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Abstract: Background: Carotid-femoral pulse wave velocity (cfPWV), acknowledged as a reliable
proxy of arterial stiffness, is an independent predictor of cardiovascular (CV) events. Carotid-femoral
PWYV is considered the gold standard for the estimation of arterial stiffness. cfPWV is a demanding,
time consuming and expensive method, and an estimated PWV (ePWV) has been suggested as an
alternative method when cfPWV is not available. Our aim was to analyze the predictive role of ePWV
for CV and all-cause mortality in the general population. Methods: In a stratified random sample of
1086 subjects from the general Croatian adult population (EH-UH study) (men 42.4%, average age
53 £ 16), subjects were followed for 17 years. ePWV was calculated using the following formula:
ePWV =9.587 — 0.402 x age +4.560 x 1073 x age2 — 2.621 x 1075 x age2 x MBP +3.176 x 103
x age x MBP — 1.832 x 10~2 x MBP. MBP= (DBP) + 0.4(SBP — DBP). Results: At the end of the
follow-up period, there were 228 deaths (CV, stroke, cancer, dementia and degenerative diseases,
COLD, and others 43.4%, 10.5%, 28.5%, 5.2%, 3.1%, 9.3%, respectively). In the third ePWYV tercile,
we observed more deaths due to CV disease than to cancer (20.5% vs. 51.04%). In a Cox regression
analysis, for each increase in ePWV of 1 m/s, there was a 14% increase risk for CV death. In the
subgroup of subjects with higher CV risk, we found ePWV to be a significant predictor of CV deaths
(ePWV (m/s) CI1.108; p < 0.029; HR 3.03, 95% CI 1.118-8.211). Conclusions: In subjects with high
CV risk, ePWV was a significant and independent predictor of CV mortality.
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1. Introduction

Arterial stiffness measured directly and non-invasively by carotid-femoral pulse wave
velocity (cf PWV) is an important biomarker of cardiovascular (CV) health, and it predicts
CV events beyond and independently of traditional risk factors [1-7]. Carotid-femoral
PWYV is considered the gold-standard method for the estimation of arterial stiffness. Based
on these facts, some authors have proposed that the assessment of arterial stiffness, in
addition to the assessment of albuminuria and left ventricular hypertrophy, should be
included in clinical evaluations of target-organ damage [1-4,7,8]. It has been suggested
that increased cfPWV is a reliable biomarker of CV and mortality risk [8-12]. It has
also been proposed that measurement using cfPWV could guide the tailoring of drug
doses [1,3,8]. However, cfPWV is a demanding, time-consuming and expensive method,
which is frequently not available; therefore, its use in clinical practice is rather rare. Recently,
Greeve at al. reported that an estimated pulse wave velocity (ePWV) can be calculated
from age and mean BP using the quadratic equation generated from the Reference Values
for Arterial Stiffness Collaboration [13]. They found that ePWV predicted a combined CV
end point independently of Systemic Coronary Risk Evaluation (SCORE), Framingham
risk score (FRS), and ¢fPWV. This result was confirmed by Vlachopoulos et al. in very
high-risk hypertensive patients (the SPRINT study), showing that ePWYV predicted the
primary composite CV outcome and all-cause death independent of the FRS [14]. Later on,
observations that ePWV predicted all-cause and CV mortality independently of traditional
CV risk factors were reported in the general population, apparently healthy individuals and
high-risk patients [8,14-31]. However, in most of these studies, several groups of subjects
were excluded, so the results could not be extrapolated to the general population. Evidence
on the predictive value of ePWV on all-cause and CV mortality in a community-based
general population is extremely scarce, and it is an inexpensive and easily attained measure
of vascular age. Those facts increase the temptation to use ePWYV as a replacement for
cfPWV. However, the debate is focused on the fact that real measurements using cfPWV
could not be sufficiently replaced with estimated, and not real time-proven, PWV [32].

Arterial stiffness can be also assessed with carotid ultrasonography, and it offers high
clinical value in many clinical scenarios. The ultrasonographically assessed resistance index
is independent from heart rate and is an objective cardiovascular risk factor for adverse
events [33].

The main purpose of this study was to investigate the predictive role of ePWYV in
CV and overall mortality in the general population with arterial hypertension in the
random representative nationwide sample of Republic of Croatia during a follow- up period
of 17 years.

2. Materials and Methods

Population: In this observational, prospective, nationwide study (Epidemiology of
Hypertension in Croatia, EH-UH study), subjects over the age of 18 were randomly selected
from the general population using a series of randomized numbers that represented the
ordinal number of the insured in the registers and documentation of family physicians.
The participation rate was 70.2%. A total of 1086 subjects (460 men, 626 women) were
included. The inclusion criteria were: (a) age over 18 years; (b) signed informed consent
form. The exclusion criteria were: (a) pregnancy and lactation; (b) terminal illness and
life expectancy less than 6 months; (c) dementia or cognitive dysfunction; (d) amputation
of one or more extremities; (e) other restrictions that prevent the implementation of the
protocol (paresis, limb amputation, immobilization of one of the hands due to trauma);
(f) unsigned consent form. Patients with diabetes or those who suffered myocardial
infarction or stroke before 3 months were included. Body mass index (BMI) was calculated,
and according to the BMI value, the subjects were divided into three categories: >30 kg/m?
obesity; 25-30 kg/m? overweight; and <25 kg/m? normal body weight. Hypertension was
defined as BP > 140/90 mmHg and/or taking antihypertensive therapy. Diabetes mellitus
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was defined as antidiabetic therapy and/or fasting glucose > 7 mmol/L. The estimated
glomerular filtration rate (eGFR) was calculated using the CKD-EPI equation.

The study was performed in accordance with the standard of the Declaration of Helsinki.

The study protocol was reviewed and approved by the Ethic Committee of School of
Medicine University of Zagreb, approval number 587.

Procedure: During the visit, the respondents signed a written consent form, after
which an interview was conducted (structured questionnaire), and a clinical exam and
measurements were performed. A standardized questionnaire included questions on
demographic, socioeconomic and clinical parameters. BP was measured with a standard
mercury sphygmomanometer that had been calibrated prior to the study, and with a cuff
of appropriate size. BP was measured in sitting position after a five-minute rest, first on
both arms in a sitting position, and then on the arm with higher systolic BP. From the
sum of the second and third measurement, the average value of BP was calculated, which
was later used in statistical processing. After each BP measurement, the heart rate was
measured by palpation of the radial artery at intervals of 30 s. We measured anthropometric
parameters; the subject’s body height (cm) and weight (kg) were measured without shoes
in light clothing. Decades were defined as <30 years, 31-40 years, 41-50 years, 51-60 years,
61-70 years, 71-80 years, and 81-90 years.

Estimated pulse wave velocity (ePWV) was calculated using a validated equation
descrined by Greve et al. derived by the Reference Values for Arterial Stiffness” Collabo-
ration [13]: (a) for individuals with CV risk factors: ePWV =9.587 — 0.402 x age + 4.560
x 1073 x age? — 2.621 x 107> x age? x mean AT + 3.176 x 1072 x age x mean AT —
1.832 x 1072 x medium AT; for subjects without CV risk factors: ePWV as: ePWV = 4.62
— 0.13*age + 0.0018*age? + 0.0006*age*MBP + 0.0284*MBP. Individuals without CV risk
factors were defined as non-smokers without any components of a metabolic syndrome
and without a history of myocardial infarction or stroke.

Mean BP = DBP + 0.4 x (SBP — DBP).

Form factor 0.4 was used, since it has been demonstrated that mean BP calculation
using 0.4 is superior for the discrimination of subjects with left ventricular and carotid wall
hypertrophy, as well as subjects with increased aortic stiffness [34].

ePWYV were categorized according to terciles.

For the better assessment of mortality in elderly people, total arterial compliance
was calculated.

Total arterial compliance was calculated with formula:

Ct=k x PWV

(where factor k = 37 for BMI 26.2 kg/m?) [35].

Mortality data: Mortality data were obtained from the records of the Croatian Institute
of Public Health. In the follow-up period of 17 years, in our group, 233 deaths were recorded.
We excluded six individuals who died within the first 12 months of the follow-up period to
address potential concerns with reverse causality. Furthermore, we excluded seventeen
subjects whose death was not marked according to the International Classification of
Diseases and Related Health Problems ICD-10 and eight subjects without exact data on the
date of death. Finally, in the group of 1060 subjects with all requested information, there
were a total of 202 deaths (19%). CV mortality consisted of fatal stroke, fatal myocardial
infarction, or coronary death. All-cause mortality was also assessed.

Statistical data processing: The data of the categorical variables are presented as
number (n) and percentages (%). The data of the continuous variables are presented as
the mean and SD (standard deviation) and as the median and corresponding 25th and
75th percentile for skewed variables. The comparison of continuous variables between
individual groups was performed using Student’s ¢ test and the ANOVA test, and the
comparison of categorical variables between individual groups was performed using the
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Chi-square test. Univariate and multivariate linear regression methods were used to
determine ePWV-related factors. Kaplan—-Meier curves and log-rank test were used to
compare survival times and cumulative incidence of CV and all-cause mortality among
groups of subjects classified into the terciles according to ePWYV values. The associations
of ePWV with CV and all-cause mortality were determined by Cox proportional hazards
regression models with or without adjustment for the selected confounders.

Model 1 was an unadjusted model, while model 2 was adjusted for age, gender, BMI,
mean BP and HR, and model 3 was adjusted for diabetes and HR.

The prognostic value of ePWV was analyzed by a clinically relevant cut-off. To this
purpose, a time-dependent survival receiver operating characteristic curve (ROC) was
implemented using Kaplan—Meier estimates and identified a cut-off point that optimized
the combination of sensitivity (true-positive) and 1-specificity (false-positive). The Youden
index method was used to calculate optimal cut-off levels. Statistical calculations were
performed by SPSS statistical software (IBM® SPSS®, version 26). We deemed statistical
significance at « = 0.05.

3. Results

The average age and BMI of the whole group (42.4% men) were 53 £ 16 years,
27.2 + 4.8 kg/m?, respectively (Table S1). Hypertension, diabetes, and chronic kidney
disease were diagnosed in 46.9%, 9.4% and 7.8%, respectively (Tables S1 and S2). The
average ePWV in the whole group was 9.59 &+ 2.52 m/s. Mortality events were documented
during 17 years of follow up. When analyzing the proportion of individual causes of death
in the group of 202 subjects who died, 43.06%, 28.7%, 10.9% and 17.8% referred to the CV
disease, cancer, stroke, and to other causes, respectively. In univariate logistic regression,
predictors of all-cause deaths were higher ePWV, older age, lower body height, higher BMI,
higher systolic, diastolic and mean BP, faster heart rate, higher fasting blood glucose, total
cholesterol, uric acid, and lower eGFR (Table S4). Predictors of CV deaths were higher
ePWYV, older age, lower body height, higher BMI, higher systolic, diastolic, and mean BP,
higher fasting blood glucose, uric acid, and lower eGFR (Table S5).

Characteristics of subjects divided into the ePWYV terciles are shown in Table 1. Subjects
in the third ePWYV tercile were the oldest, with the highest BMI, BP and heart rate. They had
the significantly highest values of fasting blood glucose, total cholesterol, LDL-cholesterol,
and uric acid and the lowest values of eGFR. Dividing the subjects into ePWYV terciles, the
highest number of deaths was in the third tercile (69.8%), and the lowest was in the first
tercile (5.4%). Interestingly, we observed a difference in frequency of cancer and CV deaths
between the second tercile and third tercile (46% and 30% vs. 20.5% and 51.0%, respectively,
p < 0.001). A detailed list of causes of death by terciles is given in the Supplementary
Materials (Table S5).

Table 1. Demographic and clinical characteristics of subjects classified according to the ePWV terciles.

1st Tercile 2nd Tercile 3rd Tercile P
3648 5347 70+£7
Age, (years) 36 (29-42) 48 (58-70) 70 (66-74) <0.001
Men (%) 427 444 39.8 0.58
. 1.72 £ 0.10 1.69 + 0.9 1.66 + 0.09
Height, (cm) 1.71 (1.64-1.79) 1.68 (1.62-1.72) 1.65 (1.59-1.72) <0.001
. 732 + 147 80.1 + 14.1 79.3 + 14.4
Weight, (kg) 72.0 (62.0-82.0) 80.0 (70.0-89.0) 78.0 (69.0-86.5) <0.001
247 +£39 279 +43 29.0 £ 5.2
: 2
Body mass index, (kg/m") 24 (22.0-27.0) 27.0 (25.0-31.0) 28.0 (26.0-32.0) <0.001
Systolic BP (mmHg) 118 +12 135 + 14 152 + 19 0,001

118 (111-125)

132 (125-142)

152 (138-165)
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1st Tercile 2nd Tercile 3rd Tercile P
. 77£7 85+8 89 + 11
Diastolic BP (mmHg) 77 (72-81) 83 (80-90) 89 (81-96) <0.001
93+8 105 + 10 114 + 13
Mean BP (mmHg) 94 (88-98) 103 (99-111) 114 (105-123) <0.001
36+ 8 5347 707
Age, (years) 36 (29-42) 48 (58-70) 70 (66-74) <0.001
72 +£8 7349 74+9
Heart rate (bpm) 71 (67-76) 73 (67-79) 74 (67-80) 0.032
. 51407 58414 63+£22
Fasting blood glucose (mmol/L) 5.1 (4.7-5.5) 55 (4.9-6.1) 5.7 (5.1-6.5) <0.001
. 85 + 14 86 + 37 89 + 27
Serum creatinine, (umol /L) 87 (74-95) 81 (75-91) 86 (75-98) 0.455
89.0 = 13.9 80.1 & 18.1 66.5 &+ 15.5
: 2
¢GER (ml/min/1.73 m%) 807 (784-953)  80.8(69.9-911) 657 (546775 0001
Total cholesterol, (mmol /L) 5?1? 4:;_16.35) 68?5:5 }62 6) 6??5:2—1731) <0.001
37+11 39+1.0 41+13
LDL cholesterol, (mmol/L) 3.7 (2.8-4.6) 3.9 (3.3-4.4) 4.0 (3.1-4.9) 0.274
14405 13404 14+05
HDL cholesterol, (mmol/L) 1.4 (1.1-1.6) 1.3 (1.0-1.5) 1.4 (1.1-1.6) 0205
. . 15+1.0 19+12 19+12
Triglycerides, (mmol/L) 1.3 (0.9-1.8) 1.6 (1.2-2.3) 1.7 (1.1-2.3) 0.01
o 259.5 + 87.0 286.3 £ 102.3 305.6 + 84.3
Uric acid, (mmol /L) 239.0 (196.0-302.5)  280.0 (213.0-326.0)  297.0 (253.0-358.0) 004
69+05 9.2 +09 126 £12
ePWV (m/s) 6.9 (6.5-7.4) 9.1 (83-10.1) 125(11.6-134) <0001
Cancer deaths 1.7 (6) 6.3 (22) 8.8 (31) <0.001
CV and stroke deaths 0.3 (1) 5.1(18) 26.3 (93) <0.001

BP =blood pressure; eGFR = estimated glomerular filtration; HDL: high-density lipoproteins; LDL: low-density
lipoproteins; ePWV = estimated pulse wave velocity.

When CV mortality was observed, the probability of survival of those in the third
tercile compared to the second tercile was statistically significantly lower (p = 0.013 Log
Rank test (Mantel-Cox)). Figure 1 shows the Kaplan-Meier survival curves of subjects
classified by terciles. In the Cox regression analysis, ePWV and Ct were significantly
associated with CV and all-cause deaths (Tables 2 and 3). In model 2, adjusted for age,
gender, BMI, and mean BP, using ePWYV, HR was significantly associated with all-cause
mortality but not with CV mortality. In the analysis of survival of subjects classified into
the terciles according to the ePWV values when all-cause death mortality was observed,
the probability of survival of those in the third tercile compared to the second and the first
tercile was statistically significantly lower (p < 0.001 log rank test (Mantel-Cox)) (Table 4).

An increase of 1 m/s resulted in three times higher risk for CV mortality. In the model 3
using ePWYV, adjusted for diabetes, ePWV was a significant predictor of CV deaths. When
analyzing a subgroup of subjects with higher CV risk, those with metabolic syndrome or
smokers, we found ePWV to be a significant predictor for CV death. Survival ROC analysis
demonstrated that the optimal cut point for ePWYV to discriminate CV, all-cause and non-CV
mortality status were 10.38 m/s, 10.65 m/s and 10.96 m/s, respectively (Figure 2 and Table 4).
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Figure 1. Kaplan-Meier curves comparing the cumulative incidence of all-cause and cardiovascular
mortality in subjects classified in ePWYV terciles. First row—all-cause death; second row—CV death.

Table 2. All-cause and cardiovascular death survival analysis—differences between ePWYV terciles
according to Kaplan-Meier procedure.

All-Cause Death Survival Analysis CV Death Survival Analysis
Average p Average P
Tercile Survival Time 95% CI (Log Rank, Survival Time 95% CI (Log Rank,
(Years) Mantel-Cox) (Years) Mantel-Cox)
1 18.2 £ 0.1 18.0-18.4
2 17.34+0.2 16.9-17.8 <0.001 14.0 + 0.6 12.8-15.2 0.013
3 14.14+03 13.5-14.7 119+04 11.2-12.6

Table 3. Hazard ratios and 95% confidence intervals for cardiovascular mortality in the general
population and in subgroups with high cardiovascular risk (Cox regression models).

Whole Group—General Population Subgroup with High CV Risk
b p HR 95% CI b p HR 95% CI
Model 1 ePWV 0.135 0.038 * 1.145 1.008-1.301 0.269 <0.001 *** 1.309 1.147-1.494
Ct —6.181 <0.001 *** 0.000052 0.000007-0.000409 —7.116 0.108 0.000812 1.394-4.7290
HR 0.012 0.366 1.012 0.988-1.041 0. 0.358 1.013 0.998-1.041
ePWV 0.209 0.725 1.232 0.385-3.938 1.108 0.029 * 3.030 1.118-8.211
Ct —8.750 0.048 0.000158 0.000158-0.22666 —9.235 <0.001 *** 0.000089 0.000011-0.000754
Model 2 Age 0.004 0.972 1.004 0.821-1.226 —0.134 0.129 0.875 0.736-1.040
Sex 0.057 0.814 1.059 0.659-1.701 0.057 0.803 1.059 0.677-1.657
MBP ~0.030 0.469 0.970 0.894-1.053 ~0.075 0.041 0.928 0.864-0.997
BMI ~0.019 0.520 0.981 0.925-1.041 —0.054 0.038 0.948 0.901-0.997
HR 0.020 0.152 1.020 0.993-1.048 0.570 1.008 0.980-1.036
PWV 0.135 0.038 * 1.145 1.007-1.301
Model 3
Ct 0.135 <0.001 *** 0.000044 0.000005-0.000400
Diabetes  0.080 0.742 1.083 0.673-1.742
HR 0.008 0.591 1.008 0.980-1.036

*p <0.05; *** p < 0.001. Model 3 has not been analyzed for the subgroup with high CV risk, since the patients with
diabetes are in a category of high CV risk.
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Table 4. Hazard ratios and 95% confidence intervals for all-cause mortality in general population
(Cox regression model).

b p HR 95% CI
ePWV 0.643 0.001 *** 1.902 1.282-2.823
0.000007—
*
Ct 0.135 0.031 0000409 1.349-4.7283
Model 2 Age —0.079 0.011 ** 0.924 0.869-0.982
Sex —0.110 0.443 0.896 0.676-1.187
MBP —0.050 0.001 *** 0.951 0.924-0.979
BMI —0.049 0.003 * 0.953 0.923-0.983
HR 0.015 0.080 1.016 0.998-1.033
¥ <0.05; * p < 0.01; = p <0.001.
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Figure 2. Area under the ROC (receiver operator characteristic) curve of ePWV and all-cause (A) and
cardiovascular (B) mortality.

4. Discussion

In this study, we examined the association between ePWYV, a suggested proxy of vas-
cular aging, and all-cause and CV mortality in a nationally representative cohort of general
adult population in Croatia. The main findings of our study are that in an unadjusted
model, ePWYV significantly predicted all-cause and CV mortality, and for each increase of
1 m/s, there was a 14% increased risk of CV death. In an adjusted model, ePWV remained
to be a significant predictor for all-cause mortality (HR 1.90). Our observation is in line with
the results of Ji et al. in Chinese men where each ePWYV increase by 1 m/s increased risk for
CV death and all-cause death by 22% and 10%, respectively [15]. In a group of middle-aged
Caucasian people from Finland, Jae et al. found that, independently of traditional CV risk
factors, the highest levels of ePWV were significantly associated with an increased risk for
all-cause mortality (HR 1.39) and CV mortality (HR 1.79) as compared with the lowest level
of ePWYV [16]. Heffernan et al., after adjusting for age and BP, noticed an even higher in-
crease in CV and all-cause mortality in the US population (47% and 52%, respectively) [21].
ePWV was associated with all-cause mortality, irrespective of hypertension status, but
it was a predictor of CV mortality only in treated hypertensive patients, supporting the
findings from Vlachopoulos et al. that ePWV may be a stronger predictor of CV outcomes
in adults with higher CV risk [14]. This is in line with our result, while in a subgroup of
high-risk patients, we found ePWYV to be a significant predictor of CV mortality even after
adjustment (HR 3.03), and this remained significantly associated with CV mortality in our
model with diabetes. Our result is in concordance with results published by other authors
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who found that the risk of most cause-specific mortality increased from 53% to 102% for
every 1 m/s increase in ePWV [30]. In a high-risk group of patients, Hsu et al. also found
a high risk for CV mortality (HR 2.321) [18]. Vlacholopulous et al., in the SPRINT trial
population of hypertensive patients with very high risk but without subjects with diabetes
and those with positive history for stroke, found that ePWV was associated with all-cause
death, CV death and non-CV death (HR, 1.65, HR, 1.39, HR, 1.76, respectively) independent
of the FRS and other relevant confounders [14]. Analyzing the stroke population from
the NHANES study, Huang et al. concluded that with an increase in ePWV of 1 m/s,
the risk of all-cause and cardio-cerebrovascular mortality are increased by 44-57% and
47-72%, respectively [31]. On the contrary, in the apparently healthy European population
included in the MORGAM Prospective Cohort Project, ePWV did not predict CV morbidity
or mortality independently of traditional CV risk factors. They found that ePWV was
predictive of all-cause mortality even after adjusting for all the traditional CV risk factors,
which is, again, in concordance with our result. Rui et al. reported that the association
between ePWYV and all-cause mortality is more pronounced in women, never-smokers
and non-diabetics [36]. It seems that the predictive value of ePWV for CV and all-cause
mortality is not the same in low- and high-risk populations. According to the results of
the majority of authors, in low-risk populations, ePWV independently predicted all-cause
mortality. However, it did not prove to be an independent predictor for CV mortality. On
the contrary, in high-risk populations, ePWV was found to be an independent predictor of
CV mortality, while inconsistencies were found in reports on its independent predictive
value for all-cause mortality. Vishram-Nielsen et al. suggested that ePWV is more than a
marker of CV risk than is supported by findings, and that ePWV was associated with higher
risk for residual mortality [8,14]. Heffernan et al. observed that, for every 1 m/s increase in
ePWYV, there was a 17% increased risk of residual-specific mortality [20]. In multivariate
Cox regression models in our study, heart rate was not a statistically significant confounder
associated with mortality rate in general and high-CV-risk populations, which is not in line
with other studies [37-39]. They raised the question of whether ePWV may be considered a
simple tool in risk assessment for CV and non-CV deaths in the general population.

For the better assessment of mortality in elderly patients, we calculated total arterial
compliance. A statically significant importance of Ct was found in the models, whereas
confounders were age, sex, MBP, BMI and diabetes for CV mortality in general and high-
CV-risk populations. This finding is in line with the results of the PROTEGER study [40].

Comparing ePWV and arterial compliance in the assessment of CV and all-cause
mortality, it has been found that arterial compliance is a better predictor of CV mortality
in the general population and in subgroups with high cardiovascular risk, while ePWV
is better predictor of all-cause mortality in the general population. This may be a novel
finding of this study.

Our study has several limitations. First, we used only basal levels of BP and cfPWV
was not measured. This is an observational study, so the association between ePWV and
mortality cannot be interpreted as a causal relationship. Second, during the follow-up
period, some patients may have started using antihypertensive/antilipemic/antidiabetic
drugs, and some may have quit or started smoking. This was an epidemiological study with
a risk of unmeasured residual confounding. Our study was aimed to evaluate mortality
events, so nonfatal events were not studied.

The strengths of our study include the enrollment of a large-scale heterogeneous
general population, a national representative sample of adults with broad age spectrum
and an almost equal proportion of men and women with standardized baseline assessment.
The period of follow-up was long, with a large number of deaths. Individuals who died
within the first 12 months of the follow-up period were excluded from the analyses to avoid
reverse causality. This is one of the first and only studies of association between ePWV
with CV risk and mortality in the general population, which compare ePWYV and arterial
compliance in the assessment of CV risk and mortality, especially for the population of this
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region of Europe, which may have an important scientific contribution and may be the
novelty of this study.

5. Conclusions

In an adult general population, we found an independent association between ePWV and
the risk of all-cause mortality, which is in line with reports from other studies [14,20,21]. We
observed an independent association of ePWV with CV mortality only in high-risk subgroups,
which is similar to the results of other authors who analyzed high-risk patients [14-21]. Taken
together, these observations suggest that ePWV is not only an indicator of age and BP effects
on mortality but a useful measure of vascular aging.

The main finding of this research is that ePWYV is strongly associated with CV mortality
in high-risk patients in the general population.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/jcm13123377/s1, Table S1. Demographic and clinical characteristics
of the whole group. Table S2. Laboratory data of the whole group. Table S3. Causes of death in
the whole population and in groups of subjects classified in terciles of ePWV. Table S4. Univariate
logistic regression analysis—predictors of all-cause mortality. Table S5. Univariate logistic regression
analysis—predictors of cardiovascular mortality. Table S6. Causes of death according to diagnoses in
the entire population and in groups of subjects classified in terciles according to the ePWYV values.
Table S7. Characteristics of arterial compliance according the ePWYV terciles. Table S8. Results
obtained from survival receiver operating characteristic curve identifying the best threshold of ePWV
for all-cause, cardiovascular and non-cardiovascular mortality.

Author Contributions: L.B., V.B. and V.P. (Vladimir Prelevic): conception and design of work. D.R.:
drafting of work. M.M.G. and V.P. (Vedran PremuZi¢): statistical analysis, interpretation of data. J.K.
and L.P: conception of work, collecting data, contribution to statistical analysis. T.Z.V.: collection of
data, statistical analysis. M.D.: interpretation of data for work. A.]J.: conception and design of work,
analysis, interpretation of data. V.D. and K.C.: writing a draft, revision. M.B. and V.K.: collection and
analysis of data. B.J.: conception of work, draft writing, revision, approving final version. All authors
have read and agreed to the published version of the manuscript.

Funding: We would like to thank the entire team of the EHUH study who were engaged in the field,
laboratory and clinical work, as well as to subjects who voluntarily participated. This work was
funded by the scientific project “Epidemiology of hypertension and salt intake in Croatia” (EH-UH2)
(IP-06-2016) of the Croatian Scientific Foundation and the grant of the Croatian Hypertension League.

Institutional Review Board Statement: This study has been performed with the approval of an
appropriate ethics committee and with appropriate informed consent by participants in compliance
with the Helsinki Declaration. This study protocol was reviewed and approved by the Ethics
Committee of University Hospital Center Zagreb and School of Medicine, University of Zagreb,
approval number HR345. And date 14.02.2008. All participations signed informed consent approved
by the Ethics Committee of University Hospital Center Zagreb.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: All data generated or analyzed during this study are included in this
article. Future enquiries can be directed to the corresponding author.

Conflicts of Interest: All authors declare no conflicts of interests.

References

1.

Greve, S.V,; Blicher, M.K,; Blyme, A; Sehestedt, T.; Hansen, T.W.; Rassmusen, S.; Vishram, ].K.K.; Torp-Pedersen, C.; Olsen, M.H.
Association between albuminuria, atherosclerotic plaques, elevated pulse wave velocity, age, risk category and prognosis in
apparently healthy individuals. ]. Hypertens. 2014, 32, 1034-1041. [CrossRef] [PubMed]

Laurent, S.; Boutouyrie, P.; Asmar, R.; Gautier, I.; Laloux, B.; Guize, L.; Ducimetiere, P.; Benetos, A. Aortic stiffness is an
independent predictor of all-cause and cardiovascular mortality in hypertensive patients. Hypertension 2001, 37, 1236-1241.
[CrossRef] [PubMed]

Vlachopoulos, C.; Aznaouridis, K.; Stefanadis, C. Prediction of cardiovascular events and all-cause mortality with arterial stiffness:
A systematic review and meta-analysis. |. Am. Coll. Cardiol. 2010, 55, 1318-1327. [CrossRef] [PubMed]


https://www.mdpi.com/article/10.3390/jcm13123377/s1
https://www.mdpi.com/article/10.3390/jcm13123377/s1
https://doi.org/10.1097/HJH.0000000000000147
https://www.ncbi.nlm.nih.gov/pubmed/24621803
https://doi.org/10.1161/01.hyp.37.5.1236
https://www.ncbi.nlm.nih.gov/pubmed/11358934
https://doi.org/10.1016/j.jacc.2009.10.061
https://www.ncbi.nlm.nih.gov/pubmed/20338492

J. Clin. Med. 2024, 13, 3377 10 of 11

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Boutouyrie, P.; Tropeano, A.L; Asmar, R.; Gautier, I.; Benetos, A.; Lacolley, P.; Laurent, S. Aortic stiffness is an independent
predictor of primary coronary events in hypertensive patients: A longitudinal study. Hypertension 2002, 39, 10-15. [CrossRef]
[PubMed]

Cruickshank, K.; Riste, L.; Anderson, S.G.; Wright, ].S.; Dunn, G.; Gosling, R.G. Aortic pulse-wave velocity and its relationship
to mortality in diabetes and glucose intolerance: An integrated index of vascular function? Circulation 2002, 106, 2085-2090.
[CrossRef] [PubMed]

Willum-Hansen, T.; Staessen, J.A.; Torp-Pedersen, C.; Rasmussen, S.; Thijs, L.; Ibsen, H.; Jeppsen, ]J. Prognostic value of aortic
pulse wave velocity as index of arterial stiffness in the general population. Circulation 2006, 113, 664-670. [CrossRef] [PubMed]

Ben-Shlomo, Y.; Spears, M.; Boustred, C.; May, M.; Andersen, S.G.; Benjamin, E.J.; Boutouryrie, P. Aortic pulse wave velocity
improves cardiovascular event prediction: An individual participant meta-analysis of prospective observational data from 17,635
subjects. J. Am. Coll. Cardiol. 2014, 63, 636-646. [CrossRef] [PubMed]

Vishram-Nielsen, ].K,; Laurent, S.; Nilsson, PM.; Linneberg, A.; Sehested, T.S.; Greve, S.V.; MORGAM Project. MORGAM Project.
Does Estimated Pulse Wave Velocity Add Prognostic Information?: MORGAM Prospective Cohort Project. Hypertension 2020, 75,
1420-1428. [CrossRef] [PubMed]

Benetos, A.; Rudnichi, A.; Safar, M.; Guize, L. Pulse pressure and cardiovascular mortality in normotensive and hypertensive
subjects. Hypertension 1998, 32, 560-564. [CrossRef] [PubMed]

Franklin, S.S.; Khan, S.A.; Wong, S.A.; Larson, M.G.; Levy, D. Is pulse pressure useful in predicting coronary heart disease? The
Framingham Heart Study. Circulation 1999, 100, 354-360. [CrossRef] [PubMed]

Chae, C.U,; Pfeffer, M.A.; Glynn, R.J.; Mitchell, G.F; Taylor, ].O.; Hennekens, C.H. Increased pulse pressure and risk of heart
failure in the elderly. JAMA 1999, 281, 634-643. [CrossRef] [PubMed]

O’Rourke, M.; Frohlich, E.D. Pulse pressure: Is it a clinically useful risk factor? Hypertension 1999, 34, 372-374. [CrossRef]
[PubMed]

Greve, S.V,; Blicher, M.K; Kruger, R.; Sehestedt, T.; Kampmann-Gram, E.; Rasmussen, S.; Vishram, ] K.K.; Laurent, S.; Olsen, M.H.
Estimated carotid-femoral pulse wave velocity has similar predictive value as measured carotid-femoral pulse wave velocity.
J. Hypertens. 2016, 34, 1279-1289. [CrossRef] [PubMed]

Vlachopoulos, C.; Terentes-Printzios, D.; Laurent, S. Association of estimated pulse wave velocity with survival: A secondary
analysis of sprint. JAMA Netw. Open. 2019, 2, €1912831. [CrossRef] [PubMed]

Ji, C.P; Gao, J.L.; Huang, Z.; Chen, S.; Wang, G.; Wu, S.; Jonas, ].B. Estimated pulse wave velocity and cardiovascular events in
Chinese. Int. |. Cardiol. Hypertens. 2020, 7, 100063. [CrossRef] [PubMed]

Jae, S.Y,; Heffernan, K.S.; Laukkanen, J.A. Association between estimated pulse wave velocity and the risk of stroke in middle-aged
men. Int. J. Stroke. 2021, 16, 551-555. [CrossRef] [PubMed]

He, X.W,; Park, J.; Huang, W.S.; Leng, L.H.; Pei, Y.B.; Zhu, G.; Wu, S. Usefulness of estimated pulse wave velocity for identifying
prevalent coronary heart disease: Findings from a general Chinese population. BMC Cardiovasc. Disord. 2022, 22,9. [CrossRef]
[PubMed]

Hsu, P.C.; Lee, WH.; Tsai, W.C.; Chen, Y.C.; Chu, C.Y.; Yen, HW.; Lin, TH.; Voon, W.C.; Lai, W.T,; Sheu, S.H.; et al. Comparison
between estimated and brachial-ankle pulse wave velocity for cardiovascular and overall mortality prediction. J. Clin. Hypertens.
2021, 23, 106-113. [CrossRef] [PubMed]

Stamatelopoulos, K.; Georgiopoulos, G.; Baker, K.F,; Tiseo, G.; Delalis, D.; Lazaridis, C.; Barbieri, G.; Masi, S.; Vlachogiannis, N.L
Estimated pulse wave velocity improves risk stratification for all-cause mortality in patients with COVID-19. Sci. Rep. 2021, 11, 20239.
[CrossRef] [PubMed]

Heffernan, K.S.; Jae, S.Y.; Loprinzi, P.D. Estimated pulse wave velocity is associated with residual-specific mortality: Findings
from the national health and nutrition examination survey. J. Hypertens. 2021, 39, 698-702. [CrossRef] [PubMed]

Heffernan, K.S.; Wilmoth, ].M.; London, A.S. Estimated Pulse Wave Velocity and All-Cause Mortality: Findings From the Health
and Retirement Study. Innov. Aging. 2022, 6, igac056. [CrossRef] [PubMed]

Glasser, S.P.; Halberg, D.L.; Sands, C.D.; Mosher, A.; Muntner, PM.; Howard, G. Is pulse pressure an independent risk factor for
incident stroke, reasons for geographic and racial differences in stroke. Am. J. Hypertens. 2015, 28, 987-994. [CrossRef] [PubMed]
Karjalainen, T.; Adiels, M.; Bjorck, L.; Cooney, M.T.; Graham, I.; Perk, ].; Rosengren, A.; Soderberg, S.; Eliasson, M. An evaluation
of the performance of SCORE Sweden 2015 in estimating cardiovascular risk: The Northern Sweden MONICA Study 1999-2014.
Eur. |. Prev. Cardiol. 2017, 24, 103-110. [CrossRef] [PubMed]

D’Agostino, R.B., Sr.; Vasan, R.S.; Pencina, M.].; Wolf, P.A.; Corbain, M.; Massaro, ].M.; Kannel, W.B. General cardiovascular risk
profile for use in primary care: The Framingham Heart Study. Circulation 2008, 117, 743-753. [CrossRef] [PubMed]

D’agostino, R.B., Sr.; Nam, B.H. Evaluation of the performance of survival analysis models: Discrimination and calibration
measures. In Handbook of Statistics, Volume 23: Advances in Survival Analysis; Balakrishnan, N., Rao, C.R., Eds.; Elsevier BV:
Amsterdam, The Netherlands, 2004; pp. 1-25.

Pencina, M.J.; D’Agostino, R.B., Sr.; D’Agostino, R.B., Jr.; Vasan, R.S. Evaluating the added predictive ability of a new marker:
From area under the ROC curve to reclassification and beyond. Stat. Med. 2008, 27, 157-172; discussion 207. [CrossRef] [PubMed]
Sehestedt, T.; Jeppesen, J.; Hansen, T.W.; Wachtell, K.; Ibsen, H.; Torp-Pedersen, C.; Hildebrandt, P.; Olsen, M.H. Risk prediction is
improved by adding markers of subclinical organ damage to SCORE. Eur. Heart. |. 2010, 31, 883-891. [CrossRef] [PubMed]


https://doi.org/10.1161/hy0102.099031
https://www.ncbi.nlm.nih.gov/pubmed/11799071
https://doi.org/10.1161/01.CIR.0000033824.02722.F7
https://www.ncbi.nlm.nih.gov/pubmed/12379578
https://doi.org/10.1161/CIRCULATIONAHA.105.579342
https://www.ncbi.nlm.nih.gov/pubmed/16461839
https://doi.org/10.1016/j.jacc.2013.09.063
https://www.ncbi.nlm.nih.gov/pubmed/24239664
https://doi.org/10.1161/HYPERTENSIONAHA.119.14088
https://www.ncbi.nlm.nih.gov/pubmed/32275189
https://doi.org/10.1161/01.HYP.32.3.560
https://www.ncbi.nlm.nih.gov/pubmed/9740626
https://doi.org/10.1161/01.CIR.100.4.354
https://www.ncbi.nlm.nih.gov/pubmed/10421594
https://doi.org/10.1001/jama.281.7.634
https://www.ncbi.nlm.nih.gov/pubmed/10029125
https://doi.org/10.1161/01.HYP.34.3.372
https://www.ncbi.nlm.nih.gov/pubmed/10489378
https://doi.org/10.1097/HJH.0000000000000935
https://www.ncbi.nlm.nih.gov/pubmed/27088638
https://doi.org/10.1001/jamanetworkopen.2019.12831
https://www.ncbi.nlm.nih.gov/pubmed/31596491
https://doi.org/10.1016/j.ijchy.2020.100063
https://www.ncbi.nlm.nih.gov/pubmed/33447784
https://doi.org/10.1177/1747493020963762
https://www.ncbi.nlm.nih.gov/pubmed/33045935
https://doi.org/10.1186/s12872-022-02456-5
https://www.ncbi.nlm.nih.gov/pubmed/35016632
https://doi.org/10.1111/jch.14124
https://www.ncbi.nlm.nih.gov/pubmed/33314741
https://doi.org/10.1038/s41598-021-99050-0
https://www.ncbi.nlm.nih.gov/pubmed/34642385
https://doi.org/10.1097/HJH.0000000000002691
https://www.ncbi.nlm.nih.gov/pubmed/33186319
https://doi.org/10.1093/geroni/igac056
https://www.ncbi.nlm.nih.gov/pubmed/36284701
https://doi.org/10.1093/ajh/hpu265
https://www.ncbi.nlm.nih.gov/pubmed/25588699
https://doi.org/10.1177/2047487316673142
https://www.ncbi.nlm.nih.gov/pubmed/27708071
https://doi.org/10.1161/CIRCULATIONAHA.107.699579
https://www.ncbi.nlm.nih.gov/pubmed/18212285
https://doi.org/10.1002/sim.2929
https://www.ncbi.nlm.nih.gov/pubmed/17569110
https://doi.org/10.1093/eurheartj/ehp546
https://www.ncbi.nlm.nih.gov/pubmed/20034972

J. Clin. Med. 2024, 13, 3377 11 0f 11

28.

29.

30.

31.

32.
33.

34.

35.

36.

37.

38.

39.

40.

Pencina, M.]J.; D’Agostino, R.B., Sr.; Steyerberg, E.W. Extensions of net reclassification improvement calculations to measure
usefulness of new biomarkers. Stat. Med. 2011, 30, 11-21. [CrossRef] [PubMed]

Natriuretic Peptides Studies Collaboration; Willeit, P.; Kaptoge, S.; Welsh, P.; Butterworth, A.S.; Chowdhury, R.; Spackman,
S.A.; Pennells, L.; Gao, P.; Burgess, S. Natriuretic Peptides Studies Collaboration; et al. Natriuretic peptides and integrated risk
assessment for cardiovascular disease: An individual-participant-data meta-analysis. Lancet Diabetes Endocrinol. 2016, 4, 840-849.
[CrossRef] [PubMed]

Liu, C,; Pan, H.; Kong, F,; Yang, S. Association of arterial stiffness with all-cause and cause-specific mortality in the diabetic
population: A national cohort study. Front. Endocrinol. 2023, 14, 1145914. [CrossRef]

Huang, H.; Bu, X,; Pan, H.; Yang, S.; Cheng, W.; Shubha, Q.T.H.; Ma, N. Estimated pulse wave velocity is associated with all-cause
and cardio-cerebrovascular disease mortality in stroke population: Results from NHANES (2003-2014). Front. Cardiovasc. Med.
2023, 10, 1140160. [CrossRef]

Boutouyrie, P. Estimating Is Not Measuring. J. Am. Heart Assoc. 2022, 11, e025830. [CrossRef] [PubMed]

Baran, J.; Kleczynski, P.; Niewiara, L..; Podolec, J.; Badacz, R.; Gackowski, A.; Pieniazek, P.; Legutko, J.; Zmudka, K.; Przewlocki, T;
etal. Importance of Increased Arterial Resistance in Risk Prediction in Patients with Cardiovascular Risk Factors and Degenerative
Aortic Stenosis. J. Clin. Med. 2021, 10, 2109. [CrossRef] [PubMed]

Segers, P.; Mahieu, D.; Kips, J.; Rietzschel, E.; Buyzere, M.D.; De Bacquer, D. Amplifiaction of the pressure pulse in the upper limb
in healthy, middle- aged men and women. Hypertension 2009, 54, 414-420. [CrossRef] [PubMed]

Koala, M.M; Sorkin, J.D.; Fargostein, M.; Brown, V.; Cuthbert, B.A.; Hollis, J.; Raines, J.K.; Duncan, E.J. Predictors of Calf Aterial
Complicance in Male Veterans With Psychiatric Diagnoses. Prim. Care Companion CNS Disord. 2016, 18, 3.

Liu, HR; Li, C.Y,; Xia, X.; Feng, X.E; Fenrg, G.D.; Chao, L.F,; Feng, H.]. Association of Estimated Pulse Wave Velocity and the
Dynamic Changes in Estimated Pulse Wave Velocity with All-Cause Mortality among Middle-Aged and Elderly Chinese. Biomed.
Environ. Sci. 2022, 35, 1001-1011. [PubMed]

Laugesen, E.; Olesen, K.K.W,; Peters, C.D.; Buus, N.H.; Maeng, M.; Botker, H.E.; Poulsen, P.L. Estimated Pulse Wave Velocity Is
Associated With All-Cause Mortality During 8.5 Years Follow-up in Patients Undergoing Elective Coronary Angiography. J. Am.
Heart Assoc. 2022, 11, €025173. [CrossRef]

Papaioannou, T.G.; Oikonomou, E.; Lazaros, G.; Christoforatou, E.; Vogiatzi, G.; Tsalamandris, S. The influence of resting heart
rate on pulse wave velocity measurement is mediated by blood pressure and depends on aortic stiffness levels: Insights from the
Corinthia study. Physiol. Meas. 2019, 40, 055005. [CrossRef] [PubMed]

Lantelme, P.; Mestre, C.; Lievre, M.; Gressard, A.; Milon, H. Heart rate an important cofounder of pulse wave velocity assessment.
Hypertension 2022, 39, 1083-1087. [CrossRef] [PubMed]

Papaioannou, T.G.; Protogerou, A.D.; Stergiopulos, N.; Vardoulis, O.; Stefanadis, C.; Safar, M.; Blacher, ]. Total arterial compliance
estimated by a novel method and all-cause mortality in the elderly: The PROTEGER study. Age 2014, 36, 1555-1563. [CrossRef]
[PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1002/sim.4085
https://www.ncbi.nlm.nih.gov/pubmed/21204120
https://doi.org/10.1016/S2213-8587(16)30196-6
https://www.ncbi.nlm.nih.gov/pubmed/27599814
https://doi.org/10.3389/fendo.2023.1145914
https://doi.org/10.3389/fcvm.2023.1140160
https://doi.org/10.1161/JAHA.122.025830
https://www.ncbi.nlm.nih.gov/pubmed/35535609
https://doi.org/10.3390/jcm10102109
https://www.ncbi.nlm.nih.gov/pubmed/34068323
https://doi.org/10.1161/HYPERTENSIONAHA.109.133009
https://www.ncbi.nlm.nih.gov/pubmed/19546377
https://www.ncbi.nlm.nih.gov/pubmed/36443253
https://doi.org/10.1161/JAHA.121.025173
https://doi.org/10.1088/1361-6579/ab165f
https://www.ncbi.nlm.nih.gov/pubmed/30952147
https://doi.org/10.1161/01.HYP.0000019132.41066.95
https://www.ncbi.nlm.nih.gov/pubmed/12052846
https://doi.org/10.1007/s11357-014-9661-0
https://www.ncbi.nlm.nih.gov/pubmed/24801452

	Introduction 
	Materials and Methods 
	Results 
	Discussion 
	Conclusions 
	References

