0.663 0.78 (0.69, 0.89) <0.001
Q3 0.82 (0.74, 0.90) <0.001 0.91 (0.75, 1.10) 0.350 0.78 (0.69, 0.88) <0.001
Q4 0.86 (0.77, 0.96) 0.007 1.00 (0.82, 1.21) 0.998 0.81 (0.71, 0.92) <0.001

C-index
Q1 Reference Reference Reference
Q2 0.81 (0.69, 0.95) 0.011 1.02 (0.78, 1.33) 0.893 0.86 (0.75, 0.99) 0.037
Q3 0.76 (0.65, 0.88) <0.001 1.15 (0.89, 1.46) 0.273 0.86 (0.76, 0.98) 0.023
Q4 0.89 (0.77, 1.04) 0.148 1.09 (0.86, 1.39) 0.460 0.94 (0.84, 1.07) 0.398

Cox proportional hazards model was adjusted for age, sex, race and ethnicity, poverty income ratio,
marital status, education, smoking status, alcohol consumption, physical activity, cardiovascular disease,
hypertensive, diabetes, chronic kidney disease, stroke.
Abbreviations: ABSI, A Body Shape Index; BMI, body mass index; BRI, Body Roundness Index; C-
index, Conicity Index; CI, confidence interval; CKM, cardiovascular-kidney-metabolic syndrome; HR,
hazard ratio; RFM, relative fat mass; WC, waist circumference; WHtR, waist-to-height ratio; WWI,
Weight-adjusted Waist Index.

non-cardiovascular mortality (Fig. 2c), BMI, WC, BRI,
WWI, WHtR, and C-index again showed U-shaped asso-
ciations, while ABSI exhibited a J-shaped curve and RFM
remained largely flat.

3.4 Association Between Anthropometric Indices and
Advanced CKM Stage

Several anthropometric indices were significantly as-
sociated with advanced CKM stage. Participants in the
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Fig. 2. Restricted cubic spline modelling of the association between anthropometric indices and mortality among individuals
with CKM stages 3–4. (a–c) correspond to all-cause, cardiovascular, and non-cardiovascular mortality, respectively. HR, hazard ratio;
CI, confidence interval; CKM, cardiovascular-kidney-metabolic syndrome; ABSI, A Body Shape Index; BMI, body mass index; BRI,
Body Roundness Index; C-index, Conicity Index; RFM, relative fat mass; WC, waist circumference; WHtR, waist-to-height ratio; WWI,
Weight-adjusted Waist Index.
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Fig. 3. Restricted cubic spline modeling of the associations between anthropometric indices and CKM progression. ABSI, A
Body Shape Index; BMI, body mass index; BRI, Body Roundness Index; C-index, Conicity Index; CI, confidence interval; CKM,
cardiovascular-kidney-metabolic syndrome; OR, odds ratio; RFM, relative fat mass; WC, waist circumference; WHtR, waist-to-height
ratio; WWI, Weight-adjusted Waist Index.

highest quartile (Q4) of BMI,WC,WWI, RFM,WHtR, and
C-index had increased odds of advanced CKM (ORs: 1.19,
1.98, 1.34, 1.54, 1.35, and 1.30, respectively; all p < 0.05;
Supplementary Table 7). In contrast, BRI and ABSI were
not significantly associated.

RCS analysis revealed non-linear relationships be-
tween anthropometric indices and advanced CKM stage
(Fig. 3). A J-shaped pattern was observed for BMI, WC,
BRI, WWI, WHtR, and C-index, indicating progressively
increased risk with higher central adiposity. ABSI and
RFM displayed a U-shaped association.

3.5 Predictive Efficacy of Anthropometric Indices for
Mortality Outcomes

The predictive efficacy of various anthropometric in-
dices for mortality outcomes in CKM stage 1–2 patients
(Supplementary Table 8) showed that ABSI demonstrates
the highest predictive power for all-cause, cardiovascular,
and non-cardiovascular mortalities (AUC 0.65 vs. 0.64 vs.
0.65). While most of the other indices (BMI, WC, BRI,
WWI, RFM, WHtR, C-index, VAI, LAP, WHR) are signif-
icantly associated with mortality outcomes, BAI and AVI
showed no statistically significant relationship with mortal-
ity (Fig. 4, Supplementary Figs. 3,4).

In patients with CKM stages 3–4, the predictive effi-
cacy of various anthropometric indices for all-cause, car-
diovascular, and non-cardiovascular mortality is generally
low (Supplementary Table 9). Most indices show AUC
values ranging from 0.52 to 0.55, and the majority are not

statistically significant. This suggests that as CKM pro-
gresses to themiddle and late stages, the predictive power of
anthropometric indices for mortality declines (Fig. 4, Sup-
plementary Figs. 3,4).

3.6 Discriminative Performance of Anthropometric
Indices for Advanced CKM Stage

The discriminative performance of various anthropo-
metric indices for identifying advanced CKM (stage 3/4)
is summarised in Supplementary Table 10. Among them,
ABSI demonstrated the highest discriminative ability (AUC
= 0.73), followed by WWI (AUC = 0.70), C-index (AUC =
0.69), and WHR (AUC = 0.64). While most other indices
(BMI, WC, BRI, WHtR, VAI, LAP) were significantly as-
sociatedwith higher-stage CKM (p< 0.001), BAI andRFM
showed limited discriminative value (AUC = 0.51 vs. 0.48,
Supplementary Fig. 5).

3.7 Sensitivity Analysis

After further adjusting for confounding factors (frailty
score, antidiabetic medication, antihypertensive medica-
tion, lipid-lowering medication), the Supplementary Ta-
ble 11 demonstrated the association between obesity-
related indicators and mortality in stage 1–2 CKM patients,
revealing that Q4 of BMI, WWI, and ABSI were linked to
increased all-cause mortality (HR 0.80 vs. 1.18 vs. 1.41,
all p< 0.05); Q4 of BRI, WWI, ABSI, WHtR, and C-index
were linked to increased cardiovascular mortality (HR 1.35
vs. 1.43 vs. 1.60 vs. 1.47 vs. 1.51, all p < 0.05); Q4
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Fig. 4. Receiver operating characteristic curves for associations between anthropometric indices andmortality outcomes in CKM
stage 1–2 or 3–4 patients. (a–c) correspond to CKM stage 1–2, and (d–f) correspond to CKM stage 3–4, showing all-cause, cardiovas-
cular, and non-cardiovascular mortality, respectively. ABSI, A Body Shape Index; BMI, body mass index; BRI, Body Roundness Index;
C-index, Conicity Index; RFM, relative fat mass; WC, waist circumference; WWI, Weight-adjusted Waist Index; WHtR, waist-to-height
ratio.

of BMI, WC, BRI, and ABSI, were linked to increased
non-cardiovascular mortality (HR 0.76 vs. 0.85 vs. 0.82
vs. 1.35, all p < 0.05). The Supplementary Table 12
demonstrated the association between obesity-related indi-
cators and mortality in stage 3–4 CKM patients, revealing
that Q4 of BMI, WC, BRI, RFM, WHtR and C-index were
linked to increased all-cause mortality (HR 0.78 vs. 0.78
vs. 0.76 vs. 0.70 vs. 0.76 vs. 0.87, all p < 0.05); Q4
of BRI and ABSI were linked to increased cardiovascular
mortality (HR 0.80 vs. 1.37, all p < 0.05); Q4 of BMI,
WC, WWI, BRI, RFM, WHtR and C-index were linked to
increased non-cardiovascular mortality (HR 0.76 vs. 0.77
vs. 0.74 vs. 0.83 vs. 0.68 vs. 0.72 vs. 0.83, all p < 0.05).

After excluding patients who died within the 2-year
follow-up period, the relationship between obesity-related
indices and mortality rates in patients with stage 3–4 CKM
is shown in the Supplementary Table 13. Q4 of BMI,WC,
BRI, and ABSI were linked to increased all-cause mortality
(HR 0.91 vs. 0.92 vs. 0.88 vs. 1.28, all p < 0.05) and non-
cardiovascular mortality (HR 0.83 vs. 0.88 vs. 0.85 vs.
1.26, all p < 0.05). Q4 of WWI was linked to increased
cardiovascular mortality (HR 1.27, p = 0.022). Q2 of C-
index was linked to increased all-cause mortality (HR 0.90,
p = 0.046) and non-cardiovascular mortality (HR 0.84, p =
0.003).

4. Discussion

Based on a large NHANES cohort (N = 28,911), this
study is the first to systematically evaluate the associations
between 13 anthropometric indices and both mortality and
CKM staging status. Higher quartiles of BMI, WC, WWI,
and ABSI were significantly associated with increased risks
of all-cause, cardiovascular, and non-cardiovascular mor-
tality among individuals with CKM stages 1–2. In par-
ticipants with stages 3–4, the predictive utility of most in-
dices declined. However, WWI, C-index, and WHtR re-
mained significantly associated with advanced CKM stage,
with ABSI demonstrating the highest discriminatory perfor-
mance. Importantly, as CKM staging was assessed cross-
sectionally, observed associations with advanced stage do
not imply causality. These findings support the relevance of
anthropometric indices for early risk stratification in CKM
syndrome.

Composite anthropometric indices such as BMI,
ABSI, and WWI integrate body weight, waist circumfer-
ence, and height, accounting for their nonlinear relation-
ships. These measures provide a more comprehensive rep-
resentation of an individual’s overall adiposity burden and
body shape composition. BMI is the most commonly used
index; however, it cannot distinguish between fat and mus-
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cle mass and fails to capture fat distribution. ABSI in-
corporates body shape factors and has shown superior pre-
dictive power for mortality risk and cardio-renal-metabolic
diseases compared to traditional BMI [34]. WWI, which
combines weight and waist circumference, more sensitively
detects central obesity and has gained increasing attention
in recent years [35]. Simple anthropometric ratios such as
WC, WHR, and WHtR utilize basic body measurements
(e.g., waist, hip circumference, height) to reflect the rela-
tive distribution of body fat. WHR is used to assess whether
fat is predominantly distributed in the abdominal region.
WHtR is more suitable for screening visceral fat accumu-
lation [36,37]. These indicators are easy to obtain and of-
fer practical value for preliminary risk assessment. Shape-
and volume-related indices such as BRI, C-index, and AVI
can indirectly assess abdominal fat accumulation. BRI re-
flects the trend of central obesity [38], C-index emphasizes
the degree of abdominal fat concentration [39], and AVI
estimates abdominal fat volume. These indices help iden-
tify fat redistribution and increased intra-abdominal pres-
sure, which may indicate a heightened risk of structural
organ damage [40]. Body fat estimation indices such as
BAI and RFM are primarily used to estimate total body
fat percentage. BAI is calculated from hip circumference
and height, while RFM incorporates sex, height, and waist
circumference, demonstrating more stable performance in
large populations [41,42]. These measures are suitable for
health screening and epidemiological research but are lim-
ited in assessing fat distribution and organ-specific damage
risk [43]. Visceral fat metabolism-related indices such as
LAP and VAI directly reflect visceral fat functionality and
are important markers of insulin resistance and lipotoxicity
[44]. These indices are of critical importance for the early
identification of CKM syndrome risk.

In CKM stages 1–2 (the metabolic risk accumulation
phase), our findings are consistent with previous studies:
central obesity is a strong driver of mortality risk [45]. Q4
of WC (HR 1.39), WHtR (HR 1.56), and BRI (HR 1.42)
were significantly associated with increased cardiovascular
mortality risk. Moreover, RCS curves displayed J-shaped
patterns (e.g., for WC and WWI), supporting the mecha-
nism bywhich visceral fat promotes atherosclerosis through
inflammation and insulin resistance [46]. ABSI and WWI
exhibited broad adverse effects in early CKM stages. The
Q4 of ABSI and WWI were significantly associated with
increased risks of all-cause mortality (HR 1.43 vs. 1.62),
cardiovascular mortality (HR 1.62 vs. 1.38), and non-
cardiovascular mortality (HR 1.38 vs. 1.16). These find-
ings align with their focus on height- and weight-adjusted
central obesity [47], suggesting that these indices may bet-
ter capture the pathological effects of visceral fat. In CKM
stages 3–4 (the organ damage phase), the associations be-
tween obesity indices and mortality shifted: the Q4 of gen-
eral or abdominal obesity measures such as BMI, WC, and
WHtR were associated with decreased risks of all-cause

mortality (HRs: 0.87, 0.87, 0.86) and non-cardiovascular
mortality (HRs: 0.84, 0.85, 0.81). The RCS curves exhib-
ited a U-shaped pattern, with the lowest mortality risk ob-
served in the overweight range-approximately BMI around
25–27 kg/m2 WC around 105 cm, and WHtR around 0.5.
This “obesity paradox” has been previously reported in pa-
tients with advanced heart failure and CKD [48,49]. Po-
tential mechanisms include the dominance of muscle wast-
ing (cachexia) as a primary mortality driver in late-stage
disease, where moderate fat reserves may serve as an en-
ergy buffer [50]. Low BMI may reflect systemic wasting
and inflammation, accelerating organ failure. Traditional
obesity indices such as BMI cannot distinguish between fat
and muscle mass [51]. However, in advanced CKM stages,
higher quartiles of ABSI (HR 1.41) and WWI (HR 1.35)
were significantly associated with increased cardiovascu-
lar mortality risk. This suggests that even in the context of
the “obesity paradox”, visceral fat accumulation continues
to exacerbate cardiovascular damage through mechanisms
such as thrombogenesis and oxidative stress [52,53]. The
lasting link between ABSI/WWI and mortality in advanced
CKM stages likely reflects their ability to capture central
fat and body shape, indicating visceral fat, metabolic dys-
function, and inflammation-factors still important in later
CKM [54]. In contrast, BMI and WC become less reliable
as fluid retention, muscle loss, and illness distort body size,
weakening their predictive power for mortality in CKM
stages 3–4 [28]. From a clinical perspective, it is important
to consider whether newer anthropometric indices such as
ABSI and WWI offer meaningful advantages over conven-
tional measures like BMI and WC. In contrast, BMI and
WC are already routinely assessed in clinical and screening
settings and are easily interpretable for patients and clini-
cians. Therefore, our findings suggest that ABSI and WWI
may have the greatest near-term value as adjunct tools to
refine risk stratification in individuals who are already con-
sidered at elevated CKM risk (e.g., patients with high WC
but ‘normal’ BMI), rather than as immediate replacements
for traditional anthropometric measures in general screen-
ing.

Themost clinically relevant finding is the superior dis-
criminatory ability of ABSI (AUC = 0.73) for distinguish-
ing advanced CKM stage (stages 3–4), clearly outperform-
ing traditional indices such as BMI (AUC = 0.64) and WC
(AUC = 0.62). Its advantage lies in its unique mathematical
construction (ABSI = WC / [BMI2/3 × height1/2]), which
adjusts for overall obesity and more specifically reflects
abdominal fat accumulation [55]. The expansion of vis-
ceral fat drives the upregulation of inflammatory cytokines
and adiponectin dysregulation [10], leading to direct dam-
age to vascular endothelium and glomeruli [56], promotion
of insulin resistance, and organ fibrosis-pathophysiological
mechanisms [57] well supported by experimental research.
ABSI also demonstrates better population generalizability
compared toWHtR (AUC = 0.65) andWHR (AUC = 0.64),
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supporting its use as an effective tool for early identifica-
tion of high-risk individuals and offering a critical window
for intensifying lifestyle or pharmacologic interventions. In
contrast, BAI andAVI showed poor performance in predict-
ing both mortality and disease progression. Although VAI
and LAP demonstrated some associations in early CKM
stages, their utility was limited by missing data and dimin-
ished predictive value in later stages. Although some in-
dividual effect sizes are modest, they may still be mean-
ingful at the population level given the high prevalence of
adverse anthropometric profiles and the chronic nature of
CKM-related risk. Even small relative increases in mor-
tality risk can be important in higher-risk subgroups (e.g.,
individuals in advanced CKM stages), where absolute risk
is already elevated [58].

Given the growing global burden of obesity and the
CKM syndrome, the findings of this study are of signif-
icant clinical and public health relevance. Validated an-
thropometric indices can help in the early identification of
high-risk individuals, enabling timely interventions before
the onset of irreversible organ damage. ABSI and WWI, in
particular, may serve as valuable tools in clinical risk strat-
ification algorithms due to their strong associations with
both mortality and CKM progression. Moreover, the di-
minished predictive capacity of obesity indices in advanced
CKMstages underscores the need to shift focus towardmul-
timorbidity management and integrated care in late-stage
disease. Highlighting the need for more nuanced obesity
management strategies throughout the entire CKM disease
continuum. Furthermore, building on previous medicine
studies that have applied clustering and machine learning
approaches for risk stratification and management [59–61],
future research may consider integrating anthropometric in-
dices into such frameworks to enhance primary and sec-
ondary prevention in CKM syndrome. These results have
practical value for early intervention. People with higher
waist or body fat measures should receive weight manage-
ment support, including diet, exercise, and behavior guid-
ance. Those at higher risk need closer monitoring of blood
sugar, lipids, and blood pressure for timely treatment ad-
justments. When body measures exceed risk thresholds,
clinicians may refer patients to nutrition, exercise, or health
coaching programs to improve adherence. These steps
complement existing cardiovascular and kidney risk man-
agement guidelines.

Limitation

Our study has several limitations. First, as an obser-
vational study, it is difficult to establish a causal relation-
ship between anthropometric indices and mortality risk in
CKM patients. In addition, the discriminatory ability of
these indices for advanced CKM stage was assessed using
cross-sectional data, which limits inferences about tempo-
ral or causal associations. Further prospective studies are
needed to validate and strengthen these findings. Second,

some advanced indices (e.g., VAI and LAP) require labo-
ratory parameters, and the substantial proportion of miss-
ing data for hip circumference reduced the sample size, po-
tentially introducing bias or limiting the robustness of the
results. Third, the study population was drawn from the
NHANES CKM cohort. Data incompleteness and reliance
on self-reported information may have led to misclassifica-
tion of CKM stages, thereby affecting the accuracy of the
findings. Fourth, although multiple potential confounders
were adjusted for, residual confounding due to unmeasured
variables (e.g., dietary patterns, medication use) cannot be
ruled out and may have affected the reliability of the results.
Fifth, we excluded participants with missing key covariates
or incomplete follow-up. Although this improves model
consistency, it may introduce selection bias if excluded in-
dividuals differ from those included in health status, access
to care, or mortality risk. As a result, the observed asso-
ciations may not fully reflect the true relationships in the
broader population. Lastly, the findings may not be gen-
eralizable to populations outside the United States, which
may limit the external applicability of the study. Further
validation in diverse populations is needed to assess the
generalizability of these findings, particularly in non-CKM
populations and those with different racial or regional back-
grounds. Additional prospective, multicenter studies and
replication in external cohorts are necessary to supplement
and refine these conclusions.

5. Conclusions
This study demonstrated that multiple anthropometric

indices, particularly ABSI, WWI, WHtR, and C-index, are
significantly associated with both mortality and advanced
CKM stage. The findings highlight the potential clinical
utility of incorporating such indices into risk stratification
frameworks for earlier identification of high-risk individu-
als. While causal inference remains limited by the obser-
vational nature of the study, these results support the need
for further prospective research to evaluate whether tar-
geted interventions guided by anthropometric profiles can
improve outcomes and inform precision prevention strate-
gies for CKM syndrome.
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