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Abstract
Aim: Estimated pulse wave velocity (ePWV) is a surrogate marker of arterial stiffness and has been
reported as an important risk factor for cardiovascular, kidney, and metabolic disorders. However, the associations
of ePWV with cardiovascular-kidney-metabolic (CKM) multimorbidity are limited. We aim to examine the
association between ePWV and CKM stages among adults in the United States (US).

Methods: Data were obtained from the National Health and Nutrition Examination Survey (NHANES) conducted
between 1999 and 2018. CKM multimorbidity was defined as the concurrent presence of subclinical or clinical
cardiovascular disease (CVD), chronic kidney disease (CKD), and metabolic disorders. Participants were classified
into five CKM stages according to the clinical severity of these coexisting conditions. ePWV was calculated using a
validated formula based on age and blood pressure. All analyses incorporated survey weights, strata, and primary
sampling units to account for NHANES’s complex multistage sampling design. Survey-weighted multinomial
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logistic regression models were applied to evaluate the associations between ePWV and CKM stages.

Results: A total of 21,397 adults from the US aged 20 years or older were included in the analysis. Overall, 17.9% of
participants (n = 5,406) had an ePWV ≥ 10 m/s. Higher ePWV was associated with more advanced CKM stages.
In fully adjusted models, each 1 m/s increase in ePWV was associated with higher odds of CKM stage 1 [odds
ratios (ORs) 1.50, 95% confidence interval (CI) 1.36-1.66], stage 2 (OR 3.04, 95% CI 2.73-3.38), stage 3 (OR 8.08,
95% CI 7.12-9.16), and stage 4 (OR 4.49, 95% CI 4.01-5.03), compared with CKM stage 0. Significant interactions
by sex and ethnicity were observed. The associations between ePWV and advanced CKM stages (stages 3-4) were
stronger in males than in females, and Black individuals had higher odds of advanced CKM stages compared with
White or Mexican individuals (all P for interaction < 0.05).

Conclusions: Greater arterial stiffness, as indicated by higher ePWV, was associated with an increased risk of CKM
multimorbidity after adjustment for sociodemographic characteristics, lifestyle factors, and CKM-related risk
factors.

Keywords: Cardiovascular-kidney-metabolic syndrome, cardiovascular disease, ePWV, NHANES, risk factors

INTRODUCTION
Cardiovascular-kidney-metabolic (CKM) syndrome is associated with premature mortality and increased
morbidity in the United States (US), resulting in substantial social and economic burdens [1,2]. The shared
mechanisms and interconnections among cardiovascular, renal, and metabolic disorders exacerbate the
progression of CKM multimorbidity[3,4]. Arterial stiffness has been recognized as a common risk factor for
cardiovascular disease (CVD), diabetes, and renal damage[5-7]. When cardiovascular, kidney, and metabolic
conditions co-occur with arterial stiffness, the risks of CVD and all-cause mortality increase[8-10].

The carotid-femoral pulse wave velocity (cfPWV) is the gold standard to assess aortic stiffness [11]. However,
its measurement requires specialized equipment and technical expertise, which limits its widespread use[12].
Estimated pulse wave velocity (ePWV), a surrogate marker calculated from age and mean blood pressure
(BP), is widely used due to its accessibility[13]. Its predictive value is independent of both the Framingham
Risk Score (FRS) and cfPWV, highlighting significant prognostic interactions between age and BP [14]. Prior
studies found that ePWV was associated with multi-organ system disorders, metabolic syndrome (MetS),
chronic kidney disease (CKD), CVD, and mortality[15-18]. However, evidence remains limited regarding the
association between ePWV and CKM multimorbidity across severity levels. Screening for ePWV may help
identify high-risk individuals and guide clinical care, promoting healthy vascular aging for the prevention
and management of CKM multimorbidity.

In this study, we aim to investigate the association between ePWV and stages of CKM multimorbidity
among US adults using data from the National Health and Nutrition Examination Survey (NHANES).

METHODS
Study population

Data were drawn from ten consecutive NHANES cycles conducted between 1999 and 2018, publicly
available from the Centers for Disease Control and Prevention website
(http://www.cdc.gov/nchs/nhanes.htm). NHANES uses a multistage, stratified probability sampling design
to provide a cohort representative of the US civilian, noninstitutionalized population [19]. The survey was
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approved by the National Center for Health Statistics Research Ethics Review Board, and written informed
consent was obtained from all participants or their parents/guardians [20]. For this analysis, we included
nonpregnant adults aged ≥ 20 years who completed both the physical examination and fasting laboratory
assessments at the Mobile Examination Center (MEC). Participants with missing ePWV values (n = 1,063)
or incomplete information for CKM syndrome determination (n = 1,406) were excluded, resulting in 21,397
eligible individuals [Supplementary Figure 1].

Calculation of ePWV

BP was measured at the MEC by trained physicians following American Heart Association guidelines[21].
Three consecutive seated readings were obtained, and an additional measurement was taken if any reading
was interrupted or incomplete. The final BP value was calculated as the average of the three complete
readings.

The ePWV was calculated from the baseline age and BP: ePWV = 9.587 - (0.402 × age) + (4.560 × 10-3 ×
age2) - (2.621 × 10-5 × age2 × MAP) + (3.176 × 10-3 × age × MAP) - (1.832 × 10-2 × MAP). Mean arterial
pressure (MAP) was calculated from diastolic BP (DBP, mmHg) and systolic BP (SBP, mmHg) using MAP
= DBP + 0.4 × (SBP - DBP)[22]. Higher ePWV values indicated greater arterial stiffness. We further stratified
ePWV using a clinical cut-off of 10 m/s[23].

Assessments of CKM syndrome

Data were obtained through standardized questionnaires and physical examinations. Blood and random
urine samples were processed and analyzed at a central laboratory. The estimated glomerular filtration rate
(eGFR) was calculated using the 2021 ethnicity-neutral Chronic Kidney Disease Epidemiology
Collaboration (CKD-EPI) creatinine equation[24].

CKM syndrome was defined as the co-existence of CKD, metabolic disorders, and either clinical or
subclinical CVD [Supplementary Table 1]. Briefly, clinical CVD was defined as any self-reported history of
chronic heart failure, coronary heart disease, heart attack, or stroke. Subclinical CVD was defined as a
predicted 10-year CVD risk ≥ 20%, or the presence of very high-risk CKD. The 10-year CVD risk was
estimated using a simplified CKM risk algorithm that incorporates age, sex, smoking status, BP, cholesterol
levels, diabetes status, kidney function, and use of antihypertensive or statin medications (as given in
Supplementary Table 2)[25]. CKD risk was categorized following the Kidney Disease: Improving Global
Outcomes (KDIGO) guidelines, based on eGFR (< 30, 30-44, 45-59, ≥ 60 mL/min/1.73m2) and urinary
albumin-to-creatinine ratio (UACR: < 30, 30-299, ≥ 300 mg/g)[26]. CKD was defined as moderate- or high-
risk in this study[27]. Metabolic disorders included overweight or obesity, central obesity, prediabetes,
diabetes, hypertension, dyslipidemia, and MetS.

To account for varying clinical severity among CKM manifestations, participants were categorized into five
stages: Stage 0, all parameters normal; Stage 1, only obesity or prediabetes; Stage 2, metabolic disorders or
CKD; Stage 3, subclinical CVD; and Stage 4, clinical CVD[28]. Detailed criteria for each stage are provided in
Supplementary Table 3.

Assessments of other covariates

Demographic covariates included sex (male, female) and ethnicity [non-Hispanic White, non-Hispanic
Black, Mexican, other Hispanic, and other ethnicities (including Asian or multiracial)]. Mexican and other
Hispanic participants were analyzed separately because, before 2007, NHANES specifically oversampled
Mexican individuals rather than the broader Hispanic population[29]. Socioeconomic covariates included the
poverty-to-income ratio (PIR), educational attainment, and employment status. PIR was categorized as low
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(≤ 1), medium (1-4), or high (≥ 4)[30]. Education levels were classified as low (less than high school), medium
(high school graduate or equivalent), and high (college or higher). Employment status was categorized as
unemployed or employed (including retirees and students). An overall socioeconomic status (SES) variable
was derived using latent class analysis integrating income, education, and employment, and classified into
three levels: poor, medium, and good [Supplementary Figure 2][31,32].

Lifestyle characteristics were collected via self-reported questionnaires and included smoking status (never,
former, or current), alcohol consumption (never, former, or current), physical activity level (inactive or
active), and diet quality assessed using the Healthy Eating Index (HEI)-2010 (score range: 0-100) calculated
from a 24-h dietary recall. The HEI reflects adherence to the Dietary Guidelines for Americans[33,34]. Physical
inactivity was defined as the absence of self-reported moderate or vigorous activity in a typical week. CKM
risk factors included body mass index (BMI), glycated hemoglobin (HbA1c), total cholesterol (TC), high-
density lipoprotein cholesterol (HDL-C), eGFR, and self-reported histories of cancer, liver disease, and lung
disease.

Statistical analysis

Following the analytic procedures recommended by the National Center for Health Statistics (NCHS), we
accounted for the complex, multistage probability sampling design by incorporating survey strata and
primary sampling units[35]. Examination sample weights were applied in all analyses to ensure
representativeness of participants who completed the MEC assessments. Continuous variables were
reported as weighted means ± standard errors (SEs), and categorical variables as weighted percentages with
frequencies. Differences across ePWV categories were assessed using analysis of variance (ANOVA) for
continuous variables and design-adjusted chi-square tests for categorical variables. To account for multiple
comparisons of baseline characteristics, P values were adjusted using the Benjamini-Hochberg procedure to
control the false discovery rate. Raw P values were ranked from smallest to largest, and adjusted P value was
calculated by P*(m/i), where i is its rank and m is the total number of tests.

To examine the associations between ePWV and CKM stages, we used survey-weighted multinomial
logistic regression to estimate odds ratios (ORs) and 95% confidence intervals (CIs) per 1 m/s increase in
ePWV, with stage 0 as the reference. Ordinal logistic regression was not used because the proportional odds
assumption was violated. We sequentially fitted four models: (1) a crude model including only ePWV; (2)
an adjusted model adding socio-demographic covariates (sex, ethnicity, and SES levels); (3) a model further
including lifestyle covariates (smoking, alcohol consumption, physical activity, and HEI-2010 score); and
(4) a fully adjusted model incorporating socio-demographic, lifestyle, and CKM risk factors (BMI, HbA1c,
TC, HDL-C, eGFR, and history of cancer, liver disease, or lung disease).

We also conducted additional analyses to assess the robustness of our findings. Because socio-
demographics varied across ePWV and CKM stages, we performed subgroup analyses by age (20-64 years,
≥ 65 years), sex (female, male), ethnicity (White, Black, Mexican), and SES levels (poor, medium, good). We
further repeated the main analysis after excluding participants with missing covariates. CKM conditions
included CVD, CKD, and metabolic disorders (detailed in Supplementary Table 1). To evaluate the impact
of ePWV on the number and patterns of CKM multimorbidity, we also estimated its associations with the
counts and combinations of CKM conditions using the same models as the main analysis.

The proportion of missing covariates is presented in Supplementary Table 4. Missing data for continuous
and categorical covariates were addressed using 10 multiple imputations by chained equations [36,37]. All
analyses were conducted using Statistics Analysis System (SAS) version 9.4 (SAS Institute, Cary, NC, US)
and R version 4.3.2 (R Foundation for Statistical Computing, Vienna, Austria), with statistical significance
defined as a two-sided P value < 0.05.
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RESULTS
Baseline characteristics

Our study included 21,397 participants aged ≥ 20 years, representing 90,770,061 noninstitutionalized US
adults. The mean age was 47.1 years (SE 16.6), 50.7% (n = 10,888) were female, and 69.3% (n = 9,631) were
non-Hispanic White [Table 1]. Compared with the included participants, those with missing ePWV or
CKM stage information were more likely to be older, non-Hispanic Black, and have higher BMI, higher
HbA1c, and lower eGFR [Supplementary Table 5]. A total of 17.9% (n = 5,406) of participants had an
ePWV of 10 m/s or higher. Compared with those with ePWV < 10 m/s, participants with ePWV ≥ 10 m/s
were more likely to be female, non-Hispanic White, have a history of cancer, be physically inactive, have
higher HbA1c and TC, lower eGFR, and less likely to have a high SES level. These differences remained
consistent after adjustment for false discovery rate.

Prevalence and overlaps of CKM conditions in each ePWV level

The weighted prevalence of CKM stages is shown in Figure 1. Participants with ePWV ≥ 10 m/s had a
higher prevalence of CKM stage 3 (25.3% vs. 0.6%) and stage 4 (24.5% vs. 4.9%), and a lower prevalence of
stage 0 (0.9% vs. 14.1%), stage 1 (4.0% vs. 24.3%), and stage 2 (45.2% vs. 56.2%) compared with participants
with ePWV < 10 m/s. Regarding the number of coexisting CKM conditions [Supplementary Figure 3],
participants with ePWV ≥ 10 m/s were more likely to have 2 or 3 conditions than those with ePWV < 10
m/s. Specifically, participants with ePWV ≥ 10 m/s were more likely to have combinations including CVD
and metabolic disorders, whereas those with ePWV < 10 m/s predominantly had only metabolic disorders
[Supplementary Table 6].

Associations between ePWV and CKM Stages

Across both unadjusted and adjusted models [Table 2], participants with higher ePWV levels were more
likely to have CKM syndrome (stages 1-4) compared with those with lower ePWV levels. In the fully
adjusted models, each 1 m/s increase in ePWV was associated with higher odds of CKM stage 1 (OR: 1.50,
95% CI: 1.36-1.66), stage 2 (OR: 3.04, 95% CI: 2.73-3.38), stage 3 (OR: 8.08, 95% CI: 7.12-9.16), and stage 4
(OR: 4.49, 95% CI: 4.01-5.03), using stage 0 as the reference.

The results were consistent across participants aged ≤ 64 years and ≥ 65 years, and across SES levels (poor,
medium, or good; Figure 2). However, significant interactions were observed in sex and ethnicity
subgroups across CKM stages 1-4. Males with a 1 m/s increase in ePWV had higher odds of CKM stage 3 or
4 than females (stage 3: males 10.35 [8.40-12.75] vs. females 7.00 [5.95-8.25]; stage 4: males 5.89 [4.84-7.17]
vs. females 3.70 [3.22-4.26], all P for interaction < 0.05). Black participants had the highest odds of CKM
stage 2 (6.46 [4.70-8.87] vs. White 2.82 [2.51-3.17] vs. Mexican 3.45 [2.49-4.78], P for interaction < 0.001),
stage 3 (15.10 [10.65–21.41] vs. White 7.81 [6.80-8.96] vs. Mexican 8.28 [5.18–13.22], P = 0.005), and stage 4
(8.60 [6.23-11.88] vs. White 4.34 [3.81-4.93] vs. Mexican 4.55 [3.25-6.37], P = 0.001). Excluding participants
with missing covariates yielded results consistent with the main analysis [Supplementary Table 7].

The dose-response relationship was observed between ePWV and the number of CKM conditions
[Supplementary Table 8]. In the fully adjusted model, a 1 m/s increase in ePWV was associated with the
highest odds of having three CKM conditions (OR: 4.81, 95% CI: 4.34-5.32). Regarding combinations of
CKM conditions, a 1 m/s increase in ePWV was associated with the highest odds for CVD-CKD (OR: 6.65,
95% CI: 4.82-9.18), the 2nd highest for CVD-CKD-metabolic disorders (OR: 5.30, 95% CI: 4.78-5.89), and
the 3rd highest for CVD-metabolic disorders (OR: 4.13, 95% CI: 3.72-4.59) [Supplementary Table 9].
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Table 1. Participant characteristics by ePWV subgroups

Characteristica Overall
N = 21,397

ePWV < 10 m/s
N = 15,991

ePWV ≥ 10 m/s
N = 5,406

P value FDR-adjusted P value

Weighted percentage % 21,397 (100.0) 15,991 (82.1) 5,406 (17.9)

Age (year) 47.10 (16.64) 41.82 (12.99) 71.33 (7.66) < 0.001 < 0.001

Female % 10,888 (50.7) 8,233 (50.0) 2,655 (54.0) < 0.001 0.001

Ethnicity % < 0.001 < 0.001

Non-Hispanic White 9,631 (69.3) 6,700 (67.3) 2,931 (78.3)

Non-Hispanic Black 4,201 (10.3) 3,210 (10.6) 991 (8.8)

Mexican 3,804 (8.1) 3,039 (9.0) 765 (4.0)

Other Hispanic 1,823 (5.6) 1,461 (6.0) 362 (3.6)

Otherb 1,938 (6.7) 1,581 (7.0) 357 (5.3)

SES level % < 0.001 < 0.001

Poor 4,945 (15.5) 3,820 (16.2) 1,125 (12.6)

Medium 11,201 (49.9) 8,035 (48.1) 3,166 (58.3)

Good 5,251 (34.6) 4,136 (35.8) 1,115 (29.1)

Smoking % < 0.001 < 0.001

Never 11,488 (52.9) 8,826 (53.7) 2,662 (49.0)

Former 5,434 (25.7) 3,270 (22.3) 2,164 (41.4)

Current 4,475 (21.4) 3,895 (24.0) 580 (9.6)

Alcohol drinking % < 0.001 < 0.001

Never 2,780 (10.2) 1,869 (9.2) 911 (14.9)

Former 3,628 (14.3) 2,446 (12.8) 1,182 (21.1)

Current 14,989 (75.5) 11,676 (78.0) 3,313 (64.1)

Active physical activity % 11,005 (58.0) 8,794 (60.4) 2,211 (47.1) < 0.001 < 0.001

HEI-2010 score 51.82 (14.42) 50.44 (14.30) 56.04 (14.08) < 0.001 < 0.001

BMI (kg/m2) 28.66 (6.57) 28.66 (6.70) 28.64 (5.90) 0.886 0.886

HbA1c (%) 5.57 (0.91) 5.49 (0.88) 5.92 (0.96) < 0.001 0.001

TC (mg/dl) 195.48 (41.83) 194.76 (41.28) 198.78 (44.14) < 0.001 < 0.001

HDL-C (mg/dl) 53.70 (16.15) 53.04 (15.68) 56.76 (17.83) < 0.001 < 0.001

eGFR (mL/min/1.73 m2) 96.75 (20.36) 101.41 (17.56) 75.32 (18.53) < 0.001 < 0.001

Cancer % 1,930 (9.2) 834 (6.1) 1,096 (23.5) < 0.001 < 0.001

Liver diseases % 848 (3.7) 620 (3.6) 228 (4.5) 0.021 0.022

Lung diseases % 416 (1.8) 201 (1.3) 215 (4.2) < 0.001 0.001

aData were weighted estimates, and expressed as mean (standard error) or frequency (weighted percentage) when appropriate; bIncluding Asian
and multiracial. BMI: Body mass index; eGFR: estimated glomerular filtration rate; ePWV: estimated pulse wave velocity; HbA1c: glycated
hemoglobin; FDR: false discovery rate; HDL-C: high density lipoprotein cholesterol; HEI: healthy eating index; SES: socioeconomic status; TC: total
cholesterol.

DISCUSSION
By leveraging a large, nationally representative sample of US adults, we assessed the associations between
ePWV and CKM stages. Participants with ePWV ≥ 10 m/s were more likely to have CKM stage 3 or 4
compared to those with ePWV < 10 m/s. Higher ePWV was independently associated with CKM
syndrome, with stronger associations observed in males and non-Hispanic Black participants. This is the
first study to evaluate the relationship between ePWV and CKM stages. Our findings highlight that elevated
ePWV is linked to CKM complexity and multimorbidity, emphasizing its potential utility as a risk
stratification tool for CKM.
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Figure 1. Weighted prevalence of CKM stages in the overall population and by ePWV subgroups. CKM: Cardiovascular-kidney-
metabolic; ePWV: estimated pulse wave velocity.

The findings of our study are consistent with previous research linking arterial stiffness to increased
cardiovascular, renal, and metabolic risks. Prior studies have demonstrated the prognostic value of PWV,
showing that elevated PWV is a significant predictor of cardiovascular events and mortality [18,38,39]. Our
results support the notion that PWV can serve as an early biomarker for vascular aging and the onset of
CVD. Kim et al. reported that PWV predicts not only cardiovascular risk but also MetS and its
components[40], while Beros et al. found that higher PWV is associated with incident CKD [41]. Notably,
despite variations in PWV measurement across studies, conclusions were similar. Our study extends these
findings by assessing a broader spectrum of CKM conditions across different stages, highlighting the
interconnectivity among CVD, CKD, and metabolic disorders. Furthermore, it provides additional
evidence that elevated ePWV is a robust marker of CKM multimorbidity, underscoring its relevance for
managing chronic diseases in the aging population.

Our study provides important insights into the association between ePWV and combinations of CKM
conditions. Notably, elevated ePWV was strongly associated with combinations involving CVD and CKD.
It is not surprising that age-BP - estimated arterial stiffness serves as a pivotal link between CVD and CKD
through mechanisms such as vascular calcifications, vascular wall remodeling, fluid overload, coronary
hypoperfusion, abnormal calcium-phosphate metabolism, inflammation, and activation of the renin-
angiotensin system[42-45]. Conversely, the confluence of cardiovascular and renal damage caused by risk
                                                                                            

Yi et al. Metab Target Organ Damage. 2025;5:64 | https://dx.doi.org/10.20517/mtod.2025.159 Page 7 of 14

https://dx.doi.org/10.20517/mtod.2025.159


Table 2. Associations of ePWV (per 1 m/s increase) with CKM stages

CKM stages
Unadjusted
OR (95% CI)

P value
Adjusteda

OR (95% CI)
P value

Adjustedb

OR (95% CI)
P value

Adjustedc

OR (95% CI)
P value

CKM stage 0 Reference Reference Reference Reference

CKM stage 1 1.73 (1.57, 1.91) < 0.001 1.77 (1.60, 1.95) < 0.001 1.73 (1.57, 1.90) < 0.001 1.50 (1.36, 1.66) < 0.001

CKM stage 2 3.20 (2.91, 3.52) < 0.001 3.37 (3.06, 3.70) < 0.001 3.41 (3.10, 3.75) < 0.001 3.04 (2.73, 3.38) < 0.001

CKM stage 3 9.06 (8.16, 10.05) < 0.001 9.90 (8.90, 11.00) < 0.001 10.10 (9.06, 11.26) < 0.001 8.08 (7.12, 9.16) < 0.001

CKM stage 4 5.39 (4.86, 5.97) < 0.001 5.80 (5.24, 6.42) < 0.001 5.89 (5.32, 6.53) < 0.001 4.49 (4.01, 5.03) < 0.001

aModels were adjusted for socio-demographic covariates, including sex (male, female), ethnicity (non-Hispanic white, non-Hispanic black, Mexican, other Hispanic, other), and SES levels (poor, medium, good); bModels were
adjusted for socio-demographic covariates and lifestyle covariates: self-reported smoking (current smoker, former smoker, never smoker), self-reported alcohol drinking (current drinker, former drinker, never drinker), self-
reported physical activity (inactive, active), and diet quality (HEI-2010 score, continuous); cModels were adjusted for socio-demographic covariates, lifestyle covariates and CKM risk factors: BMI, HbA1c, TC, HDL-C, eGFR,
self-reported cancer (yes, no), self-reported liver diseases (yes, no), and self-reported lung diseases (yes, no). ePWV: Estimated pulse wave velocity. CI: confidence interval; CKM: cardiovascular-kidney-metabolic; OR: odds
ratio.

factors may also compromise vascular elasticity[38]. High ePWV was also associated with metabolic disorders, especially when CVD and CKD coexist. Current
evidence suggests a bidirectional relationship between PWV and diabetes [6]. On one hand, metabolic dysregulation - through mechanisms such as endothelial
dysfunction, oxidative stress, low-grade inflammation, and altered adipokine signaling - can accelerate arterial stiffening[46-48]. On the other hand, increased arterial
stiffness may impair microvascular perfusion and insulin delivery to peripheral tissues, contributing to glucose intolerance and metabolic disorders [49,50]. Emerging
evidence indicates that metabolic dysfunction-associated steatotic liver disease (MASLD) may play a key mediating role linking metabolic dysfunction with vascular
and renal injury. Meta-analyses show that MASLD is strongly associated with increased arterial stiffness, independent of traditional metabolic risk factors [51], and
longitudinal data indicate that higher ePWV predicts incident MASLD [52]. MASLD also contributes to systemic inflammation, insulin resistance, and endothelial
dysfunction, mechanisms that may partly explain the clustering of high ePWV with advanced CKM stages[53,54]. In our study, participants with ePWV ≥ 10 m/s had a
higher prevalence of self-reported liver disease (4.5% vs. 3.6%), supporting this interconnected pathway, particularly since MASLD is the most common form of
chronic liver disease in the general population[55].

Furthermore, our study found that sex and ethnicity influenced the association between ePWV and CKM stages. Males with elevated ePWV had higher odds of
progressing to CKM stages 3 and 4 compared to females, which may reflect sex-specific vascular and cardiometabolic mechanisms. For example, males tend to
accumulate more visceral adipose tissue, linked to low-grade systemic inflammation, insulin resistance, and CVD[56], potentially amplifying the association between
arterial stiffness and advanced CKM stages. Moreover, MASLD - a key driver of metabolic and vascular dysfunction - exhibits strong sexual dimorphism, with higher
prevalence and faster fibrosis progression in males[57,58], further strengthening the link between arterial stiffness and CKM multimorbidity. In contrast, estrogens in
females exert vascular protective effects, including improved endothelial function and reduced arterial stiffening [59], which may mitigate the stiffness-CKM association.
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Figure 2. Associations of ePWV (per 1 m/s increase) with CKM stages across subgroups, including (A) sex (female, male); (B) age (< 65
years, ≥ 65 years); (C) ethnicity (White, Black, Mexican); and (D) socioeconomic status (SES: poor, medium, good). Models were
adjusted for sex (male, female), ethnicity (non-Hispanic White, non-Hispanic Black, Mexican, other Hispanic, other), SES levels (poor,
medium, good), smoking status (never, former, current), alcohol consumption (never, former, current), physical activity (inactive,
active), diet quality (HEI-2010 score, continuous), BMI, HbA1c, TC, HDL-C, eGFR, and self-reported histories of cancer, liver disease, and
lung disease (yes, no). ePWV: Estimated pulse wave velocity; CKM: cardiovascular-kidney-metabolic; SES: socioeconomic status; BMI:
body mass index; HbA1c: glycated hemoglobin; TC: total cholesterol; HDL-C: high-density lipoprotein cholesterol; eGFR: estimated
glomerular filtration rate.

Regarding ethnicity, Black participants had higher odds of advanced CKM stages compared to White or
Mexican participants. Black individuals generally exhibit higher rates of diabetes and obesity, known risk
factors for arterial stiffness and CKM multimorbidity[60]. The higher prevalence of hypertension in Black
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individuals, along with socioeconomic disparities and limited access to healthcare, may also contribute to
these observed disparities[61]. Additionally, genetic predisposition to early arterial stiffening in Black
populations may explain the elevated ePWV and advanced CKM stages observed [62]. These sex and racial
disparities underscore the importance of tailored interventions to reduce the burden of CKM conditions in
vulnerable populations.

To our knowledge, this is the first study to investigate the association between ePWV and multidimensional
staging of CKM multimorbidity. While prior studies examined independent links between arterial stiffness
and individual CKM components, such as CVD, CKD, or metabolic dysfunction, these conditions were
largely considered in isolation. In contrast, our study adopts the recently proposed CKM framework,
conceptualizing CVD, CKD, and metabolic disorders as interconnected manifestations of a shared
pathophysiological continuum. We demonstrate that higher ePWV is associated not only with the presence
but also with the severity and staging of CKM multimorbidity, particularly in combinations involving CVD
and CKD. These findings provide novel evidence that arterial stiffness may serve as a biomarker reflecting
the cumulative burden of interrelated cardiorenal-metabolic damage. Consequently, ePWV emerges not
merely as a predictor of isolated outcomes but as a potential tool for risk stratification across the CKM
spectrum, offering clinical utility for the early identification of individuals at highest risk for complex,
multiorgan disease trajectories.

Our study has several limitations. First, ePWV was calculated from age and BP. Although it is a reliable
proxy for arterial stiffness[38], it may not fully reflect vascular health, and its clinical use should complement,
not replace, direct vascular assessments such as cfPWV, which could be incorporated in future studies to
validate our findings. Second, NHANES lacks longitudinal data on CKM stage progression and associated
conditions. Third, some CKM-related variables were self-reported, introducing potential misclassification
and recall bias. Moreover, NHANES does not capture certain cardiovascular conditions, including atrial
fibrillation and peripheral artery disease, which may underestimate the prevalence of CKM stage 4. Fourth,
as a repeated cross-sectional survey, the sampled population may differ demographically from the current
US population, limiting generalizability, particularly to Asian and other underrepresented ethnic groups.
The cross-sectional design also prevents causal inference between ePWV and CKM progression,
underscoring the need for longitudinal studies to assess whether elevated ePWV contributes directly to
CKM development. Finally, despite adjustment for key covariates, residual confounding from unmeasured
factors cannot be excluded.

In conclusion, elevated ePWV was associated with a higher likelihood of CKM syndrome and a greater
burden of CKM conditions. Significant sex and racial/ethnic disparities were observed in the relationship
between ePWV and CKM multimorbidity, suggesting that targeted interventions may be needed to address
these differences. Our findings highlight the value of arterial stiffness as both a biomarker of vascular health
and an indicator of CKM burden. Incorporating ePWV into routine clinical assessments could enable
healthcare providers to better stratify risk and tailor interventions for individuals at high risk of developing
CKM conditions.
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