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Background/Aims: The predictive value of the estimated pulse wave velocity (ePWV) for the development of metabolic 
syndrome has not yet been extensively explored. This study aimed to fill this gap by evaluating ePWV as a potential predictor 
of metabolic syndrome development in middle-aged Korean adults.
Methods: Using prospective data obtained from the Ansan-Ansung cohort database, participants without metabolic syn-
drome at baseline were studied. ePWV was calculated using specific equations based on age and blood pressure. The prima-
ry outcome was the incidence of metabolic syndrome during a median follow-up period of 187 months.
Results: Among the 6,186 participants, 2,726 (44.1%) developed metabolic syndrome during the follow-up period. ePWV 
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INTRODUCTION

Metabolic syndrome is a cluster of conditions that occur 
together to increase the risk of heart disease, stroke, and 
type 2 diabetes [1,2]. These conditions include increased 
blood pressure (BP), high blood sugar levels, excess body fat 
around the waist, and abnormal cholesterol or triglyceride 
levels [3,4]. The global increase in the prevalence of metabol-
ic syndrome presents significant challenges for public health 
systems [5,6]. The early identification and management of 
at-risk individuals is important to prevent the progression of 
metabolic syndrome and its associated complications.

Endothelial dysfunction and arterial stiffness are predic-
tors of early cardiovascular diseases [7,8]. Pulse wave veloci-
ty (PWV) is a widely accepted noninvasive measure of arteri-
al stiffness and has been shown to be a strong predictor of 
cardiovascular events and mortality in various populations. 
An elevated PWV indicates increased arterial stiffness, which 
is associated with a higher risk of cardiovascular disease [9-
11]. Directly measured PWV, such as the carotid-femoral 
PWV, accurately assesses arterial stiffness. However, owing 
to practical challenges in its measurement, the estimated 
PWV (ePWV) has been developed as an alternative. ePWV 
can be calculated using easily obtainable clinical parameters, 
including age and BP, offering a more accessible and ap-
proximate measure of arterial stiffness [12]. Recent studies 
have suggested a potential association between increased 
PWV and the presence of metabolic syndrome components 
[13-17]. However, the relationship between PWV, specifi-
cally ePWV, and metabolic syndrome has not yet been ex-
tensively studied.

In clinical settings, a straightforward tool for predicting 

the future onset of metabolic syndrome in individuals who 
are currently deemed low risk would be invaluable. This tool 
could facilitate timely intervention and prevent the onset of 
the syndrome and its complications. To address this need, 
our study aimed to evaluate the association between ePWV 
and metabolic syndrome and determine the predictive val-
ue of ePWV for the future onset of metabolic syndrome in 
the Korean adult population. Moreover, the long-term fol-
low-up of our cohort, extended to 18 years, offers a com-
prehensive longitudinal perspective, allowing us to monitor 
the progression of metabolic syndrome in relation to arterial 
stiffness over an extended period. This approach allows for a 
more in-depth understanding of early markers and potential 
intervention points, especially in populations that might not 
be at high risk for metabolic syndrome.

METHODS

Study population
The Ansan-Ansung cohort formed the basis of this study’s 
dataset, which encompassed a prospective group of 10,030 
individuals. From June 2001 to January 2003, the partici-
pants, aged 40–69 years, resided in two Korean cities and 
provided follow-up information spanning up to 18 years. 
This group was integrated into the Korean Genome Epide-
miology Study, which aimed to understand the genetic and 
environmental origins of common metabolic and cardiovas-
cular conditions, and was supported by the Korean Nation-
al Research Institute of Health, Korean Centers for Disease 
Control and Prevention, and the Ministry of Health and 
Welfare. A previous publication outlined the detailed meth-

values were categorized into tertiles to assess their predictive value for the development of metabolic syndrome. An ePWV 
cut-off of 7.407 m/s was identified as a predictor of metabolic syndrome development, with a sensitivity of 0.743 and a spec-
ificity of 0.464. Participants exceeding this cut-off, especially those in the third tertile (8.77–14.63 m/s), had a notably higher 
risk of developing metabolic syndrome. Specifically, the third tertile exhibited a 52.8% cumulative incidence compared with 
30.8% in the first tertile. After adjustments, those in the third tertile faced a 1.530-fold increased risk of metabolic syndrome 
(95% confidence interval, 1.330–1.761).
Conclusions: ePWV is a significant predictor of the development of metabolic syndrome. This finding underscores the po-
tential of ePWV as a cardiometabolic risk assessment tool and can thus provide useful information for primary prevention 
strategies.
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odologies, including comprehensive health checkups, face-
to-face interviews, and laboratory testing at each survey site 
visit. To ensure uniform data collection and consistency, the 
cohort protocol mandated structured biennial health assess-
ments for all participants, resulting in nine consistent evalu-
ations per participant from baseline to 2018 [18].

In the initial group of 10,030 participants, 9,722 had 
detailed baseline data covering indicators of metabolic 
syndrome, such as waist circumference, triglyceride levels, 
high-density lipoprotein (HDL) cholesterol, fasting serum 
glucose concentration, and BP readings. Additionally, if the 
participants received specific treatments for any of these 
components, the information was documented. Among the 
participants with complete data, 6,186 were identified as 
having no metabolic syndrome at baseline (Fig. 1).

Data collection
At each biennial follow-up visit, participants underwent 
comprehensive health checkups, including consistent mea-
surements of metabolic syndrome components. This con-
sistent approach to data collection at each follow-up visit 
provided a robust dataset for analyzing the development of 
metabolic syndrome over time. The dataset also included 
a range of demographic and clinical characteristics of the 
participants, including age, sex, body mass index (BMI), 

waist circumference, systolic blood pressure (SBP) diastolic 
blood pressure (DBP), income and education levels, smoking 
habits, alcohol consumption patterns, frequency of physi-
cal activity, and any documented medical history indicating 
traditional cardiovascular risks. Additionally, the collection 
underscores key laboratory results pertinent to metabolic 
syndrome, featuring metrics such as estimated glomerular 
filtration rate (eGFR), fasting glucose concentration, hemo-
globin A1C, total cholesterol count, triglycerides, HDL cho-
lesterol, and low-density lipoprotein cholesterol levels.

The evaluation of metabolic syndrome components was 
based on guidelines adapted from the National Cholesterol 
Education Program Adult Treatment Panel III (NCEP ATP-III) 
[4]. The criteria were as follows: (1) abdominal obesity char-
acterized by waist measurements exceeding 90 cm for men 
and 85 cm for women, according to the Korean Society of 
Obesity standards [19]; (2) hypertriglyceridemia indicated by 
serum triglyceride levels of ≥ 150 mg/dL or when a specific 
treatment for this condition is underway; (3) HDL choles-
terol concentration < 40 mg/dL in men or < 50 mg/dL in 
women, or in cases where there is a specific treatment for 
reduced HDL cholesterol; (4) hypertension marked by SBP 
> 130 mmHg, DBP > 85 mmHg, or the administration of 
antihypertensive medications; (5) elevated fasting blood glu-
cose levels due to readings > 100 mg/dL, prior diagnosis of 
type 2 diabetes, or prescription of medications for diabetes 
mellitus. Metabolic syndrome was defined as the presence 
of three or more of these components.

ePWV calculation
Based on the methodology detailed by Greve et al. [12], 
the determination of ePWV varied between individuals de-
pending on the presence or absence of cardiovascular risk 
factors.

For individuals with one or more cardiovascular risk fac-
tors, the equation used was:

9.58748315543126 – 0.402467539733184 × age + 
4.56020798207263 × 10-3 × age2 – 2.6207705511664 × 
10-5 × age2 × MBP + 3.1762450559276 × 10-3 × age × MBP 
– 1.83215068503821 × 10-2 × MBP.

For those with no cardiovascular risk factors (defined as 
non-smokers, no metabolic syndrome components, and no 
history of cardiovascular disease), the equation was as fol-
lows:

4.62 – 0.13 × age + 0.0018 × age2 + 0.0006 × age × MBP 
+ 0.0284 × MBP.

Figure 1. Study flowchart. TG, triglyceride; HDL, high-density 
lipoprotein.

Participants of Ansan-Ansung Cohort at baseline
(n = 10,030)

Exclusion (n = 308)
- ‌�Missing data for components of the  

metabolic syndrome: waist, TG, HDL,  
Glucose (n = 308)

Exclusion (n = 3,536)
- ‌�Participants with metabolic syndrome  

at the baseline (n = 2,938)
- ‌�Participants who did not follow-up  

after baseline survey (n = 598)

Participants with available baseline data on  
metabolic syndrome

(n = 9,722)

Participants without metabolic syndrome
(n = 6,186)
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In both equations, the mean BP (MBP) was derived as follows: 
DBP + 0.4 × (SBP – DBP) [20].
ePWV was calculated at the initial assessment of the co-

hort participants. To evaluate the potential development of 
metabolic syndrome, participants without metabolic syn-
drome at baseline were categorized into tertiles based on 
their ePWV values.

Study outcomes
The primary outcome was the incidence of metabolic syn-
drome during a follow-up period of 187 months (interquar-
tile range, 147–190 mo). In addition, we evaluated the as-
sociation between the prevalence of metabolic syndrome at 
baseline and ePWV.

Ethics
The study protocol followed the principles outlined in the 
Declaration of Helsinki and was approved by the Korean Na-
tional Research Institute of Health and Institutional Review 
Board (IRB) of Hanyang University Guri Hospital (IRB no. 
GURI-2023-06-020). The data were obtained from the Na-
tional Institute of Health of the Korea Disease Control and 
Prevention Agency after the submission of the IRB approv-
al letter and study proposal, and all data were anonymized 
(for data requests, see https://nih.go.kr/ko/main/contents.
do?menuNo=300566).

Statistical analysis
Categorical variables were presented as frequencies and 
percentages. Depending on their distribution, continuous 
variables were presented as either means with standard de-
viations or medians with interquartile ranges. Continuous 
variables were compared using one-way analysis of variance 
or the Kruskal–Wallis test. Depending on the results, subse-
quent analyses were performed using either Tukey’s post-
hoc test or Dunn’s multiple comparison test. For categorical 
variables, either the chi-square test or Fisher’s exact test was 
used. The distribution of continuous variables was examined 
using the Kolmogorov-Smirnov test supplemented by visual 
evaluations via Q-Q plots.

Time-dependent receiver operating characteristic (ROC) 
curve analyses were performed to identify the most effec-
tive ePWV cut-off value for predicting metabolic syndrome. 
The ideal cut-off was derived using Youden’s index, and the 
predictability of ePWV was gauged using the area under the 
ROC curve. Kaplan–Meier curves were used to estimate the 

cumulative incidence of metabolic syndrome across ePWV 
tertiles. Subsequently, both univariate and multivariate Cox 
proportional hazards regression analyses were performed to 
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Figure 3. Kaplan–Meier curves comparing the cumulative inci-
dence of metabolic syndrome according to tertiles of ePWV in 
participants. MetS, metabolic syndrome; ePWV, estimated pulse 
wave velocity.
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determine how effectively ePWV predicted metabolic syn-
drome during follow-up considering individual risk factors. 
Three adjustment models were established: Model 1 was 
adjusted for age and sex, and Model 2 was expanded to 
Model 1 by accounting for BMI, smoking status, alcohol 
intake, physical activity intensity, income, and educational 
attainment. Model 3, built on Model 2, made further ad-
justments for medical history, such as hypertension, diabe-
tes, dyslipidemia, and chronic kidney disease. The analyses 
included various cut-off values and tertiles. Subgroups were 
segmented based on attributes such as sex, income, educa-
tion, and specific medical history.

In additional analyses, the predictive probability of ePWV 
for existing metabolic syndrome was examined through the 
ROC curve analysis of participants with contrasting metabol-
ic syndrome statuses at baseline. The ideal ePWV thresholds 
for predicting existing metabolic syndromes were derived 
using Youden indices. Logistic regression was used to assess 
the relationship between metabolic syndrome and ePWV 
while controlling for potential confounders. 

Statistical evaluations were performed using R software 
(version 4.3.1, available at https://www.R-project.org), 
complemented by R-studio (version 2023.06.2, available 
at https://www.rstudio.com). The essential packages incor-
porated for these analyses included pROC, timeROC, rms, 
survminer, and survival. Statistical significance was set at p 
< 0.05.

RESULTS

Baseline characteristics
A total of 6,186 patients with an average age of 50.90 ± 
8.69 years were analyzed, among whom 3,097 (50.1%) 
were male patients and 3,236 (53.2%) had an income level 
above the median. The prevalence of previously diagnosed 
cardiovascular risk factors was low; specifically, 335 patients 
(5.4%) had hypertension, 43 patients (0.7%) had diabetes, 
and 27 patients (0.4%) had dyslipidemia. A total of 1,454 
(23.5%) patients had no components of metabolic syn-
drome, 2,439 (39.4%) patients had one component, and 
2,293 (37.1%) patients had two components.

The ePWV values were divided into three tertiles: the first 
tertile ranged from 4.90 to 7.35 m/s, the second tertile from 
7.36 to 8.76 m/s, and the third tertile from 8.77 to 14.63 m/s.  
Table 1 presents the baseline characteristics according to ter-
tile. As the ePWV values of the participants increased and 
moved towards the third tertile, they exhibited significantly 
poorer clinical characteristics. Specifically, these participants 
tended to be older, had larger waist circumferences, and 
were more likely to have lower income and educational 
status. Additionally, a higher proportion of patients were 
current smokers, had high BP and a history of hypertension, 
and showed decreased eGFR values. Notably, the propor-
tion of participants with two components of metabolic syn-
drome significantly increased in each successive tertile.

Table 2. Predictive value of the estimated pulse wave velocity for the development of metabolic syndrome

ePWV (m/s) Incidencea) Unadjusted HR 
(95% CI)

Model 1b) Model 2c) Model 3d)

Cut-off value

≤ 7.407 676/2,159 (31.3%) Reference Reference Reference Reference

> 7.407 2,050/4,027 (50.9%) 2.047 (1.876-2.234) 1.563 (1.396-1.750) 1.428 (1.284-1.588) 1.425 (1.281-1.585)

Tertiles of score

Tertile 1 638/2,069 (30.8%) Reference Reference Reference Reference

Tertile 2 1,000/2,256 (48.6%) 1.848 (1.673-2.041) 2.037 (1.833-2.264) 1.420 (1.274-1.584) 1.423 (1.276-1.586)

Tertile 3 1,088/2,061 (52.8%) 2.342 (2.123-2.583) 3.119 (2.696-3.608) 1.554 (1.351-1.788) 1.530 (1.330-1.761)

ePWV, estimated pulse wave velocity; HR, hazard ratio; CI, confidence interval.
a)Total incidence of metabolic syndrome: 2,726/6,186 (44.1%) during a median follow-up of 187 months (inter-quartile range: 
147–190 mo).
b)Model 1: adjusted for age (per 1-year) and sex.
c)Model 2: adjusted for age, sex, systolic blood pressure (per 1 mmHg), body mass index, smoking status, alcohol consumption, 
physical activity (per 1 MET-h/wk), income level, and education.
d)Model 3: adjusted for age, sex, systolic blood pressure (per 1 mmHg), body mass index, smoking status, alcohol status, physical 
activity (per 1 MET-h/wk), income level, education, hypertension, diabetes mellitus, dyslipidemia, and chronic kidney disease.
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Figure 4. Subgroup analysis for the risk of metabolic syndrome according to tertiles of ePWV. aHR, adjusted hazard ratio; CI, confidence 
interval; ePWV, estimated pulse wave velocity.

Subgroup Cumulative incidence (%) aHR (95% CI) Interaction p-value
Overall

First tertile 638/2,069 (30.8) 1.00 (1.00 to 1.00)
Second tertile 1,000/2,256 (48.6) 1.42 (1.28 to 1.59)
Third tertile 1,088/2,061 (52.8) 1.53 (1.33 to 1.76)

Sex 0.393
Male

First tertile 296/846 (35.0) 1.00 (1.00 to 1.00)
Second tertile 517/1,085 (47.6) 1.32 (1.12 to 1.55)
Third tertile 539/1,166 (46.2) 1.32 (1.01 to 1.71)

Female
First tertile 342/1,223 (28.0) 1.00 (1.00 to 1.00)
Second tertile 483/971 (49.7) 1.46 (1.23 to 1.73)
Third tertile 549/895 (61.3) 1.71 (1.29 to 2.25)

Income 0.505
≥Median

First tertile 436/1,507 (28.9) 1.00 (1.00 to 1.00)
Second tertile 556/1,172 (47.4) 1.35 (1.17 to 1.55)
Third tertile 292/557 (52.4) 1.32 (1.06 to 1.63)

<Median
First tertile 192/539 (35.6) 1.00 (1.00 to 1.00)
Second tertile 424/845 (50.2) 1.48 (1.23 to 1.77)
Third tertile 768/1,460 (52.6) 1.77 (1.46 to 2.14)

Education 0.078
<Middel school

First tertile 75/195 (38.5) 1.00 (1.00 to 1.00)
Second tertile 238/454 (52.4) 1.58 (1.20 to 2.09)
Third tertile 539/1,038 (51.9) 1.90 (1.42 to 2.54)

Middle school
First tertile 169/497 (34.0) 1.00 (1.00 to 1.00)
Second tertile 259/541 (47.9) 1.19 (0.96 to 1.48)
Third tertile 237/446 (53.1) 1.13 (0.86 to 1.50)

High school
First tertile 265/957 (27.7) 1.00 (1.00 to 1.00)
Second tertile 366/736 (49.7) 1.52 (1.27 to 1.82)
Third tertile 211/385 (54.8) 1.54 (1.18 to 1.99)

University
First tertile 127/413 (30.8) 1.00 (1.00 to 1.00)
Second tertile 132/315 (41.9) 1.06 (0.80 to 1.40)
Third tertile 88/168 (52.4) 1.19 (0.80 to 1.77)

Hypertension 0.088
Yes

First tertile 4/7 (57.1) 1.00 (1.00 to 1.00)
Second tertile 38/63 (60.3) 1.02 (0.36 to 2.88)
Third tertile 182/265 (68.7) 1.75 (0.64 to 4.76)

No
First tertile 633/2,057 (30.8) 1.00 (1.00 to 1.00)
Second tertile 957/1,985 (48.2) 1.41 (1.27 to 1.58)
Third tertile 904/1,792 (50.4) 1.46 (1.26 to 1.69)

Diabetes mellitus 0.511
Yes

First tertile 10/16 (62.5) 1.00 (1.00 to 1.00)
Second tertile 7/12 (58.3) 0.81 (0.29 to 2.24)
Third tertile 10/15 (66.7) 1.12 (0.45 to 2.82)

No
First tertile 627/2,048 (30.6) 1.00 (1.00 to 1.00)
Second tertile 989/2,037 (48.6) 1.44 (1.29 to 1.60)
Third tertile 1,076/2,042 (52.7) 1.54 (1.34 to 1.78)

Dyslipidemia 0.168
Yes

First tertile 4/6 (66.7) 1.00 (1.00 to 1.00)
Second tertile 7/10 (70.0) 1.31 (0.35 to 4.88)
Third tertile 8/11 (72.7) 1.31 (0.35 to 4.89)

No
First tertile 633/2,056 (30.8) 1.00 (1.00 to 1.00)
Second tertile 989/2,038 (48.5) 1.42 (1.28 to 1.59)
Third tertile 1,078/2,046 (52.7) 1.53 (1.33 to 1.76)

Chronic kidney disease 0.069
Yes

First tertile 15/52 (28.8) 1.00 (1.00 to 1.00)
Second tertile 25/49 (51.0) 2.26 (1.05 to 4.88)
Third tertile 40/60 (66.7) 9.53 (3.63 to 25.06)

No
First tertile 622/2,016 (30.9) 1.00 (1.00 to 1.00)
Second tertile 975/2,006 (48.6) 1.42 (1.27 to 1.59)
Third tertile 1,047/1,999 (52.4) 1.51 (1.31 to 1.74)

	 0	 1	 2	 3	 4	 5

Low risk High risk
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ePWV predictability for metabolic syndrome
The median follow-up period was 187 months (interquartile 
range, 147–190 mo). Of the 6,186 patients, 2,726 (44.1%) 
developed metabolic syndrome during this period. Figure 2 
displays the time-dependent ROC curve of ePWV for meta-
bolic syndrome, highlighting an area under curve (AUC) val-
ue of 0.611 with a cut-off value of 7.407 m/s, which yield-
ed a sensitivity of 0.743 and a specificity of 0.464. Groups 
with ePWV values exceeding the cut-off value of 7.407 m/s, 
particularly those in the third tertile, exhibited a higher in-
cidence of metabolic syndrome. The cumulative incidence 
of metabolic syndrome, as illustrated by the Kaplan–Meier 
curves in Figure 3, was highest in the third tertile of ePWV at 
52.8% and lowest in the first tertile at 30.8%. 

Table 2 provides a quantitative assessment of the future 
risk of metabolic syndrome based on the ePWV categoriza-
tion. Across all tertiles, ePWV values beyond the cut-off, es-
pecially in the second and third tertiles, had significant pre-
dictive power for the development of metabolic syndrome. 
These hazard ratios (HRs) remained robust even after ad-
justing for Models 1, 2, and 3. Participants exceeding the 
ePWV cut-off had a 1.425-fold increased independent risk 
of developing metabolic syndrome (HR, 1.425; 95% confi-
dence interval [CI], 1.281–1.585). Furthermore, those in the 
third tertile showed an even higher risk, with an HR of 1.530 
(95% CI, 1.330–1.761) compared to first tertile, even after 
adjusting for multiple variables.

We conducted a subgroup analysis stratified by various 
covariates including sex, income level, education level, and 
the presence of hypertension, diabetes mellitus, dyslipid-
emia, and chronic kidney disease. The association between 
ePWV and incidence of metabolic syndrome remained con-
sistent across all subgroups. No significant interactions were 
observed in any of the subgroups (Fig. 4).

Cross-sectional association between ePWV 
and metabolic syndrome
In the concurrent evaluation, the cross-sectional relationship 
between the ePWV and metabolic syndrome was assessed. 
Supplementary Table 1 shows the baseline characteristics of 
the participants with available baseline data on metabolic 
syndrome (n = 9,722). Among these participants, the op-
timal cut-off value of ePWV for distinguishing participants 
with metabolic syndrome in a cross-sectional setting was 
8.240 m/s (Supplementary Fig. 1). The ROC curve showed 
an AUC of 0.730, with a sensitivity of 0.789 and a specificity 

of 0.571. The association between ePWV and prevalence 
of metabolic syndrome is shown in Supplementary Table 2. 
Participants with an ePWV greater than the cut-off value of 
8.240 m/s exhibited a notably higher prevalence of metabol-
ic syndrome than those below this threshold. The gradient 
of association was evident when the population was cate-
gorized according to ePWV tertiles. This pattern remained 
consistent even after adjusting for potential confounders in 
various models, highlighting the importance of ePWV as an 
indicator of metabolic syndrome in the study population.

DISCUSSION

Among the Korean population aged 40–69 years who 
were previously unidentified as having metabolic syndrome, 
44.1% of the 6,186 participants developed metabolic syn-
drome according to the modified NCEP ATP-III criteria over 
an average follow-up of 187 months. ePWV was strongly 
correlated with the risk of developing metabolic syndrome. 
Specifically, values with a cut-off of 7.407 m/s or higher 
independently increased the risk of metabolic syndrome 
compared to those below the cut-off value. Moreover, 
compared to the first tertile, the risk of metabolic syndrome 
was significantly heightened in the second tertile (7.36–8.76 
m/s) and the third tertile (8.77–14.63 m/s). These findings 
remained significant, even after adjusting for possible con-
founding factors. Furthermore, groups with higher ePWV 
values correlated with an even greater increase in risk.

In Western China, the overall prevalence of metabolic syn-
drome ranged from 21.4% to 27.8% over an 8-year peri-
od [21]. In the United States, the prevalence of metabolic 
syndrome has shown a significant increase over time, with 
a reported prevalence of 25.3% in 1988–1994, which in-
creased to 34.2% in 2007–2012 [22]. Comparatively, in the 
Asia-Pacific region, the prevalence of metabolic syndrome 
varies considerably [23]. In Korea, the current prevalence 
of metabolic syndrome among adults aged ≥ 19 years was 
23%, and it was 45.3% among adults aged ≥ 65 years 
[24,25]. These comparisons revealed significant regional 
differences in metabolic syndrome prevalence, emphasizing 
the need for tailored public health strategies. In the pres-
ent study, the prevalence rate of metabolic syndrome was 
44.1% over a period of 15.6 years. This aligns with figures 
from other Asian contexts, but highlights the unique char-
acteristics and health challenges of the Korean population.
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While direct associations between ePWV and the future 
onset of metabolic syndrome have not been extensively doc-
umented, ePWV is a surrogate marker of arterial stiffness 
and a pivotal predictor of cardiovascular risk [12,26-31]. The 
European Society of Cardiology and the European Society 
of Hypertension have suggested that a carotid-femoral PWV 
value > 10 m/s signifies an increased cardiovascular risk [32]. 
However, these are general guidelines. The relevance and 
impact of specific cut-offs may vary based on demograph-
ics such as age, comorbidities, and ethnic background. Our 
study emphasizes the potential clinical importance of ePWV 
as an indicator, especially in populations in which direct 
measurements may not always be feasible. In real-world 
clinical settings, practitioners often encounter patients who 
are concerned about their prospective risk of metabolic dis-
orders, despite lacking overt risk factors or symptoms. For 
such individuals, conventional risk assessment tools may not 
always provide the clearest insight given their inherent em-
phasis on manifest risk factors. ePWV, which can be con-
veniently determined, is a valuable supplementary metric in 
these scenarios, aiding in the anticipation of future meta-
bolic risks. The distinct connection between ePWV and the 
components of metabolic syndrome [13-17], particularly in 
low-risk demographics, highlights the inherent pathophysi-
ological association. Elevated ePWV potentially results from 
chronic subclinical challenges, such as minor inflammation, 
oxidative stress, and endothelial dysfunction [33-35], all of 
which play a role in the onset of metabolic syndrome [36,37]. 

The importance of our study lies in the demographics ex-
plored. The baseline characteristics of the participants sug-
gested a relatively healthy adult population with a low prev-
alence of traditional cardiovascular risk factors. Indeed, only 
a small fraction had hypertension (5.4%), diabetes (0.7%), 
or dyslipidemia (0.4%). The “low-risk” nature of our cohort 
amplifies the clinical significance of our results. Studying a 
“low-risk” cohort to predict metabolic syndrome provides a 
unique set of insights that may be invaluable in real-world 
clinical contexts. This will assist clinicians in offering person-
alized risk assessments and interventions to those who seem 
to be at minimal risk at the surface level. Moreover, this 
paves the way for early preventive strategies to ensure that 
metabolic syndrome is diagnosed well before its onset, even 
in those who may not traditionally be considered vulnerable.

Our cross-sectional analysis offers a deeper understand-
ing of the relationship between ePWV and metabolic syn-
drome. Although longitudinal associations provide insights 

into potential future risks, cross-sectional outcomes offer 
real-time health snapshots of the population. Arterial stiff-
ness, as gauged by ePWV, is an indicator and a significant 
predictor of cardiovascular adversities [38,39]. The relation-
ship between ePWV and cardiovascular disease has been 
well documented, suggesting its potential to indicate sub-
clinical organ damage, especially in patients with metabolic 
syndrome [38]. Furthermore, metabolic syndrome has been 
linked to increased arterial stiffness, reinforcing the clinical 
utility of ePWV as a diagnostic tool [40]. Therefore, individ-
uals presenting with augmented ePWV values indicative of 
increased arterial stiffness may be predisposed to metabolic 
syndrome [41]. This association indicated the potential for 
subclinical organ damage in these individuals. This is partic-
ularly significant in real-world clinical settings where practi-
tioners often grapple with the challenge of identifying at-
risk individuals who may not present with overt symptoms 
or classic risk factors. 

In order to achieve a holistic understanding, it is essential to 
acknowledge the limitations of this study. This study focused 
on 6,186 individuals initially free from metabolic syndrome 
and intentionally selected a healthier subset to investigate 
the effects of ePWV on future metabolic syndrome develop-
ment. Although this targeted approach limits generalizabili-
ty to a broader Korean population, particularly to those with 
existing metabolic or cardiovascular conditions, it provides 
valuable insights into early markers and intervention points 
for metabolic syndrome in a relatively healthy cohort. Fur-
thermore, the observation that in the third tertile of ePWV 
(8.77–14.63 m/s), metabolic syndrome developed in 52.8% 
of individuals, while 47.2% did not, highlights the multi-
factorial nature of the metabolic syndrome. This suggests 
that not all individuals with elevated ePWV develop meta-
bolic syndrome, emphasizing the importance of considering 
factors beyond arterial stiffness in predicting the syndrome. 
Second, the nature of the ePWV calculation, which incor-
porates age and BP, presents a methodological challenge 
in our multivariate analysis. Adjusting for these variables, 
which are integral components of the ePWV formula, could 
have confounded our assessment of independent predictive 
value of ePWV for metabolic syndrome. Third, the observa-
tional nature of our study prevented us from establishing a 
causal association between the ePWV and metabolic syn-
drome. Fourth, the statistical concerns in this study arose 
from the simultaneous use of the same variables as pre-
dictors, outcomes, and confounders. This approach could 
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lead to a circular reasoning scenario in which the factors 
contributing to arterial stiffness are also used to predict it. 
Such a methodological design may overstate the association 
between arterial stiffness and metabolic syndrome. Further 
research employing direct measurement methods, such as 
carotid-femoral PWV, is necessary to address this issue and 
validate our findings. However, exploring hard endpoints, 
such as cardiovascular mortality or other cardiovascular out-
comes, could potentially strengthen the clinical relevance of 
our study. Assessing such outcomes could provide a more 
precise understanding of the implications of elevated ePWV 
in real-world clinical scenarios, particularly its role in cardio-
vascular health beyond the scope of metabolic syndrome.

Despite these limitations, the practicality of ePWV arises 
from its simplicity and accessibility. It can be easily measured 
using age and BP, which are two common and noninvasive-
ly obtained clinical parameters. This simplicity is particularly 
beneficial in settings where direct measurements of PWV 
are challenging owing to resource limitations, patient dis-
comfort, or technical constraints. Estimating arterial stiffness 
using ePWV allows widespread screening and early detec-
tion of cardiovascular risks, even in primary care settings or 
resource-limited environments. Therefore, a comprehensive 
therapeutic approach is needed. Additionally, considering 
the subtle differences in arterial stiffness progression be-
tween sexes, future research should focus on sex-specific 
analyses. This approach will help understand how ePWV dis-
tinctly affects metabolic syndrome in men and women, lead-
ing to more tailored prevention and treatment strategies.

In conclusion, our study underscores the clinical utility of 
ePWV as a predictive marker of metabolic syndrome even 
in relatively healthy, low-risk Korean adults. This association 
warrants further investigation in diverse populations and 
settings to validate ePWV as a reliable tool in the preventive 
cardiology armamentarium.

KEY MESSAGE
1.	 Elevated ePWV is a strong predictor of future met-

abolic syndrome in a healthy, low-risk Korean adult 
population.

2.	A cut-off value of 7.407 m/s for ePWV effectively 
identifies individuals at higher risk for developing 
metabolic syndrome, supporting its use in routine 
clinical practice.

3.	 Incorporating ePWV into early screening can aid 
in timely intervention and prevention of metabolic 
syndrome.
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Supplementary Figure 1. For the cross-sectional relationship 
between ePWV and metabolic syndrome, the optimal cut-off 
value of ePWV for distinguishing participants with metabolic syn-
drome was 8.240 m/s, as determined by the ROC curve. ePWV, 
estimated pulse wave velocity; AUC, area under curve; ROC, re-
ceiver operating characteristic.
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